University of Cincinnati

Date: 8/1/2023

I.Li Meng. hereby submit this original work as part of the requirements for the degree
of Doctor of Philosophy in Mechanical Engineering.

It is entitled:

Discrete and Continuum Modeling of Brittle and Ductile Fracture within the
Framework of Finite Element Method

Student's name: Li Meng

This work and its defense approved by:

Committee chair: Ala Tabiei, Ph.D.

Committee member: Michael Alexander-Ramos,
Ph.D.
UMIVERSITY OF

Cincinnati Committee member: Christopher Calhoun, Ph.D.

Committee member: Woo Kyun Kim, Ph.D.

Committee member: Gui-Rong Liu, Ph.D.

45704

Last Printed; 10/8/2023 Document Of Defense Form




Discrete and Continuum Modeling of Brittle and Ductile

Fracture within the Framework of Finite Element Method

A dissertation submitted to the
Graduate School
of the University of Cincinnati
in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy

in the Department of Mechanical and Materials Engineering
of the College of Engineering and Applied Science
August 2023
by

Li Meng

M.S. Chongqing University, Chongqing, China, June 2018
B.S. Jiangsu University, Jiangsu, China, June 2015

Committee chair: Dr. Ala Tabiei



Abstract

Accurate prediction of fracture propagation is of great importance in both academy and industry. In
this dissertation, numerical modeling of brittle and ductile fracture using cohesive zone model (discrete
description) and phase field model (continuum description) is investigated.

For cohesive zone model, two improvements on damage evolution and artificial compliance are
presented. Before explaining these two improvements, background of cohesive zone model is presented
first to help better understand this topic, including local coordinate system, stiffness matrix, internal nodal
force, and constitutive law and damage criteria. For damage evolution, two commonly used damage
evolution methods are compared and analyzed to investigate the discontinuous force in cohesive element,
and it is found that monotonically increasing damage factor method can avoid discontinuous force that
happens in monotonically increasing effective separation method. Unreasonable failure is also explained in
detail that happens in monotonically increasing effective separation method when mixed mode ratio
changes. For artificial compliance, it is found to be related to cohesive element modeling method and
stiffness parameter selection. By using finite-thickness cohesive element and proper stiffness parameter,
artificial compliance can be totally removed.

The effects of strain rate, plastic strain, and variable damping are considered together into one cohesive
element. To extend the scope of application of cohesive zone model to more materials, strain rate and plastic
strain are considered. Based on the damage factor in classical bilinear cohesive law, a generalized damage
factor model is proposed to cover all materials from zero plastic strain to maximum plastic strain. By adding
a variable damping into cohesive element, spurious oscillation and excessive cohesive element deletion in
cohesive zone model are improved, and there is no discontinuous force like when using a constant damping.
Several simulations are presented to verify these three effects.

For phase field model, the modeling of brittle fracture is investigated. Geometric function and
degradation function are investigated separately to solve the nonlinearity and inelasticity in the stress-strain

curve of classical phase field model. First, by using a generalized quadratic geometric function and applying



phase zeroing, nonlinearity and inelasticity can be completely removed, and a good thing is that this still
leads to a linear FEM problem. Second, instead of using a second order degradation function, some higher
order degradation functions with more constrains could give more options for stress-strain curve. However,
higher order degradation function leads to a nonlinear FEM problem, and Newton-Raphson method is used
to solve this nonlinear problem. Both methods proposed in this dissertation work well for brittle materials.

Apart from phase field modeling of brittle fracture, phase field model for ductile fracture is also
investigated. Based on the ductile material with isotropic hardening, phase field model is coupled into this
material. One difference here from the classical phase field model for brittle fracture is the calculation of
strain energy, and strain energy is not limited in the linear elastic range. To model the degradation of
material, parameters for ductile material with isotropic hardening are multiplied with degradation function,
i.e., Young’s modulus, yield stress, and hardening modulus. Depending on the degradation function, both

linear and nonlinear FEM formulation can also be used like the modeling of brittle fracture in Section 4.

Keywords: Brittle Fracture, Ductile Fracture, Cohesive Zone Model, Damage Evolution, Artificial

Compliance, Strain Rate, Plastic Strain, Variable Damping, Phase Field Model, Geometric Function,

Degradation Function, Length Scale Insensitive, I convergence, Isotropic Hardening
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1 Introduction

1.1 Motivation of this dissertation

Fracture has been a longstanding challenge accompanying the existence of man-made structures, but
it is in the past several decades that the field of fracture mechanics has experienced significant
advancements. This progress can be attributed to notable fracture accidents and substantial economic losses
that prompted increased attention and research in this field. During World War II (1939-1945), the Liberty
ships were mass-produced cargo ships built to aid in the transportation of supplies and materials, but these
ships experienced numerous fractures and structural failures, particularly in the midship region, see Figure
1.1. In 1983, according to the "NBS Special Publication 604: Costs of Fracture to the United States"
published by the National Bureau of Standards (now known as the National Institute of Standards and
Technology), the estimated annual costs of failure due to fracture in the United States were approximately
$119 billion in 1981. These costs encompassed a wide range of sectors, including transportation,

manufacturing, construction, and infrastructure.

g5

fiure L. 1 racture of Liberty ship

In 2007, the collapse of the I-35W Mississippi River Bridge was a significant infrastructure failure
that occurred in Minneapolis, Minnesota, United States. The collapse resulted in tragic consequences, with
13 people losing their lives and many others injured, see Figure 1.2 (a). The American Society of Civil

Engineers (ASCE) provides periodic reports on the state of infrastructure in the United States. According



to their 2021 Infrastructure Report Card, the estimated investment gap for only addressing bridge
deficiencies alone is $125 billion. In 2011, there was an incident involving a Southwest Airlines Boeing
737-300 aircraft. During a flight from Phoenix, Arizona to Sacramento, California, the aircraft experienced
a rapid decompression due to a fatigue crack in the fuselage. The crack had propagated and eventually led

to a five-foot-long hole in the top portion of the fuselage, see Figure 1.2 (b).

(a) (b)

Figure 1.2 (a) the collapse of the I-35W Mississippi River Bridge, (b) the five-foot hole in the 15-year-old Southwest

Airlines jet

More recently, on 18 June 2023, unfortunately, Titan, a submersible operated by American tourism
and expeditions company OceanGate, imploded during its fifth expedition to view the wreck of the Titanic
in the North Atlantic Ocean off the coast of Newfoundland, Canada, causing five people to lose their lives.
The OceanGate’s Titan submersible departed from the more traditional titanium-sphere design for deep-
ocean submersibles, stitching a carbon-fiber cylinder between two titanium hemispheres to create a larger
pressure hull that could accommodate more passengers. Searchers found the two titanium end caps on the
ocean floor, separated from the cylinder. This failure is believed to have occurred due to the experimental
design of the vessel’s hull, which was primarily made of less-durable, less understood carbon fibers instead

of traditional materials, see Figure 1.3 (b).
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Figure 1.3 (a) Titan submersible, (b) the design of Titan submersible

From the examples shown above, fracture-induced failures not only contribute to repair expenses,
replacement costs, traffic disruptions, and economic inefficiencies, but also could lead to hazardous
situations to people’s lives. What’s more, now more and more different materials are used in structures that
have complicated failure modes, and a good understanding of fracture mechanics is required to avert
disasters which not only cause financial losses but may also cost human lives.

Finite element method, as a popular method for numerically solving differential equations arising in
engineering and mathematical modeling, plays a key role in design decisions. In the field of structural
analysis, the prevention of fracture-induced failure is one of the major concerns to analysts, and the
numerical modeling of fracture process could be helpful in this situation. Depending on the orientation of
fracture with respect to load, the type of fracture can be divided into three modes: Mode I (opening mode,
normal direction), Mode II (sliding mode, tangential direction 1), and Mode III (tearing mode, tangential

direction 2), see Figure 1.4.
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Figure 1.4 Modes of failure

A wide variety of fracture models has been proposed in publications, and a key feature of these models



is the fracture energy term that relates energy dissipation to the formulation of new crack surface [1].
Griffith's theory for brittle fracture stands as a particularly successful example, where the potential energy
of a body depends on both the accumulated elastic strain energy and the surface energy associated with
newly formed crack. A crack extends when a critical strain energy value is reached. Apart from brittle
fracture, the modeling of ductile fracture is also a hot topic. In this dissertation, numerical modeling of

brittle and ductile fracture within the framework of finite element method is investigated.
1.2 Review of the computational modeling of fracture

Over the past several decades, many efforts have been put into modeling fracture propagation, and
there are two main categories: discrete modeling and continuum modeling. The discrete modeling of
fracture incorporates a discontinuity into the displacement field, whereas the continuum modeling does not.
Usually, continuum modeling, or smeared crack approach, incorporates a damage parameter into the model

that controls the degradation of the strength of material [1].
1.2.1 Discrete modeling of fracture

Examples of discrete modeling of fracture include Element Deletion Method (EDM) [2], Extended
Finite Element Method (XFEM) [3], Cohesive Segments Method (CSM) [4], Cohesive Zone Model (CZM)
[5], and so on. Element deletion method represents the crack by a series of elements in which the stress is
set to zero [2]. Extended finite element method allows for the crack to pass arbitrarily through elements by
incorporating enrichment functions to handle the field discontinuities, no need of remeshing [3]. In cohesive
segments method, the crack is represented by a set of overlapping cohesive segments, and these cohesive
segments are inserted into finite elements as discontinuities in displacement field by exploiting the partition-
of-unity property of shape functions [4]. In cohesive zone model, the crack is modeled by separation along
element interfaces. In this method, the continuum is characterized by two constitutive relations: a
volumetric constitutive law that relates stress and strain in the bulk elements, and a cohesive interface
constitutive relation between traction and displacement jump across a specified set of cohesive elements

[6]. These approaches have been studied in depth, and it has been shown that they can model crack



propagation behavior in 2D and 3D scenarios successfully.
1.2.2 Continuum modeling of fracture

Continuum modeling of fracture is based on constitutive equation coupled with damage at the material
point level so that the material models are often referred to as Continuum Damage Mechanics (CDM).
Examples of continuum modeling of fracture include Isotropic Damage Model (IDM) [7], Anisotropic
Damage Model (ADM) [8], Microplane Damage Model (MDM) [9], Phase Field Model (PFM) [10], and
so on. The assumption of isotropic damage model for which the stiffness degradation is isotropic and
independent on the direction of loading can only be justified to a certain extent for materials that behave
isotropically in the elastic domain [7]. For anisotropic damage model, a damage tensor instead of a scalar
damage parameter like isotropic damage model is required to model anisotropic damage [8]. The
microplane damage model allows for the description of damage induced anisotropy in a natural manner by
introducing constitutive laws for quantities on individual microplane at each material point [9]. One
drawback of these models is that the damage zone tends to widen in a direction normal to the crack direction
as the simulation proceeds [1]. And this behavior limits the effectiveness of continuum damage models
when modeling large dominant cracks.

In phase field model, a continuous scalar-valued phase field is introduced in the domain to indicate
whether the material is in unfractured or fractured phase, which is similar to the damage variable in the
three models mentioned above [7-9]. However, phase field model also uses a length scale parameter to
control the width of the approximation of crack, which is not used in other continuum damage models
mentioned above [6].

Among these different approaches, the focus of this dissertation will be on cohesive zone model
(discrete modeling) and phase field model (continuum modeling) to simulate brittle and ductile fracture.

More details about cohesive zone model and phase field model are shown as below.
1.3 Discrete modeling: Cohesive zone model

Cohesive zone model has been used extensively in studying fracture propagation, where cohesive



element is used to model cohesive interface between edges of shell elements, faces of shell elements, and
faces of solid elements, typically for treating delamination. Cohesive zone model is based on the cohesive
zone concept proposed by Barenblatt [11] and Dugdale [12]. It is assumed that at the ahead of crack tip,
there is a thin layer separating two solids in which damage mechanisms leading to crack are localized, and
the behavior of this crack process zone is characterized by traction separation law called cohesive law.
There are two categories of cohesive law: (1) intrinsic cohesive law that has an initial elastic range, (2)
extrinsic cohesive law that is initially rigid, see Figures 1.5 (b) and 1.5 (c). An example of a tensile test of
a polymethyl methacrylate plate using cohesive zone model is shown in Figure 1.6, where damage factor

isin [0,1].

0% by oS,

kcohesive zone

(@ (b) (©

Figure 1.5 (a) cohesive zone at crack tip, (b) intrinsic cohesive law, (¢) extrinsic cohesive law

Figure 1.6 Tensile test of a polymethyl methacrylate plate, damage from 0 to 1
Another way to differentiate different cohesive law is the shape of its constitutive law, and the
commonly used in publications includes bilinear shape [13], trapezoidal shape [14], polynomial shape [15],
and exponential shape [16]. Fernandez-Canadas et al. [17] investigate the influence of this shape on the
failure of adhesively-bonded single-lap joint. For all these different cohesive laws, bilinear cohesive law
has become an important part of them. The major advantage of bilinear cohesive law is that a very simple

traction separation law can provide results good enough to model with accuracy delamination and fracture



[18]. Computational implementation is straightforward and parameters needed can be easily identified from
standard tests, like Double Cantilever Beam (DCB) test and End Notched Flexure (ENF) test. Cohesive
zone model with bilinear cohesive law will be investigated in this dissertation.

When it comes to bilinear cohesive law, the important damage criteria are quadratic stress criterion,
power law, and B-K law [19,20], and they are about how to define the initiation of damage and the failure
of damage evolution. For the initiation of damage in many papers, the situation between positive and
negative normal tractions is different. The common method is that normal and tangential tractions are
coupled when normal traction is positive, but these two tractions are uncoupled when normal traction is
negative. The assumption behind this is that negative normal traction does not contribute to the damage
evolution. However, the fact is that no structure can hold infinite negative normal traction, and there are
many coupled criteria that have been used in publications. Hou et al. [21,22] introduce two formulas to
depict damage initiation when cohesive element undergoes tensile and compressive loads, and both tensile
load and compressive load are coupled with tangential load. Naik et al. [23-25] consider the difference
between positive and negative normal tractions in woven-fabric composites and use different fracture
strength values for tensile and compressive loads. In 2015, Abrate et al. [18] write a comprehensive
summary including many different failure models and different criteria predicting the initiation of damage.

After constitutive law and damage criterion have been defined, the next to be considered could be
damage evolution, which is about how to define loading, unloading, and reloading. Two common methods
for bilinear cohesive law are monotonically increasing effective separation method and monotonically
increasing damage factor method. The change from loading to unloading and reloading depends on whether
current effective separation or current damage factor is larger than its maximum history value. Kregting
[26] uses monotonically increasing effective separation method to simulate composite delamination, but
discontinuous force is found when mixed mode ratio changes. Gao et al. [27] also use this method to
simulate impact fracture behavior of laminated glass. To remove discontinuous force in this method, Zhang
and Tabiei [28] use linear interpolation based on the mixed mode ratio at each time step to obtain tractions.

Another problem with this method is that unreasonable failure can happen when maximum separations in



Mode I and Mode II are different. If maximum history effective separation for a loading process is larger
than the maximum allowable separation in some mixed mode ratios, cohesive element could fail just
because of a change of mixed mode ratio, and power law or B-K law will not be strictly followed.
Discontinuous force and unreasonable failure in cohesive zone model are still needed to investigate.

For intrinsic bilinear cohesive law, a common numerical problem is artificial compliance, and many
methods have been proposed to try to solve it. Peng et al. [29] find that the implementation of zero-thickness
cohesive element in tape introduces artificial compliance, which would affect the mechanical behavior of
the tape. Song et al. [30] use a potential-based exponential cohesive law to simulate the fracture of asphalt
concrete, and initial elastic part is replaced by an adjustable initial slope to reduce artificial compliance.
Fan and Tadmor [31] analyze the relation between effective material properties and cohesive element
properties, and rescaling of cohesive element thickness is proposed to reduce the effect of artificial
compliance and obtain mesh-independent results. As an important and even critical factor in dynamic
problem, the delay of stress wave caused by artificial compliance should be in an acceptable range. Figure

1.7 shows the delay of stress wave in a bar under impact load.

=10 cohesive element
—zero—thickness cohesive element
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Figure 1.7 An example of artificial compliance
Another hot topic for cohesive zone model over the past few decades is the effects of strain rate and
plastic strain on cohesive laws. Marzi et al. [32,33] investigate rate-dependent cohesive zone model and
rate-dependent elasto-plastic cohesive zone model for a crash analysis of adhesively bonded joints.
Carlberger et al. [34] investigate the influence of temperature and strain rate on cohesive properties of a
structural epoxy adhesive. For the effect of plastic strain, the classical bilinear cohesive law does not

consider this effect, so it can only be used for brittle materials. Based on experiment results, Cui [35]



investigates a failure criterion for ductile adhesive, but plastic strain is not considered. Marzi et al. [32]
propose a new damage factor model to consider plastic strain for adhesively bonded joints, and later this
damage factor model is used as a new material type in LS-DYNA [20]. Cazes et al. [36] extend an elastic-
damageable model to an elastic-plastic damageable model, and this model can handle material’s softening
well. The common problem in these papers is that the negative quadrant of cohesive law is not mentioned
and then the reciprocating load is not guaranteed. What’s more, a single plastic strain model is not enough
to cover all materials since different material usually means different plastic strain properties.

Apart from the effects of strain rate and plastic strain, one more effect investigated in this dissertation
is damping in bilinear cohesive law. Spurious oscillation is a problem often found in explicit time
integration codes using cohesive elements, and too much oscillation could lead to incorrect results and
conclusions. Usually, a damper is a good component to damp oscillation for a mechanical system. To avoid
undesirable oscillation in surface contact, a damper perpendicular to the two contact surfaces is added in
[37]. In some researches [38-40], damping is used to consider rate-related effects for cohesive element, but
most of them use a constant damping. One problem with this constant damping is that, it cannot describe
fully debonding because traction does not decrease to zero at high strain rate when cohesive element fails
[32], which would influence the original cohesive law. Giambanco and Fileccia Scimemi [41] have
formulated an interface model in the framework of visco-plasticity for generalized standard materials, and
a decrease of viscosity with the increase of damage is considered to enable fully debonding. Compared with
constant damping, variable damping without extra huge traction discontinuity at the start and end of
cohesive law is more suitable for the modeling of damping effect in cohesive elements.

Overall, even though cohesive zone model has been used widely in fracture propagation, there are still
some problems overlooked and to be solved. First, damage evolution and artificial compliance are
investigated in this dissertation. Second, strain rate, plastic strain, and variable damping are considered into
one cohesive element for a wilder application. Variable damping is used to help improve spurious
oscillation that could lead to excessive cohesive element deletion and then consequently underestimate

fragment size.



1.4 Continuum modeling: Phase field model

Phase field model has been used widely in computational modeling for complex fracture propagation,
especially in static and dynamic scenarios with brittle and ductile materials [42-45]. The major advantage
of phase field model is that arbitrary nucleation, propagation, branching, and merging can be modeled in a
single standard-alone framework, no need of any ad hoc criterion and extrinsic tracking algorithm [46].
The theory behind this model is the minimization of total energy proposed by Francfort and Marigo [47],
where potential energy consists of strain energy and fracture energy. To provide a feasible numerical
method for difficult free-discontinuity problem, Bourdin et al. [48] regularize the fracture energy as an
elliptic functional of the displacement field and an auxiliary field called phase field. This regularized energy
functional is characterized by a length scale which controls the width of crack band [49]. The main idea is
the transform from line integral and surface integral to a volume integral for the fracture surface calculation,
which then could be coupled with the volume integral of other energies, like kinetic energy, strain energy,
and external work. In this way, the solid domain with crack can be described by displacement field and
phase field together. Refer to Wu et al. [50] for a comprehensive review of phase field modeling of fracture.

Figure 1.8 shows an example of tensile test using phase field model.
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(b)
Figure 1.8 (a) phase field model for a tensile test, (b) phase profile extracted from the tensile test left

(a)

Based on the variational formulation of Griffith’s theory [47], phase field model of quasi-static brittle
fracture is implemented for the first time by Bourdin et al. [48]. More recently, a quasi-static phase field
formulation aligned with thermodynamic arguments is proposed by Miehe et al. [43]. Dynamic brittle
fracture using phase field model is also a hot topic [44,51]. Liu et al. [52] investigate quasi-static and

dynamic fracture, and solve the problem using monolithic and staggered schemes. In 2014, Miehe and

10



Schénzel [53] extend the phase field model to ductile materials to consider large strain. Different method
to derive the governing equations has also been presented in papers. Based on the first and second laws of
thermodynamics, Wu [54] derives the governing equations from the variation of energy dissipation. Based
on the Hamilton’s principle, Borden et al. [44] obtain the governing equations from the minimization of
energy (including kinetic energy and potential energy) using Euler-Lagrange equation. More information
about Hamilton’s principle refers to [55].

Even though phase field model has been used widely, some aspects of it are still under investigation.
The first is the split of strain energy to depict the degradation of material. A directional split method is
introduced, analyzed, and compared with the two commonly used formulations (spectral split and
volumetric-deviatoric split) in [56]. An orthogonal split of strain tensor into compressive and tensile parts
is implemented to mimic unilateral contact condition in [57]. A methodology of splitting energy density
function is proposed in [58] that can be applied to a large variety of polyconvex energies. Several existing
approaches are reviewed to account for the tension-compression asymmetry of fracture behavior of
materials in [59]. After the phase field problem is fully defined, the next is about how to solve it. Common
ways to solve phase field model include staggered algorithm and monolithic algorithm [60,61]. An
improved staggered iteration scheme is proposed in [62] where nonlinear subproblems are solved by a one-
pass procedure. Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm to solve in a monolithic manner the
system of coupled governing equations is proposed in [63]. To make sure fracture surface and fracture
energy results are correct, I' convergence is still a hot topic in phase field model. Theoretical proofs about
I' convergence can be found in [64,65]. Miehe et al. [43] shows that as length scale approaches to 0 the
regularized functional converges to the Griffith’s theory in the sense of I' convergence. However, it is also
found that in practical setting, error has been reported in numerical solutions regarding the approximated
fracture surface and dissipated energy [66]. The approximation of fracture energy in phase field model is
studied in [67]. More researches are still needed in this direction.

Even though phase field model has been used widely in brittle materials, but some issues with the

modeling of brittle fracture behavior are still to be solved. One of them is the stiffness reduction in the
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initial part of stress-strain curve. From the homogeneous solution of governing equation in [44], even with
small strain, there is a non-zero auxiliary phase, which causes stiffness reduction under the effect of
degradation function. Figure 1.9 shows the stiffness reduction before fracture strength when using the

classical phase field model.
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Figure 1.9 Stiffness reduction in stress-strain curve before fracture strength

To solve this problem, Miehe et al. [68] set a minimum strain energy threshold to keep the stiffness
constant before reaching fracture strength. This strain energy threshold is also used in [69,70]. However,
the stiffness determined from this strain energy threshold could be larger or lower than the material’s
Young’s modulus, so it should be used with caution. Another way to solve this problem is from geometric
function. From a numerical point of view, the choice of geometric function in the classical phase field
model renders a linear FEM formulation of phase field model (within a staggered scheme) and thus
computationally attractive, but the drawback is stiffness reduction. Pham et al. [71] propose a nonstandard
phase field model using a linear geometric function, resulting in a diffuse localization band with a parabolic
phase profile and global responses with an initial linear elastic stage. Wu et al. [54] propose a generalized
geometric function with an extra parameter, and the parameter chosen leads to a geometric function same
as [72], which gives a narrower crack band. Some other geometric functions [50,73,74] are also used for
brittle materials. Different geometric functions have been investigated well, but a narrower crack band and
linear elastic behavior are not easily realized in one geometric function.

Apart from geometric function, degradation function can also be used to solve these problems. Arriaga
and Waisman [75] use a generalized degradation function to describe stress-strain curve for a wide range

of materials, including brittle materials. Bourdin et al. [48] introduce cubic and quartic functions to obtain
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more brittle behavior. To consider the different behaviors of materials, Wu [54] propose an algebraic
fraction degradation function with several parameters to adjust degradation function, and make the phase
field model a length scale insensitive model. Arriaga and Waisman [76] use cubic function with a parameter
to adjust degradation function, which can give more options for the behavior of material. Steinke and
Kaliske [56] consider an algebraic fraction degradation function with exponential function to try to cover
more materials. Yin et al. [77] try a sinusoidal form of degradation function to investigate strain-rate-
dependent fracture toughness. Even though the degradation function can be set more and more complex, it
loses some good properties like phase in [0,1]. Zhang et al. [78] use the degradation function in [54], but
the phase is not in [0,1], and an extra phase constraint function is needed for a successful simulation. What’s
worse, analytical homogeneous solution is not available for some special degradation functions, which
makes it difficult to investigate some basic features of phase field model that is based on homogeneous
solution.

Overall, phase field model has been used widely in brittle materials, but some issues with modeling
brittle fracture behavior are still to be solved. One of them is the nonlinearity and inelasticity in the stress-
strain curve of brittle material. This problem will be investigated from the point of view of geometric
function and degradation function separately. Even though phase field modeling of brittle fracture has been
well studied, more investigations are still needed for phase field modeling of ductile fracture. The
application of phase field model to ductile fracture with isotropic hardening material will also be presented

in this dissertation.
1.5 Contribution and organization of this dissertation

In Section 2, two improvements of cohesive zone model on damage evolution and artificial compliance
are presented. Before explaining these two improvements, background of cohesive zone model is presented
first to help better understand this topic, including local coordinate system, stiffness matrix, internal nodal
force, and constitutive law and damage criteria. For damage evolution, two commonly used damage

evolution methods are compared and analyzed to investigate the discontinuous force in cohesive element,
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and it is found that monotonically increasing damage factor method can avoid discontinuous force that
happens in monotonically increasing effective separation method. Unreasonable failure is also explained in
detail that happens in monotonically increasing effective separation method when mixed mode ratio
changes. For artificial compliance, it is found to be related to cohesive element modeling method and
stiffness parameter selection. By using finite-thickness cohesive element and proper stiffness parameter,
artificial compliance can be totally removed.

In Section 3, the effects of strain rate, plastic strain, and variable damping are considered together into
one cohesive element. To extend the scope of application of cohesive zone model to more materials, strain
rate and plastic strain are considered. Based on the damage factor in classical bilinear cohesive law, a
generalized damage factor model is proposed to cover all materials from zero plastic strain to maximum
plastic strain. By adding a variable damping into cohesive element, spurious oscillation and excessive
cohesive element deletion in cohesive zone model are improved, and there is no discontinuous force like
when using a constant damping. Several simulations are presented to verify these three effects.

In Section 4, phase field model for brittle fracture is investigated. Geometric function and degradation
function are investigated separately to solve the nonlinearity and inelasticity in the stress-strain curve of
classical phase field model. First, by using a generalized quadratic geometric function and applying phase
zeroing, nonlinearity and inelasticity can be completely removed, and a good thing is that this still leads to
a linear FEM problem. Second, instead of using a second order degradation function, some higher order
degradation functions with more constrains could give more options for stress-strain curve. However,
higher order degradation function leads to a nonlinear FEM problem, and Newton-Raphson method is used
to solve this nonlinear problem. Both methods proposed in this dissertation work well for brittle materials.

In Section 5, phase field model for ductile fracture is investigated. Based on the ductile material with
isotropic hardening, phase field model is coupled into this material. One difference here from the classical
phase field model for brittle fracture is the calculation of strain energy, and strain energy is not limited in
the linear elastic range. To model the degradation of material, parameters for ductile material with isotropic

hardening are multiplied with degradation function, i.e., Young’s modulus, yield stress, and hardening
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modulus. Depending on the degradation function, both linear and nonlinear FEM formulation can also be
used like the modeling of brittle fracture in Section 4.

In Section 6, conclusion and future work of this dissertation are given. By using the methods proposed
in this dissertation, the modeling of brittle and ductile fracture using cohesive zone model (discrete
description) and phase field model (continuum description) is improved. Considering the complexity of
ductile fracture, more investigations are still needed.

In Section 7, appendix is put there. To save space and improve readability, four more examples using
cohesive zone model are presented in this section. After that, five subroutines used in LS-DYNA for

cohesive zone model and phase field model are provided.

15



2 Improvement of cohesive zone model on damage evolution and

artificial compliance

In this section, two improvements of cohesive zone model on damage evolution and artificial
compliance are presented. Before explaining these two improvements, background of cohesive zone model
is presented first to help better understand this topic, including local coordinate system, stiffness matrix,
internal nodal force, and constitutive law and damage criteria. For damage evolution, two commonly used
damage evolution methods are compared and analyzed to investigate the discontinuous force in cohesive
element, and it is found that monotonically increasing damage factor method can avoid discontinuous force
that happens in monotonically increasing effective separation method. Unreasonable failure is also
explained in detail that happens in monotonically increasing effective separation method when mixed mode
ratio changes. For artificial compliance, it is found to be related to cohesive element modeling method and
stiffness parameter selection. By using finite-thickness cohesive element and proper stiffness parameter,

artificial compliance can be totally removed.

2.1 Background of cohesive zone model

2.1.1 Local coordinate system

Cohesive element between faces of eight-node solid elements is investigated here, see the blue element
in Figure 2.1. Instead of dealing with stress-strain relation, cohesive law deals with traction-separation or
stress-separation relation. To get the local stress in cohesive element, local separation s; between top and
bottom faces of cohesive element is obtained first from global displacement u; and u,;, see Equation (2.1),
where Q is the coordinate system transformation matrix from global to local coordinate system, and s? is
the initial local separation or the initial thickness of cohesive element in case of finite-thickness cohesive
element is used. u; and u;, can be expressed as shape function N; (i = 1,2, 3,4) and node displacement
u; and uy; on top and bottom faces. Because local separation is only related to top and bottom faces, the

shape function used here is only a function of two local iso-parametric element variables ¢ and 1. This can
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be obtained by setting the third variable ¢ = +1 for the shape function of a common eight-node solid
element, see Equations (2.2) and (2.3). It is convenient to adopt the convention in this dissertation that if a
subscript appears twice in the same term, then summation over that subscript is implied, unless indicated

otherwise.

(a) (b) (c)
Figure 2.1 Schematic of cohesive element, (a) cohesive element between faces of eight-node solid elements, (b) unit

vectors obtained from middle nodes, (c) local coordinate system {q,, q,, q3}
s;=Qu;—upy) — s} (2.1)

{ut = N; (&, Muy, i=1234 (2.2)

u, = N;(&,nuy;, i=1,23,4

1
N (&) = Z(l +&OA+nim), i=1234
f* — [1’ 1, _1’ _1] (2.3)
n= [-1,1,1,-1]

To get the Q in Equation (2.1), middle nodes between top and bottom faces are calculated first, as
shown in Equation (2.4). Equation (2.5) shows unit vectors (e; and e,) obtained from middle nodes x,,3,
X1 and X4, X2, respectively, see Figure 2.1 (b). The direction of x axis (q) in local coordinate system
is the opposite of the sum of e; and e,; the direction of y axis (q) in local coordinate system is same as
the difference between e; and e,; the direction of z axis (q3) in local coordinate system is the cross product
of q; and q,, see Equation (2.6) and Figure 2.1 (c). Since e; and e, are unit vectors, q; and q, are

perpendicular to each other (diagonals of a rhombus are perpendicular to each other).

X+ Xpi

xml - 2 ) i = 1! 2; 374 (2.4‘)
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Xm3 — Xm1

T Ttz — X
= e
|Xma — X2l
e te
T=- le; + e,
e —e (2.6)
1= le; — el
qs = q1 X q;

After the local coordinate system is defined (or the @), the separation in local coordinate system can
be calculated from Equation (2.1). Different traction can be constructed with the increase of this local
separation, like bilinear cohesive law [13], trapezoidal cohesive law [14], polynomial cohesive law [15],

exponential cohesive law [16], and so on. Bilinear cohesive law will be investigated in this dissertation.
2.1.2 Stiffness matrix

Strain energy of cohesive element is expressed in local coordinate system first, as shown in Equations
(2.7~1) and (2.7~2). And this strain energy is further expressed in global coordinate system to obtain the
stiffness matrix, as shown in Equation (2.7~3). The relation between local traction and local separation is
expressed in Equations (2.8) and (2.9), where n, t1, and t2 mean Mode I, Mode II, and Mode III,
respectively. Before the initiation of damage, damage factor d is 0, and constitutive matrix C is a constant

matrix.

U= %ff(sl)TaldA = %ff(sl)TCsldA = %_U(ut —u,)TQTCQ(u; — u,)dA 2.7)
A A A

g, = Csl (28)
a* (1—-d)E? 0 0 sl
i = 0 (1-d)E 0 st (2.9)
T2 0 0 (1 -dES]sf?

Follow the Equations (2.2) and (2.3), global displacement u, and u; can be expressed in terms of
global displacement of nodes on top and bottom faces, as shown in Equation (2.10). The summation form

of global separation can be expressed into matrix form, as shown in Equation (2.11). N is shape function
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matrix, H is the matrix mapping node displacement to global separation between top and bottom nodes, d
is a 24 x 1 column vector with node displacement in global coordinate system. H is a 12 x 24 matrix. Only
the first row of H is shown in Equation (2.13) because of the size of H, but the rest can be obtained in the

same way by checking (u; — u;) and d.

1
U= Eff(]viuti — Njup)" QT CQ(N;uy; — Nyup;)dA (2.10)
A

Niuti — Niubi = NHd (211)
N, 00 N, OON;, 00 N, 00
N=[0 Ny 0 0 N, 0 0 N3 O O Ny, O (2.12)
O 0N 00N 00 N, OO0 N,

H(1,:)=[1,0,0,0,0,0,0,0,0,0,0,0,—1,0,0,0,0,0,0,0,0,0,0,0] (2.13)

_ [utlr Vt1, Wt1, U2, V2, We2, U3, Vi3, W3, Uta, Vea, Wea, - ]
Up1, Vb1 Wh1, Up2, Vb2, Wh2, Up3, Vp3, Wp3, Ups, Vpas Wha

(2.14)

Put Equation (2.11) into Equation (2.10), strain energy is expressed as matrix form in global coordinate
system, as shown in Equation (2.15), and stiffness matrix is obtained as Equation (2.16~1). Note that if
shape function matrix is expressed as N = NH, where N is a 3 x 24 matrix, stiffness matrix can be shown
in Equation (2.16~2). For the iso-parametric element used in FEM, dA is mapped into natural coordinate

system as |J|dédn, where |J| is the determinant of Jacobean matrix, and a 2D numerical integration can be

used to calculate stiffness matrix, see Equation (2.17).

1 1
U= > f f d"H"NTQT"CQNHddA = EdT J j HT'NTQTCQNHdAd (2.15)
A A
K= || HUNTQ"TCQNHdA = || NTQTCQNdA (2.16)
J J
K= ﬂ H'NTQTCQNH]|J|dédn = ﬂ NTQTCQN|J|dédn (2.17)
A A

The stiffness matrix presented above can be applied into linear elastic range, but the problem becomes
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nonlinear after the initiation of damage because then damage factor is larger than 0 and becomes a variable.
A general nonlinear equation can be solved by using Newton-Raphson method through a sequence of
linearization, and an incremental procedure with a tangent stiffness matrix is needed. The general stain
energy is shown in Equation (2.18), where u is displacement, u is virtual displacement, € is virtual strain.
Linearization of this strain energy is shown in Equation (2.19). Considering that incremental stress can be
expressed as tangent stiffness and incremental strain, the linearization of strain energy can be further
expressed as tangent constitutive matrix, as shown in Equations (2.20) and (2.21). The first integrand in
Equation (2.21) is similar to the stiffness term in linear system, and it is called tangent stiffness. The second
integrand only happens in geometric nonlinear problem, and it is called initial stress stiffness, see [79] for

more detailed information.

U, @) = f f f o(w): 5w ) dO (2.18)
9
LU )] = f f (66:F + 0: 68) d02 (2.19)
29
do .
60 = 36" de = CB": ¢ (2.20)
LU, @)] = f f (8: C'": 55 + 0: 68) A2 (2.21)
29

Geometric nonlinearity of cohesive element is not considered in this dissertation, and this is also taken
by other papers [80-82]. Incremental traction is related to incremental separation through tangent
constitutive matrix as da’ = C***ds', as shown in Equation (2.22). To get the partial derivative of traction
with respect to separation, damage factor for bilinear cohesive law should be defined. This damage factor

d could be a really complicated function of local separation s]*, sf*, and s{2. What’s more, different failure

criterion can have different 52, and 6,]; functions (separation at the initiation of damage and the failure of
damage evolution, respectively) of s, sf*, and sf?, so the detailed expression of damage factor is not

shown here. But the element at first row and first column in C*%" is shown in Equation (2.23) to get an idea
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of it, and the others can be obtained in the same manner. After the tangent constitutive matrix is obtained,
the tangent stiffness matrix can be obtained similarly, as shown in Equation (2.24).

[do* 0da* 00"
ds]' st osf?
ottt ot ot

con |5 T S 2.22)
atf? oarf? oarf?
[ ds  Osft 0sP?l
donm ad
6_521 =1 -dEY+ (1 - @) EQsi (2.23)
Ktan = f f HTNTQTC'*"QNHdA = f f N"Q"c**"QNdA (2.24)
A A

2.1.3 Internal nodal force

To get the interaction between cohesive element and bulk element, internal nodal forces should be
calculated. The principle of virtual power states that the internal power equals the external power. External
power can be from concentrated load, surface load, and body load, as shown in Equation (2.25). However,
surface force and body force are not considered in this derivation because cohesive element used in this
dissertation is surrounded by solid bulk elements and has no mass. The time derivative of local separation

can be obtained directly from Equations (2.1) and (2.2), as shown in Equation (2.26).

[ Goraa = G ru+ GooTho+ [[@rsaa+ [[[@rrar,  i=1234 @2
A 4

A

G)" = [Ge)"Ni(Em) — Gp)"N;EmIQT,  i=1,2,3,4 (2.26)

Substitute Equation (2.26) back into Equation (2.25) to get Equation (2.27), and by comparing the left-

hand side and right-hand side, internal nodal forces on top and bottom faces can be obtained, as shown in
Equation (2.28).

[Jeomaaa= o [[ mEmeTaaa- @ [[ MEmeTaaa,  i=1234 @27
A

A A
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fu= || MEweTaaa,  i=1234
4 (2.28)

fri= _ff Ni(§,mQTedA,  i=1,234
A

2.1.4 Commonly used constitutive law and damage criteria

For the commonly used constitutive law in bilinear cohesive law proposed by Davila et al. [83] and
Camanho et al. [84], three independent parameters can define it, i.e., separation at the end of strengthening
part 8°, separation at the end of softening part 6/, and fracture strength ¢°. The area below this traction
separation curve is critical energy release rate G.. Considering the difference between tensile load and
compressive load in Mode I, positive quadrant and negative quadrant of Mode I in this constitutive law are
different, as shown in Figure 2.2 (a). Here, the negative normal traction can be infinite and no damage
would happen in this negative normal direction. In this dissertation, according to the shape in negative
quadrant of Mode I, this constitutive law is called as constant stiffness model (a straight line). However,
tangential direction Mode II and Mode III do not have this difference, see Figure 2.2 (b). Without

considering plastic strain, the orange dashed line is a possible load path up to failure for this model.

(a) (b)
Figure 2.2 (a) constant stiffness model in Mode I, (b) constant stiffness model in Mode II and Mode 111

After constitutive law is presented, criteria in bilinear cohesive law is to be covered. Usually, quadratic
stress criterion is used for the initiation of damage, as shown in Equation (2.29); power law and B-K law
are used for the failure of damage evolution, as shown in Equations (2.30) and (2.31), respectively.

Exponent 1 and 2 are commonly used in power law, but curve fitting based on experiment results is
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suggested. B-K law is a good choice because curve fitting is needed for different materials. From Equations
(2.29), (2.30), and (2.31), one thing to mention is the difference between tensile load and compressive load.
Normal traction and tangential traction are coupled when it is tensile load, but normal traction is not shown
in the criteria when it is compressive load. The reason to do so is that compressive strength is assumed to

be infinite and it cannot cause any damage to cohesive element.

g, 2 g 2
<_’g> +<—§> =1, oy=0
ON Or

, (2.29)
ar
- = 1, On <0
Or
G G
ic Guc (2.30)
%)n = 1, On <0
Gric
{GI + G = Gie + (Gl — G )y™, oy 20 (2.31)
G” = GIOIC' On <0 .

where, oy and o7 are traction in normal direction and tangential direction, respectively; oy and o7 are
fracture strength in Mode I and Mode 11, respectively; G; and G;; are energy release rate in normal direction
and tangential direction, respectively; Gi and GJ are critical energy release rate in Mode I and Mode II,
respectively; energy release rate ratio y is Gy /(G; + G;); 17 is a parameter determined from curve fitting.

Some other criteria about the failure of damage evolution can be refereed from [85].
2.1.5 Two more constitutive laws and damage criteria

Even though the bilinear cohesive law in previous section has been used widely, there are still some
other different constitutive laws. According to the negative quadrant of Mode I, contact connection model
(no negative quadrant) and double bilinear model (similar to positive quadrant) are also used in publications,
as shown in Figures 2.3 (a) and 2.3 (b), respectively. Without considering plastic strain, contact connection
model has same Mode II and Mode III as that constant stiffness model in Figure 2.2 (b). The negative
quadrant of double bilinear model for Mode I is similar to its positive quadrant, but three different

parameters are needed to consider the difference between tensile load and compressive load. The Mode 11
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and Mode III for double bilinear model are shown in Figure 2.3 (c). An advantage of this double bilinear
model is that plastic strain and reciprocal load can be considered in this model. The orange dashed line in
Figures 2.3 (b) and 2.3 (c) are a possible load path up to failure with considering plastic strain. Refer to [5]

for detailed information about plastic strain in double bilinear model.

contact connection

(a) (b)
Figure 2.3 (a) contact connection model in Mode I, (b) double bilinear model in Mode I, (¢) double bilinear model in

Mode II and Mode 11T
For the contact connection model, since negative quadrant of Mode I is not available and not coupled
with tangential traction under compressive load, the criteria used are same as that for constant stiffness
model in Equations (2.29), (2.30), and (2.31). However, for double bilinear model, because its negative
quadrant of Mode I is like positive quadrant, negative traction can also be used in the normal-tangential
coupled criteria. Quadratic stress criterion, power law, and B-K law for the double bilinear model are shown
in Equations (2.32), (2.33), and (2.34), respectively. The advantage of this normal-tangential coupled

property on stress wave propagation will be shown in Section 3.4.4 Kalthoff block under impact load.

2 2
o (oX
<#) +<—To> =1, oy=0
ONp Or

, , (2.32)
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aN,n Or
( )n + ( oy =0
GIOCp G,‘}C 2.33
Gin G (239
( ) (— n— On < 0
GIC,n IIC
{Gl,p + G = GIOC.p + (GIOIC - GIOC.p)Vnp' oy 20 (2.34)
GI,n + G = GIOC,n + (GIOIC - GIOC,n)ynn' oy <0
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where, p and n mean positive and negative normal directions, respectively, and the meaning of these
letters is similar to that in Equations (2.29), (2.30), and (2.31). One thing worth mentioning for double
bilinear model is critical energy release rate. Theoretically, the critical energy release rate for constant
stiffness model in negative Mode 1 is infinite, and no contribution to damage evolution from compressive
load. Experiments also show that for some materials compressive strength could be much larger than tensile
strength. To make sure that Mode II is dominant for damage evolution when cohesive element undergoes
compressive load, the critical energy release rate relation between negative Mode I and Mode 1I is
adjustable, like 1, 2, and 3 times of the critical energy release rate in Mode II, or even higher. Figure 2.4
shows this relation for B-K law. When critical energy release rate in negative Mode I is much larger than
that in Mode II, Mode II should be dominant for the damage propagation since negative Mode I is much

harder to fail.

tensile load, G, =3G}.

---------- compressive load, Gf., =1Gfj.
compressive load, GJOC,n =2G)e

- - —compressive load, GJ,, = 3G}

—#— compressive load, G, = c0Gfj¢

AGfe

- 0 0
Gion Groyp

Figure 2.4 Critical energy release rate relation between Mode I and Mode 11

The criteria shown above are all based on stress and energy release rate, which are not primary
unknows in simulation. The fact is that primary unknow (displacement) is calculated first in simulation,
and then get stress and energy release rate based on displacement. So, it is necessary to transfer stress and

energy release rate to displacement and stiffness. Before this transformation, a new parameter is defined as

mixed mode ratio § = /(4 v/4mn)?. Equations (2.35), (2.36), and (2.37) are used to get the separation

at the initiation of damage and at the failure of damage evolution.
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where, m means mixed mode case; Efy and E are the stiffness in Mode I and Mode I, respectively.
For quadratic stress criterion, 8y, , is obtained from Equations (2.32), (2.35), and (2.37); for B-K law, 6,’;2,

is obtained from Equations (2.34), (2.36), and (2.37), as shown in Equation (2.38). Even though this

equation is used in positive quadrant, double bilinear model can still use this equation in its negative
quadrant because negative Mode I has similar traction separation relation. (S‘f;‘p for power law can be

obtained similarly, but it is not shown here to save space, interested readers please refer to MAT 138 in

[20].
1+ p2
ag,p:(sgypagj - Zﬂ -
2
(p3ip) "+ D) . (2.38)
2(1+8%) B*E?

6f — GO GO —GO
m,p 61(:’1,,p(E1(\)[+,82E¥) IC,p+( 11C IC,p) E]?/"‘ﬁzE;)*

2.1.6 Comparison and analysis of the three constitutive laws

(1) Deficiency of plastic strain

To introduce plastic strain into bilinear cohesive law, a generalized damage factor model is proposed
in [5], where five typical damage factor models (maximum, convex, linear, concave, and minimum damage
factor) can handle material from zero to maximum plastic strain in sequence, will see in Section 3.2.

However, this plastic strain can only be achieved in positive quadrant for constant stiffness model and
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contact connection model. For constant stiffness model, the loading and unloading track is same in negative
Mode I, so no compressive plastic strain can be obtained. For contact connection model, negative Mode I
is not available, let alone the plastic strain in negative normal direction. What’s more, when cohesive
element undergoes reciprocating load, a loop of traction cannot be obtained for these two models, but double
bilinear model does not have these issues.
(2) Inherent discontinuity of constitutive law

The damage factor without plastic strain is shown in Equation (2.39), and damage factor curve for the
three models mentioned above are shown in Figure 2.5. For all the three models, it is normal-tangential
coupled in positive quadrant (§,,. means effective separation obtained from normal and tangential
separations together). However, the situation is different when normal traction is negative. For constant
stiffness model, normal traction and tangential traction are uncoupled in negative quadrant, and the
initiation of damage and the failure of damage evolution are only controlled by tangential traction. For
contact connection model, the connection changes from cohesive law to contact connection when it is in
negative quadrant. From a coupled model to an uncoupled model, or from a coupled cohesive law to a
contact algorithm, both constant stiffness model and contact connection model have a kind of inherent

discontinuity of constitutive law.
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Figure 2.5 Damage factor, (a) constant stiffness model, (b) contact connection model, (c) double bilinear model
(3) Inherent discontinuity of force
For the constant stiffness model, because negative normal traction has no limit, it can reach to an
extremely high value, but a sudden drop to zero can happen when cohesive element fails, which could be

one source of spurious oscillation and one reason for incorrect damage evolution. This discontinuous force
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has been found in my previous 3D simulation in [5]. For the contact connection model, when load changes
from tensile load to compressive load, the traction between two adjacent bulk elements switches from
cohesive element tractions to contact force, and oscillation between every two bulk elements and increased

time of computation could be its limitations.
2.2 Improvement on damage evolution

For the commonly used constitutive law in bilinear cohesive law, the unloading track is the line that
connects the point on bilinear cohesive law and the origin, as shown in Figure 2.2 (a) before. In this case,
the damage factor of this line can be calculated, as shown in Equation (2.39). Equation (2.40) shows the
relation between damage factor and stiffness.

0, 0 <A< 8

A (Am -89

om . 80 <A <68 2.39

1, & <A,

{E"’ = (1 - dEy (2.40)

Er = (1-d)Ep

where, d is damage factor; A,, is mixed effective separation; E and E are the current stiffness in
normal and tangential directions, respectively. Although the damage factor is well defined, damage
evolution method is another thing, which is about how to define the progress of damage. Two damage
evolution methods, monotonically increasing effective separation method [26,28] and monotonically
increasing damage factor method [20], are widely used. The difference between these two methods can be

seen from their names and from the formula shown in Equations (2.41) and (2.42).

At = max(AmdY 1), Am,i
dtrue — 6;1 <A£rrl,liw B 6791) (2.41)
AN
T A\ 85— 69, (2.42)

true __ max
dmi = max(dm,[l,i—l]' dm,i)
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where, Ay (7 —1] is the maximum history effective separation from 1th step to (i-1)th step; A, ; is the

current effective separation at ith step; A%_‘fe is the true effective separation at ith step; same thing for the

damage factor d. It is straightforward that cohesive element is in loading when current effective separation
or current damage factor is larger than its maximum history value, otherwise it is in unloading or reloading.
Equations (2.43) and (2.44) show the condition of unloading and reloading for the two damage evolution
methods.

Am,i< D ima] (2.43)

dmi < A1 i-1] (2.44)

2.2.1 Discontinuous force in damage evolution method

Even though both damage evolution methods mentioned above have been used widely, the details
about traction evolution are overlooked, and problems related to discontinuous force can happen in the

monotonically increasing effective separation method.

2.2.1.1 Monotonically increasing effective separation method, with discontinuous force

Constant unloading and reloading are an easy and straightforward method to deal with unloading and
reloading, which means stiffness is a constant during unloading and reloading process. Here, this stiffness
is same as the stiffness that happens at the maximum history effective separation or maximum history
damage factor, depending on the damage evolution method used. For monotonically increasing effective
separation method, constant unloading and reloading works well for a single mixed mode ratio case.
However, for a case with changing mixed mode ratio, discontinuous force can happen at the end of
reloading, which could cause artificial oscillation and even meaningless results. A single cohesive element
is used to explain this. The material parameters used for this cohesive element are shown in Table 2.1, and
power law with n = 1 is used here for the sake of simplicity. In simulation, the total number of time steps

is 800.
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Table 2.1 Bilinear cohesive law parameters for discontinuous force analysis

Critical energy release

Mode Stiffness [MPa/mm] Fracture strength [MPa]

rate [N/mm]
Mode I 100000 30 0.25
Mode I 100000 60 1.00

First, two load cycles with same mixed mode ratio are investigated. Displacement load data and mixed
mode ratio range are shown in Figure 2.6, where the mixed mode ratio is a constant. For monotonically
increasing effective separation method, the maximum history effective separation is shown in Figure 2.7
(a), and this value is kept increasing. The damage factor is shown in Figure 2.7 (b). Figures 2.7 (¢) and 2.7
(d) show the tangential traction response in 2D and 3D plots, respectively. As shown in these figures,
discontinuous force is not found in these two cycles, and the stiffness in the unloading and reloading is

same. So, constant unloading and reloading works well for monotonically increasing effective separation

method when mixed mode ratio does not change.
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Figure 2.6 (a) displacement load data, (b) mixed mode ratio range
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Figure 2.7 (a) effective separation and maximum history effective separation, (b) damage factor, (c) tangential

traction in 2D plot, (d) tangential traction in 3D plot

Second, two load cycles with different mixed mode ratio are investigated. Displacement load data and
mixed mode ratio range are shown in Figure 2.8, where mixed mode ratio changes. For monotonically
increasing effective separation method, the maximum history effective separation is shown in Figure 2.9
(a), and its value is still kept increasing. The damage factor is shown in Figure 2.9 (b). Figures 2.9 (¢) and
2.9 (d) show the tangential traction response in 2D and 3D plots, respectively. Discontinuous force is found
in the second cycle at the end of reloading if constant unloading and reloading is used. This discontinuous
force can also be seen from damage factor in Figure 2.9 (b). The displacement load is continuous, but the
damage factor at the end of reloading is not continuous. The correct stiffness of reloading in the second

cycle is shown in Figures 2.9 (c) and 2.9 (d) with dashed line.
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Figure 2.8 (a) displacement load data, (b) mixed mode ratio range
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Figure 2.9 (a) effective separation and maximum history effective separation, (b) damage factor, (c) tangential

traction in 2D plot, (d) tangential traction in 3D plot
A general loading process is shown in Figure 2.10 (a), and it has a wider range of mixed mode ratio,
which changes in the whole loading process in Figure 2.10 (b). Effective separation and damage factor are
shown in Figures 2.11 (a) and 2.11 (b), respectively. Figures 2.11 (c¢) and 2.11 (d) show the tangential
traction response in 2D and 3D plots, respectively. As shown in these figures, discontinuous force is found
in each cycle at the end of reloading, which agrees with what found in previous simulations. The traction
during loading should be exactly on the 3D cohesive law surface, but some tractions are above the 3D

cohesive law in Figure 2.11 (d) during reloading.
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Figure 2.10 (a) displacement load data, (b) mixed mode ratio range

32



-
5 %10
effective separation
. . - . 0.8
4 | [——maximum history effective separation
— 0.6
g3
=} =
E2 0.4
<
1 0.2
0 0
0 200 400 600 800 0 200 400 600 800
time step time step
(@) (b)
1
<
205
=
S
0
10 <
20
]
) ’ ) A/}
Ar/dt At/
(©) (d)

Figure 2.11 (a) effective separation and maximum history effective separation, (b) damage factor, (c) tangential

traction in 2D plot, (d) tangential traction in 3D plot

2.2.1.2 Monotonically increasing effective separation method, without discontinuous force

For monotonically increasing effective separation method, different mixed mode ratio at same
maximum history effective separation means different stiffness, and it is better to get this stiffness based
on current mixed mode ratio, not a fixed stiffness that happens at last maximum history effective separation.
Without considering plastic strain, the unloading and reloading should be on the line that connects the point
on bilinear cohesive law and the origin, and then the slope (or stiffness) of this line can be calculated. Under
the current mixed mode ratio, assume the point with maximum history effective separation AJ*%* is
(X,Y,Z,T,, T¢1, Ttz) and the point in unloading and reloading is (x, v, z, t,,, ti1, tez), where (X, Y, Z,x,y, z)
are separations and (Ty, Tyq, Ty2, tn, te1, tez) are tractions in three directions. (t,,ty1,tiz) is to be
determined. Then linear interpolation can be used to get tractions at each time step based on the current
mixed mode ratio, as shown in Equation (2.45). Effective separation and damage factor are shown in

Figures 2.12 (a) and 2.12 (b), respectively.
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Figures 2.12 (c) and 2.12 (d) show the tangential traction response in 2D and 3D plots, respectively.
As shown in these figures, discontinuous force is not found in each cycle at the end of reloading, and the
stiffness of the unloading and reloading are not same and not constant in Figure 2.12 (c). It is easy to see
that constant unloading and reloading does not work for the monotonically increasing effective separation
method. The envelope of Ajr®* after first cycle is shown in Figure 2.12 (d), and the point with maximum
history effective separation after first cycle is shown in the figure. Looking downward from the top, this

envelope curve is just a quarter circle with maximum history effective separation.
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Figure 2.12 (a) effective separation and maximum history effective separation, (b) damage factor, (c) tangential

traction in 2D plot, (d) tangential traction in 3D plot
2.2.1.3 Monotonically increasing damage factor method, without discontinuous force
Monotonically increasing damage factor method is applied to the same displacement load. Effective

separation and damage factor are shown in Figures 2.13 (a) and 2.13 (b), respectively. Instead of the
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monotonically increasing effective separation, the maximum history damage factor is kept increasing, and
effective separation can increase and decrease. Similarly, the point with maximum history damage factor
is (X,Y,Z, T, Tt1,T¢», D) and the point in unloading and reloading is (x,Y, z, t,, ty1, tz, d) , Where
(tn, ter, trz) is to be determined, as shown in Equation (2.46). Here, effective separation at
(X,Y,Z, T, Tt1, Ttz, D) is not required to be the maximum history effective separation. This damage

evolution method is also used in MAT 240 in [33].

d=D =d}*™
Vy2+2z2 Y2472
|x] - 1X] (2.46)

Figures 2.13 (c) and 2.13 (d) show the tangential traction response in 2D and 3D plots, respectively.
As shown in these figures, discontinuous force is not found in each cycle at the end of reloading. The big
difference with monotonically increasing effective separation method is that, the stiffness of the unloading
and reloading in Figure 2.13 (c¢) are same and constant, which is because this damage evolution process is
controlled by damage factor. Before damage factor increases, it is kept same. In this case, constant
unloading and reloading works well for monotonically increasing damage factor method. The envelope of
dm®* after first cycle is shown in Figure 2.13 (d), and the point with maximum history damage factor after
first cycle is shown in the figure. Looking downward from the top, this envelope curve is similar to power

law boundary with maximum history damage factor.
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Figure 2.13 (a) effective separation, (b) damage factor and maximum history damage factor, (c) tangential traction in

2D plot, (d) tangential traction in 3D plot

2.2.2 Unreasonable failure in damage evolution method

Even though the discontinuous force in monotonically increasing effective separation method can be
solved, there are still some problems with monotonically increasing effective separation method. First, if
effective separation is kept monotonically increasing, then damage factor is not guaranteed to be
monotonically increasing, which means healing effect can happen in this method. Second, if maximum
normal separation and maximum tangential separation in bilinear cohesive law are different, cohesive
element could fail if a sudden change of mixed mode ratio happens, but no more energy is needed to cause
this element to fail; and cohesive element could also fail in its unloading when mixed mode ratio changes
gradually, which is not reasonable. A single cohesive element analysis is used to show the difference and
verify the statements above.

The four nodes at the back of a hexahedral element are fixed, and prescribed displacement is applied
on the front four nodes of this element. Finite element model and deformation during simulation are shown
in Figure 2.14. The detailed prescribed displacement load is show in Figure 2.15. Two cases are considered,
case 1 with sudden change of mixed mode ratio from infinity (pure tangential load) to 1, and case 2 with
gradual change of mixed mode ratio from infinity (pure tangential load) to O (pure normal load), as shown
in Figure 2.16. Material parameters used are shown in Table 2.2, and power law withn = 1 is used here

for the sake of simplicity.

36



L5 BYMA hapmentdd deck by LS Prai

LS BYHA heymeerd dec by L5 vl
[ty

Certors o Eranted Dshicenent
i, e b

et Ceptat et

=
=

e
[

T —

e
(@) (b)
Figure 2.14 (a) finite element model of single cohesive element, (b) deformation on the front surface
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Figure 2.15 Prescribed displacement load, (a) case 1 with sudden change of mixed mode ratio, (b) case 2 with

gradual change of mixed mode ratio
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Figure 2.16 Mixed mode ratio, (a) case 1 with sudden change of mixed mode ratio, (b) case 2 with gradual change of

mixed mode ratio

Table 2.2 Bilinear cohesive law parameters for unreasonable failure analysis

Parameter Positive Mode I Negative Mode I Mode II
Stiffness [MPa/mm] 10000 10000 10000
Fracture strength [MPa] 60 60 60
Critical energy release rate [N/mm] 1.5 4.5 9.0

The maximum normal separation 5,{, for this material is 0.05 mm, while the maximum tangential

separation 8; is 0.15 mm. The loading path for case 1 is OAOC, as shown in Figure 2.17 (a), whereas the

loading path for case 2 is OAEC, as shown in Figure 2.17 (b). For monotonically increasing damage factor
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method, cohesive element would fail at point C for both cases, which is on the boundary defined by power
law. However, for monotonically increasing effective separation method, cohesive element would fail at
point O and E, respectively. Both failed in the unloading and reloading process, and both are not on the
boundary defined by power law. The reason is that for monotonically increasing effective separation
method, maximum history effective separation in this loading process is at point 4, 0.12 mm, and when the
loading path goes into the mixed mode ratio range where maximum allowable effective separation is less
than 0.12 mm (i.e., the area surrounded by curve OBCDO), the cohesive element would just fail. This is
why we see cohesive element fails at point O and E. The internal energy consumed is shown in Figure 2.18.
When the energy changes to 0, it means that cohesive element fails. The time of the failure is also marked
in the prescribed displacement load in Figure 2.15, and it agrees with the analysis of loading path in Figure
2.17 here. From this example, it is seen that damage evolution method can influence the time of failure and

the internal energy consumed.
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Figure 2.17 Loading path, (a) case 1 with sudden change of mixed mode ratio, (b) case 2 with gradual change of

mixed mode ratio
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Figure 2.18 Internal energy, (a) case 1 with sudden change of mixed mode ratio, (b) case 2 with gradual change of

mixed mode ratio

2.3 Improvement on artificial compliance

2.3.1 Reason for artificial compliance

For intrinsic bilinear cohesive law, a common numerical problem is artificial compliance. Stress wave
speeds in 1D, 2D, and 3D solid are shown in Equation (2.47). As shown in the equations, Young’s modulus
E, Poisson’s ratio v, and density p are the three parameters that can alter the speed. Zero-thickness cohesive
element can handle FEM modeling well, but the overall effective stiffness is implicitly decreased. To show
the change caused by cohesive element, three different types of FEM modeling are shown in Figure 2.19,

where blue lines and strips mean zero-thickness cohesive element and finite-thickness cohesive element,
respectively.

Vip =

| o &

< VZD = [(1——172)p] (247)

—— E(1-v)
7 A +v)(1 - 2v)p]
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(a) (b) (c)
Figure 2.19 Different FEM modeling methods, (a) bulk elements only, (b) bulk elements with zero-thickness

cohesive elements, (c) bulk elements with finite-thickness cohesive elements

A 1D model of springs in series corresponding to Figure 2.19 is used to explain the reason for artificial
compliance, as shown in Figure 2.20. l,, and [ are the length of bulk element and cohesive element,
respectively; ky, and k. are the stiffness of bulk element and cohesive element, respectively. The difference
of finite-thickness cohesive element is that a thin layer of solid is replaced by cohesive element, and then
deformation of cohesive element is based on this initial material, not like zero-thickness cohesive element
where its deformation is not based on any material, which does not happen in reality. Parameter selection
is investigated in [86,87] on stress wave speed, but cannot totally solve this problem because zero-thickness
cohesive element means extra stiffness and extra deformation. However, by adjusting k. in Figure 2.20 (¢),
the effective stiffness can be equal to that in Figure 2.20 (a), and then the increase of artificial compliance

and the decrease of stress wave speed can be solved.

Of(ze“"‘h??k"e.”t‘)"]y — | | e (finite-thickness)
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Figure 2.20 Different spring models, (a) bulk elements only, (b) bulk elements with zero-thickness cohesive

elements, (c) bulk elements with finite-thickness cohesive elements

Theoretically, the time needed for stress wave to pass through zero-thickness cohesive elements is 0
since its length is 0, but cohesive elements would have small deformation when it is loaded, and some time

is needed to pass through these deformed cohesive elements. This is the deep reason why zero-thickness
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cohesive element can decrease the stress wave speed. Klein et al. [88] use a 1D example to illustrate the
relation between effective stiffness and stiffness of zero-thickness cohesive element. Here, the deformation
and effective stiffness corresponding to the three cases in Figure 2.20 are shown in Figure 2.21. For a

general case with n bulk elements, the effective stiffness is shown in Equation (2.48).

/ s s

e A Al eyt Al Al + Al e Al Al
(a) (b) (c)
Figure 2.21 Deformation after load applied and illustration of artificial compliance in 1D case, (a) bulk elements

only, (b) bulk elements with zero-thickness cohesive elements, (c¢) bulk elements with finite-thickness cohesive

elements
( Eerr =E, bulk elements only
ezfe?) =FE|1- ; , zero — thickness
14 (n+ Dk,
nk (2.48)
nl—c n—E
ini I, k.l
Eg;?lte =E|1+ b—;g , finite — thickness
\ (Tl + 1) + m

For zero-thickness cohesive element, since the coefficient after Young’s modulus E in Equation (2.48)
is always less than 1, its effective stiffness is always less than the stiffness of bulk element. And this
artificial compliance would be worse if smaller bulk element (I,) is used in FEM model. However, smaller
element is usually required in simulations to get spatial (or grid) convergence. For finite-thickness cohesive
element, if the cohesive element stiffness k. equals E /[, its effective stiffness should be equal to the
stiffness of bulk element, which means no artificial compliance. It is worth mentioning that, from Equation
(2.48), the expression of stiffness for these two kinds of cohesive elements are different. For zero-thickness
cohesive element, its stiffness is Young’s modulus E over bulk element size [;,, while it is Young’s modulus
E over cohesive element size [ (not bulk element size [},) for finite-thickness cohesive element. After the
reason of artificial compliance is explained, finite-thickness cohesive element is proposed as an easy and

effective way to solve this artificial compliance problem.
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Artificial compliance is not only shown on stress wave speed, but also on static deformation. Next, 1D
and 3D simulations about static deformation, dynamic normal stress, and dynamic shear stress are used to
explain and verify artificial compliance, and this problem is completely solved if finite-thickness cohesive

element is used with a proper stiffness.
2.3.2 Numerical verification of artificial compliance

2.3.2.1 Deformation in quasi-static simulation

The deformation of a bar in quasi-static condition is investigated through MATLAB code. The bar has
a square cross section, and the length of side is 20 mm, and the total length in axial direction is 200 mm.
The left end of the bar is fixed, and load is applied at the right end. The geometry, boundary condition, and
load are shown in Figure 2.22. The material parameters used are Young’s modulus E 210 GPa, density p
0.00785 g/mm®. The total number of bulk elements is 100, so the length of the bulk element [}, is 2 mm.
However, for the finite-thickness cohesive elements case, the length of bulk element [y, is 1.9 mm, and the
length of cohesive element [ is 0.1 mm. The dynamic equation of motion is shown in Equation (2.49), and
mass matrix My,, M. and stiffness matrix Ky, K for the three cases in Figure 2.21 are shown in Equations
(2.50), (2.51), and (2.52), respectively. Note that mass matrix for zero-thickness cohesive element is set as

0 here. r in Equations (2.51) and (2.52) is used to adjust the stiffness of cohesive element.
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Figure 2.22 (a) geometry, boundary condition, and load of the 1D bar, unit [mm], (b) detailed load at right end for

the quasi-static condition

[M](U} + [C](U} + [K]{U} = {F**'} (2.49)

My =P e =1 ] @50)
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mzre =[] Kz =1 T (2.51)
finite_&lcz 1 finite _ % 1 -1
mpne == 1)K L 5 (252)

Rayleigh damping is used to construct damping matrix to reduce oscillation and reach steady state
more quickly, as shown in Equation (2.53). a1 and a2 are two coefficients to be determined from frequency
range of interest and mode damping ratio. In this dissertation, the interested frequency range is the
frequency component that has period equal to the time that stress wave passes through the whole bar w,
and one bulk element w,. The two mode damping ratios are same and are chosen as 0.1 in this dissertation,

ie., & = & = 0.1 in Equation (2.54). Central difference method is used to solve the equation.

[C] = al[M] + a2[K] (2.53)
R
w1 Hrial &

05[ hZz]zL‘z] (2.54)
o, “2l

Figure 2.23 (a) shows the displacement at right end of the bar obtained for different FEM models. With
the increase of r for zero-thickness cohesive element, displacement gets closer and closer to the bulk
elements only case, but there is still a discrepancy between 100E /I, case and bulk elements only case.
However, finite-thickness cohesive element can have displacement totally same as the bulk elements only
case. Figure 2.23 (b) shows time step size scale factor needed for a successful simulation, and this scale
factor decreases fast with the increase of cohesive element stiffness. Even though finite-thickness case has
almost same scale factor as zero-thickness 100E /[, case, finite-thickness case can remove artificial

compliance completely.
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Figure 2.23 (a) displacement at the right end of the bar, (b) time step size scale factor needed for a successful

simulation
2.3.2.2 Normal stress in dynamic simulation
Normal stress in dynamic simulation is also investigated, and 1D case in MATLAB and 3D case in
LS-DYNA are presented. For the 1D case, it is almost same as previous section except that load is an impact
load, as shown in Figure 2.24 (a). Stress wave at the right end of the bar is plotted in Figure 2.25. For zero-
thickness cohesive element, stress wave is delayed even in 100E /[, case, but this delay is not found for

the finite-thickness cohesive element.
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(a)
Figure 2.24 (a) detailed load at right end for the dynamic condition in 1D case, (b) the bar in LS-DYNA in 3D case
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Figure 2.25 Stress wave at the right end of the bar in 1D case

In the 1D case, from Equations (2.50), (2.51), and (2.52), zero-thickness cohesive element has similar
stiffness as bulk element, and finite-thickness cohesive element has totally same stiffness as bulk element.
However, in 3D case, their stiffnesses are different. In general, bulk element has 6 stress components, but
cohesive element only deals with 3 stress components, so it is still necessary to investigate this artificial
compliance in 3D case. To make a better comparison between these two types of cohesive elements, the
stiffnesses are both used as E/l; in 3D case. The length of bulk element [, is 1 mm, and the length of
cohesive element [ is 0.01 mm in the simulation, a very thin layer. For 3D case, one more parameter needed
is Poisson’s ratio v 0.3. The FEM model is shown in Figure 2.24 (b), and load is same as Figure 2.24 (a).
As shown in Figure 2.26 (a), zero-thickness cohesive element cannot avoid stress wave delay even with
high stiffness, but stress wave delay is removed in Figure 2.26 (b) with a lower stiffness. The reason why

stiffness in 3D case should be a little larger than the stiffness E /[ is that Poisson’s ratio v 0.3 for bulk

element, and speed wave is faster than \/E /p if v 0.3 is considered, see Equation (2.47). Stress wave speed

can even be faster when a larger stiffness is used in finite-thickness cohesive element, as shown in Figure

2.26 (b).
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Figure 2.26 Stress wave at the right end of the bar for 3D case, (a) zero-thickness cohesive element, (b) finite-

thickness cohesive element
2.3.2.3 Shear stress in dynamic simulation
Shear stress in dynamic simulation in 3D case is also investigated. The top and bottom sides of a plate
with 1 mm thickness is fixed. One layer of element is used to mesh the plate, and cube element size is 1
mm. Concentrated load is applied to the 10 nodes at the center of the left side of the plate, and the load on
each node is shown in Figure 2.27 (b). This load is small enough that maximum stress in the simulation is

still in elastic range. The shear stress at the point 24.5 mm x 24.5 mm from the left bottom corner is extracted.
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Figure 2.27 (a) schematic of the plate, unit [mm], (b) concentrated load on the left side of the plate

Stress wave of the point is shown in Figure 2.28, and similar results as normal stress case in previous
section can be found. Zero-thickness cohesive element cannot avoid stress wave delay even with high
stiffness, but stress wave delay is removed in Figure 2.28 (b) finite-thickness cohesive element with a lower
stiffness. And stress wave speed can be even higher than bulk elements only case when a larger stiffness
1.75E /1 is used. It is also found that stress wave is not correct for the zero-thickness cohesive element

case when a really low stiffness 0.01E /[, is used in Figure 2.28 (a), so great caution should be taken on
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stiffness selection.
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Figure 2.28 Stress wave of the point, (a) zero-thickness cohesive element, (b) finite-thickness cohesive element
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3 Cohesive zone model considering strain rate, plastic strain, and

variable damping

In this section, the effects of strain rate, plastic strain, and variable damping are considered together
into one cohesive element. To extend the scope of application of cohesive zone model to more materials,
strain rate and plastic strain are considered. Based on the damage factor in classical bilinear cohesive law,
a generalized damage factor model is proposed to cover all materials from zero plastic strain to maximum
plastic strain. By adding a variable damping into cohesive element, spurious oscillation and excessive
cohesive element deletion in cohesive zone model are improved, and there is no discontinuous force like

when using a constant damping. Several simulations are presented to verify these three effects.
3.1 Bilinear cohesive law considering strain rate

When the effect of strain rate is considered in publications, usually, stiffness, fracture strength, and
critical energy release rate are functions of strain rate or opening speed of cohesive element. Because the
range of magnitude of strain rate or opening speed could be really large, most of the time a logarithmic
function is used. Generalized functions of the influence of opening speed on cohesive law parameters are
shown in Equations (3.1) - (3.6). The detailed information about those parameters can be found in [89].
However, for different material and different experiment data, the form of these equations can be different.
The main idea here is obtaining the relation that shows the influence of strain rate or opening speed on

material parameters.

EQ(Ay) = EX (3.1)
EX(Ar) = E7¥ (3.2)
on’, |By| <Ay
0'13(AN) = ref |AN| aref A (3'3)
oy |1+cyln Ar_ef , Ay’ < |AN|
N

48



arl, A < A

2(Ar) = A , , 3.4
O-T( T) O';ef 1+ CTln <| TZJ)] ) A;efs |AT| ( )
AT
Ge', || <Ay’
, A , , .
Go(Ay) =4 G [1+myln (lAr—’eV]!ﬂ A < |Ay| < AYY (3.5)
N

GIi?f' AZ”S |An]

Gid,  |Ar| <A77
. A , , .-
T

Gig, By < |Aq]

where, |A N| and |AT| are the absolute opening speed in normal and tangential directions, respectively;

A,T\,ef and ArTef are the quasi-static opening speed in Mode I and Mode II, respectively; Axlf and AiTnf are

the upper limit of opening speed in Mode I and Mode II, respectively; E;,ef and E ;ef are the quasi-static

f

stiffness in Mode I and Mode II, respectively; Glcef and 0, are the quasi-static fracture strength in Mode

I and Mode II, respectively; G,r(f T and G,r,ecf are the quasi-static critical energy release rate in Mode I and

Mode II, respectively; G,lg T and G,i,an are the upper limit of critical energy release rate in Mode I and Mode

II, respectively.
3.2 Bilinear cohesive law considering plastic strain

The relation between damage factor and plastic strain is explained in this section. The most common
damage factor for bilinear cohesive law is the one without considering plastic strain, and the unloading and
reloading curve is the line that connects the point on bilinear cohesive law and the origin. In this case, the
damage factor and the stiffness of the line can be calculated, which has been shown in Equation (2.39)
before. This damage factor does not consider the effect of plastic strain. To introduce plastic strain into the
bilinear cohesive law, the damage factor should be changed. In this dissertation, a generalized damage

factor model is proposed. It is very simple and only a little change on the original damage factor is needed,
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as shown in Equation (3.7).
0, 0 <A,< 8
f 0
d = %"(H), 89 < A< 61 (3.7)
1, & <a,
where, ¢ is a new parameter in the generalized damage factor model. By changing the variable ¢, the
bilinear cohesive law can change from zero plastic strain model to maximum plastic strain model. It is

worth mentioning that three typical damage factor models can be obtained from Equation (3.7) when

¢ = A,,, zero plastic strain model, corresponding to maximum damage factor;

¢ = 5,’:1, linear damage factor model, corresponding to LS-DYNA material type MAT 240 [20];

¢ = oo, maximum plastic strain model or no damage model (stiffness is a constant), corresponding to
minimum damage factor.

What’s more, if the third power of zero plastic strain model and linear damage factor model shown
above are used as damage factor model, another two typical damage factor models (convex and concave)

and their parameter ¢ can be obtained as

Am & (B89,
¢ = ————, convex damage factor model, d = | ()| ;
o A \&7 -89,

[_m<A;ﬂ‘59n
A
m\ &), -5,

5% (am=53\]"
——™—— concave damage factor model, d = [ }”( a m)] :
87, \85, -8,

" (2?:‘23 )

The difference of these five damage factor models is shown in Figure 3.1 (a), and different damage
factor model means different unloading and reloading track and plastic strain, as shown in Figure 3.1 (b).
In this example, 8 is 0.001 mm, 87, is 0.01 mm, and 6, is 60 MPa. Different materials could lead to
different damage factor shapes, and the suggestion is that get this damage factor from experiments. A
cohesive law considering plastic strain can expand its application range since zero plastic strain damage
factor only applies for brittle material failure. In this dissertation, because of the lack of experiment data,

linear damage factor model is used as a reference to consider plastic strain, which is also used in LS-DYNA
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MAT 240 [20].
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Figure 3.1 (a) different types of damage factor, (b) different tractions because of different types of damage factor
There is a feature for the linear damage factor model during the unloading and reloading process. The
length of DE for any point B on AC part is always equal to 89, i.e., the length of OF. The proof of this

conclusion is straightforward. The horizontal coordinate of point B is A,,, and the vertical coordinate of

point B is g,,, and the damage factor at point B is d.

_6};<Am—6ﬂl>_Am—6,%
sh\sl —68%) &l -6

50, A= d (8], — 6%) + 6%,

CD _BD

CF ~ AF
Q:&';—Am:(6&—6&)—d(6&—6&):1_d BD _ oy
CF &/ —59, s7 — 69, "AF  a%

so, o, = (1 —d)a),

The traction at point B is (1 — d) o5, and the stiffness of BE is (1 — d)EJ,, so the ratio between these
two values is still §3,, which means the length of DE is always 83,.

One finding obtained from this feature is that if §2, is much smaller than 6,}:1, the plastic strain
difference between linear damage factor model and minimum damage factor model could be very small,
and in some situation, a linear damage factor model could be almost a minimum damage factor model
which has maximum plastic strain. In this case, many different plastic strain models would happen between

maximum damage factor model and linear damage factor model, i.e., convex damage factor model. This
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finding will be verified in Section 3.4.1 and Section 3.4.2. The damage factor can be transferred into a 3D
situation, as shown in Figure 3.2, and the difference between different damage factor models can be seen
much clearer. In Figure 3.2, the separations in normal and tangential directions are normalized with their

maximum separations.
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Ar/op Ar/dr
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Figure 3.2 Damage factor model, (a) convex damage factor, (b) linear damage factor, (c) concave damage factor

By defining correct damage factor model, plastic strain can be considered into cohesive elements, but
the part shown above only talks about the traction in positive quadrant, not negative quadrant, and many
papers dealing with plastic strain stop here. However, the load path can have many different situations in
simulation, and when cohesive elements undergo reciprocating load (both positive traction and negative
traction), it would be totally different. Inspired from [90], the difference between zero plastic strain and
with plastic strain in Mode II is shown in Figure 3.3, same thing in Mode 1. For zero plastic strain model,
the load path is Or{ABO¢, EF; for with plastic strain model, the load path is O71ABOr, DE. One thing
needed to mention is that because the critical energy release rate is same, the consumed energy is same
when cohesive element fails in both cases, but the traction response is totally different. Another thing
needed to mention is that for zero plastic strain model, after unloading the separation goes back to the origin,
and there is no need to update local coordinate system when separation becomes negative. However, for
with plastic strain model, after unloading the local coordinate system becomes O, A, 075, not the original

O71A7q071, so the update of local coordinate system is needed.
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Figure 3.3 Traction in cohesive element undergoing reciprocating load up to failure, (a) zero plastic strain, (b) with

plastic strain
Separation and traction can be obtained correctly without the update of coordinate system if traction
is always positive or negative, but every time when the sign of traction changes, the coordinate system and
bilinear cohesive law parameters are needed to update. In this dissertation, whether or not update is based
on the damage factor, as shown in Equation (3.8). The coordinate system update process is shown in
Equation (3.9). For example, for the load path Or;ABO+,DE shown in Figure 3.3 (b), the load point is

going through point O7, and the coordinate system will be updated at ith step.

{di < dpin(or dors), update (3.8)
dmin(or dors) < d;, no update '
Cf-s\‘x = CSy — Sign{xi—l}dmax(grj:l,x,i—l - 51?1,x,i—1)

ng =CSy — Sign{Yi—l}dmax(6r]:1,y,i_1 - 61’(:1,)1,1'—1) (3.9)
C/STZ =CS, — Sign{zi—l}dmax(6r{1,2_i—1 - 6721,2,1‘—1)

where, d; is the damage factor at ith step; dor, is the damage factor at point O,, which is the
minimum damage factor for this step; CSy, €Sy, and CS, are the coordinate system location in x, y, and z
directions at (i — 1)th step, respectively; CS,, '._S'\y, and CS, are the new coordinate system location in x,
v, and z directions at ith step, respectively; sign{x;_,}, sign{y;_1}, and sign{z;_,} are the sign of x, y, and

z separations at (i — 1) th step, respectively; 6%‘,6‘1-_1, 51?1,3/,1'—1, and 6&’2’1-_1 are the separation at the

initiation of damage in x, y, and z directions under (i — 1)th step's mixed mode ratio, respectively; 5,’; i1

and 67

m,z,i—

5t

Myi-10 , are the separation at the failure of damage evolution in x, y, and z directions under

(i — 1)th step's mixed mode ratio, respectively; dpqy is the maximum damage factor up to (i — 1)th step,
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which is the damage factor at point B in this example, as shown in Figure 3.3 (b). Different damage factor

models have different plastic strains, and this plastic strain should be calculated first and then used in the

update of coordinate system. Equation (3.9) here is only the example for linear damage factor model. The

update of bilinear cohesive law parameters for linear damage factor model is shown in Equation (3.10).

Other damage factor model can be obtained similarly.

With the update of coordinate system, the bilinear cohesive law parameters are also needed to update,

otherwise the cohesive element may not fail forever in some situations. The cohesive law parameters are

updated based on maximum damage factor, and under this maximum damage factor, the remaining critical

energy release rate, fracture strength, stiffness, separation at the failure of damage evolution, and separation

at the initiation of damage are set as new bilinear cohesive law parameters. After the update of all bilinear

cohesive law parameters, the maximum damage factor is reset to 0, as shown in Equation (3.10).

where,

\

Elrce\); =(1- max)El(\)hpal?l,p [515.10 - dmax(51€,p - 61(\)/,19)]/2
Grer = (1~ A E 08 n[6 1 — dma (85 — 89.)1/2
GrT = (1 = A B8] — dinar (85 — 59)]/2
ol = (1~ dma) EY 68,
67T = (1 = dpma) EG 00
a”f = (1 — dmax)EPS
E = (1— dpa)E,

”f = (1= dmax)ENn (3.10)
E?‘” = (1~ dyna)EY
8 =84, — dmax(85, = 63,)
8 = 84 = dmax (80 — 8.)
87 = 81 — dmax(85 - 59)

51(\)1.;7 = 51?/_17
5;(\)1\,71 = 61(\)1,71
5? = 5?-
dmax =0

- means new bilinear cohesive law parameters; same meaning of these letters can be found in
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Section 2.
3.3 Bilinear cohesive law considering variable damping

To decrease spurious oscillation in simulations using cohesive elements, a damper is added into the
double bilinear model based on the idea of “viscous damping” to deal with oscillation between contact
surfaces in [37]. Usually, a constant damper is used in mechanical system to damp oscillation. However, in
bilinear cohesive law, this common constant damper cannot depict a fully debonding under high strain rate
situation [33,41], and it can cause high discontinuous force at the start and end of bilinear cohesive law. To
solve this problem, a variable damping is used in this dissertation, and the damping coefficient is multiplied
by two independent variables, which are used in the strengthening part and softening part separately, as
shown in Equation (3.11). The range of a; is [0,1], and the range of , is [1,0], so these two variables are
continuous at the turning point between strengthening part and softening part. In this way, discontinuous
force at the start and end of bilinear cohesive law would not come from damper. Under a constant opening
speed, the comparison among original bilinear cohesive law, bilinear cohesive law with constant damper,
and bilinear cohesive law with variable damper is shown in Figure 3.4. Equation (3.12) shows a common

way to estimate damping coefficient c.

A
a1=6—’;, 0<A,< 8%
m
(3.11)
a _n=tm 50 <A < &)
2 6‘f—60’ m — =Sm m
m m

= original bilinear cohesive law
s Jaw with force discontinuity
law without force discontinuity

o

Figure 3.4 Comparison between with discontinuous force and without discontinuous force
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+
w= | (3.12)

l mym,

c =2mw or ¢ = 2emw

j m = min(mq,m,)

where, m; and m, are the mass connected through cohesive element; k is the stiffness of cohesive
element; w is the natural frequency of the two lumped mass system. Stiffness matrix for cohesive element
has been shown in Equation (2.17). Usually, the damping coefficient is not a constant, and it depends on
the oscillation frequency under the specific loading condition. The scale factor e in Equation (3.12) is used
for this. Then, the extra traction in normal direction from the variable damper can be written as Equation
(3.13). The extra traction in tangential direction from this damper can be obtained similarly.

{UN,damp = a;chy, 0 <A< (3.13)

ON.gamp = @z¢ly, 8% < A< &5

3.4 Numerical verification of strain rate, plastic strain, and variable
damping

In this section, a single cohesive element analysis is presented first to show the change of constitutive

law by the generalized damage factor model. After that, one fixed delamination propagation (Tapered

Double Cantilever Beam test), one free fracture propagation in 2D (PMMA test), and one free fracture

propagation in 3D (Kalthoff test) are used to verify the methodology proposed in this Section 2 and Section

3. LS-DYNA user-defined material is used for these simulations.

3.4.1 Single cohesive element analysis of constitutive law

Three kinds of comparisons are presented in this section. The first case is about the effect of plastic
strain; the second case is about the effect of strain rate; the third case is about the difference among different
damage factor models. The bilinear cohesive law parameters are referred from [89], and detailed
information is shown in Table 3.1. To investigate the situation that critical energy release rate increases
with the increase of opening speed, the critical energy release rate coefficients are positive. In those

simulations, the stiffness and fracture strength in negative Mode I are 3 times of the parameters in Mode II,
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and the quasi-static critical energy release rate and upper limit of critical energy release rate in negative
Mode I are 5 times of the parameters in Mode II. Note that the main purpose here is on the different types

of traction response, not the specific values.

Table 3.1 Bilinear cohesive law parameters for the analysis of single cohesive element

Parameters Positive Mode I  Negative Mode I Mode I1
Stiffness [MPa/mm] 100000 300000 100000
Quasi-static fracture strength [MPa] 60 180 60
Quasi-static critical energy release rate [N/mm] 1.5 7.5 1.5
Quasi-static opening speed [mm/s] 20 20 20
Upper limit opening speed [mm/s] 100000 100000 100000
Fracture strength coefficient cy, ¢ 0.22 0.22 0.22
Critical energy release rate coefficient my, m 0.0783 0.0783 0.0783
Upper limit critical energy release rate [N/mm] 2.5 12.5 2.5

The finite element model is a single cohesive element, and all the nodes on the back side are fixed,
and a prescribed motion is applied at the nodes on the front side. The finite element model and prescribed
motion are shown in the Figure 3.5. To have a better comparison, the prescribed motion is same for all the
three cases. And to avoid velocity discontinuity, the displacement is made from Hanning window function
because it has a smooth first order derivative, see Figure 3.6. The number of time step is 600, and the step

size is 1 x 10 ms.

LS DA by e LS raoms

ofs oL

(a) (b)

Figure 3.5 (a) finite element model, (b) prescribed motion on front side
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Figure 3.6 (a) prescribed displacement load data, (b) velocity data

(1) Zero plastic strain model versus with plastic strain model

Zero plastic strain model is based on the maximum damage factor model, whereas with plastic strain
model is based on the linear damage factor. Damage factor evolution is shown in Figure 3.7. Zero plastic
strain model has monotonically increasing damage factor, and it is the maximum value of the current
damage factor. However, with plastic strain model has maximum and minimum damage factors, and every
time when the sign of traction changes, the damage factor becomes zero. From the first load cycle, damage
factor in zero plastic strain model increases very fast and then is close to 1, but in with plastic strain model
it increases much slower. This agrees with the damage factor shapes shown in Figure 3.1 (a). For zero
plastic strain model, the cohesive element does not fail till to time step 600, but for with plastic strain model,
the cohesive element fails at time step 474.

According to traction shown in Figure 3.8, the big difference between these two models are the sign
and shape of traction. For the zero plastic strain model, because the separation of displacement load is
always positive, the traction is always positive. However, for the with plastic strain model, because of the
influence of plastic strain, there are negative traction even with positive separation. Another thing we can
find is that for with plastic strain model, the cyclic displacement load would produce traction loop response,

which agrees with experiment of plastic material under cyclic loading condition.
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Figure 3.7 Damage factor comparison, (a) zero plastic strain model, (b) with plastic strain model
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Figure 3.8 Traction comparison between zero plastic strain model and with plastic strain model, (a) normal

direction, (b) tangential direction

(2) With plastic strain model versus strain rate and plastic strain model

With plastic strain model is compared with the model that combines strain rate and plastic strain
together, so this comparison shows the effect of strain rate. From Figure 3.9, the shape of damage factor
for these two models are very similar because both have the update of bilinear cohesive law parameters,
and the difference is that the cohesive element using strain rate and plastic strain model fails faster. One is
at time step 474, and the other is at time step 347. From Figure 3.10, the traction response is also different.
For with plastic strain model, the traction response is like a straight-line loop, and this is because for each
cycle the mixed mode ratio is fixed. For strain rate and plastic strain model, because of the effect of strain
rate, the bilinear cohesive law parameters are changing through the whole process, which makes the traction
response much smoother. This smoother traction loop response agrees better with experiment of plastic
material under cyclic loading condition.

Even though the cohesive element using strain rate and plastic strain model fails faster than the one

using with plastic strain model, its consumed energy is larger. This can be seen from the traction in Figure
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3.10, and under same displacement, the traction for strain rate and plastic strain model is larger. This

difference is a good verification of critical energy release rate update equation and the positive critical

energy release rate coefficient, my and my.
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Figure 3.9 Damage factor comparison, (a) with plastic strain model, (b) strain rate and plastic strain model
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Figure 3.10 Traction comparison between with plastic strain model & strain rate and plastic strain model, (a) normal
direction, (b) tangential direction

(3) Comparison of three different damage factor models
To better explain this generalized damage factor model, damage factor and traction obtained from

three typical damage factor models (convex, linear, and concave) are compared here. For the damage factor

growth shown in Figure 3.11, convex damage factor increases fastest; linear damage factor is slower than

that; the concave damage factor is the slowest. This difference agrees with the different damage factor
shapes shown in Figure 3.1 (a). The time of failure is also different. The convex damage factor fails at time
step 221; the linear damage factor fails at time step 437; the concave damage factor does not fail in this

simulation, and its maximum damage factor is less than 0.1. This shows that different damage factor models

can produce totally different evolution of damage factor and failure result.
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Figure 3.11 Damage factor comparison, (a) convex damage factor, (b) linear damage factor, (c) concave damage

factor

The traction responses for different damage factor models also differ a lot, but all of them have a kind
of loop traction because of the consideration of plastic strain. Look at the unloading part in the first loop
(red rectangle) shown in Figures 3.12 and 3.13, the convex damage factor model has the smallest plastic
strain, because it is closest to the maximum damage factor model (no plastic strain). For the three damage
factor models, the plastic strain in normal direction in the first loop is 3.583, 4.9, and 5.05 9, respectively;
the plastic strain in tangential direction in the first loop is 8.782, 12.362, and 12.362, respectively.

The plastic strain for linear damage factor model and concave damage factor model is larger and almost
the same. This is because §° 6 x 10* mm is much smaller than 6/ 5 x 10> mm in this example, and then
linear damage factor is very close to minimum damage factor. This similarity of plastic strain can be verified
from Figure 3.1 (b). The conclusion here is that it should be careful to use linear damage factor model when
59 is much smaller than 6/, because in this case the linear damage factor model could be almost a minimum

damage factor model, which has the largest plastic strain that may overestimate the plasticity of a material.
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Figure 3.12 Normal traction comparison, (a) convex damage factor, (b) linear damage factor, (c) concave damage

factor
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factor

3.4.2 Mode I of tapered double cantilever beam

(1) Introduction of the TDCB test

This Tapered Double Cantilever Beam (TDCB) test is referred from [32,33], and it is used to verify
the effects of strain rate, plastic strain, and variable damping. The dimensions and FEM model of tapered
double cantilever beam are shown in Figure 3.14. Hexahedral element and triangular prism element with
small element size 1 mm are used in the model, totally 58240 bulk elements and 890 cohesive elements.
The adherend is steel 1.6358, which has high enough yield strength to guarantee purely elastic deformation
in this experiment [33]. The adherent is crash-optimized adhesive Terokal 5077, and the relations between

bilinear cohesive law parameters and strain rate are obtained from [33], see Equation (3.14) and Figure 3.15.

EQ(€) = By

£
ad(&) = orf +af(In——)? (3.14)

min

el 1o

Gie(€) = Gzr(,?f + (GIigf - ("Ircejc)e_T
where, E} is 5707 MPa/mm, o/ is 35.81 MPa, g is 0.115 MPa, &, is 1.80 x 10°s7, G/¢/ is
2610 J/m?, G,igf is 3630 J/m% and g4;c is 1.30 x 102 s™". The stiffness Ey is of minor concern to crash

simulations for Terokal 5077, and a constant value is used in simulations [33]. Its value is obtained from

dividing the Young’s modulus of Terokal 5077 by the thickness of adherent, 0.3 mm.
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Figure 3.15 (a) fracture strength versus strain rate [33], (b) critical energy release rate versus strain rate [33]

(2) Verification of strain rate and plastic strain in TDCB test

To verify the effect of strain rate, three different velocities, 6 x 10* mm/s, 1.7 x 10" mm/s, and 1.7 x
10* mm/s, are applied in simulation [33]. For the lowest velocity 6 x 10*mm/s, the experiment takes about
4.6 hours, and it would take much more time in explicit simulation. To save time, a conversion from velocity
to strain rate is obtained from numerical simulations in [33], see Equation (3.15), and the converted strain
rate is used to get bilinear cohesive law parameters for each velocity case. This means that bilinear cohesive
law parameters used in this Section 3.4.2 are constants. Table 3.2 shows the obtained parameters. To

simplify the problem, double bilinear model parameters in negative Mode I are 5 times of that in Mode II.

v
t;“ = 1.46 mm [33] (3.15)

Table 3.2 Bilinear cohesive law parameters for TDCB test

Velocity Strain Rate [s Stiffness Fracture Strength  Critical Energy Release Rate
[mm/s] 1 [MPa/mml] [MPa] [J/mm?]

6.0 x 10 4.10x 10* 5707 39.2 2610

1.7 x 107! 1.16 x 107! 5707 49.9 3580

1.7 x 10? 1.16 x 107 5707 73.0 3630

Here, force-displacement curves obtained from maximum damage factor model (no plastic strain) for
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the three cases are shown in Figure 3.16 (a). It can be seen that peak force is influenced by strain rate. Peak
force for 6 x 10 mm/s case is about 920 N, but it is about 1090 N for 1.7 x 10" mm/s and 1.7 x 10> mm/s
cases.

Another effect is plastic strain. Experiment results and simulation results obtained from different
damage factor models are shown in Figures 3.16 (b), 3.16 (¢), and 3.16 (d). The big difference happens in
the unloading part. For the maximum damage factor model, it does not have any residual plastic deformation
after unloading; for the linear damage factor model [33], it has largest residual plastic deformation, but it
does not agree well with experiment results; for the convex damage factor model, the residual plastic
deformation is very close to experiment results. After residual plastic deformation is obtained, the error of
this deformation with respect to experiment results can be calculated, as shown in Table 3.3. For the linear
damage factor model, the residual plastic deformations for the three cases are all larger than experiment

results, and the percentage error can be as high as 102.88%. however, for convex damage factor model, this

percentage error can be as low as about 4%.
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Figure 3.16 Force-displacement curve, (a) three velocities without plastic strain, (b) 6 x 10*mm/s case, (b) 1.7 x 10

"'mm/s case, (c) 1.7 x 10> mm/s case
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Table 3.3 Comparison of residual plastic deformation between experiment and simulation

Velocity Exp. Plastic Sim. Plastic Error of Plastic Sim. Plastic Error of Plastic
Deformation Deformation Deformation Deformation Deformation
[mm/s] [mm] (linear) [mm] (linear) [%] (convex) [mm] (convex) [%]
6.0 x 10 0.208 0.422 102.88 0.211 1.44
1.7 x 10! 0.217 0.413 90.32 0.209 -3.69
1.7 x 10? 0.172 0.299 73.84 0.177 291

(3) Verification of variable damping in TDCB test

To truly verify strain rate effect, the update of bilinear cohesive law parameters in this section is based
on the strain rate at each time step, which is different from the above where cohesive law parameters are
constants. Considering the time needed in simulation is much longer than that in experiment, only the 1.7
x 10> mm/s case is investigated here, which takes about 70 ms for the experiment. It would take 4.6 hours
and 70 s to conduct the experiment for 6 x 10 mm/s and 1.7 x 10" mm/s cases, respectively.

The first method to decrease oscillation is about how to update bilinear cohesive law parameters. There
are two ways to update: parameters are always updated before cohesive element fails, or parameters are
only updated before the initiation of damage, and then the parameters are fixed. [33] suggests that the
second one could increase numerical stability, but no numerical study is presented to verify. Here, these
two ways to update parameters are investigated and results are shown in Figure 3.17 (a). As we can see,
because of the high velocity 1.7 x 10 mm/s and oscillation in cohesive elements, bilinear cohesive law
parameters change dramatically before it fails, and this makes the force-displacement curve oscillate very
much. However, the second way that updates only before the damage initiation can still capture the force-
displacement curve well, and the oscillation decreases a lot.

Apart from the way to update cohesive law parameters, the high stiffness in cohesive element can also
introduce some oscillations. As shown in Figure 3.17 (b), there are still some small oscillations in the force-
displacement curve for the case without damper, but after the proposed variable damper is coupled into the
bilinear cohesive law, the oscillation is further damped. Based on dozens of numerical simulations, 0.5

MPa/(mm/s) is chosen as the best damping coefficient in this example. A better way to determine this
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damping coefficient could be from frequency analysis of stress oscillation.
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Figure 3.17 (a) comparison of different ways to update bilinear cohesive law parameters, (b) comparison between

without damper and with damper

Different from a constant damper, the case with damper in Figure 3.17 (b) is a variable damper, where
two variables proposed in Section 3.3 are used to remove discontinuous force at the start and end of bilinear
cohesive law. To show the effect of these two variables on removing discontinuous force, force-
displacement curves obtained from a variable damper with start discontinuity and a damper with end
discontinuity are compared in Figure 3.18. Oscillation is observed at the beginning of force-displacement
curve in Figure 3.18 (a), but this oscillation is not observed in Figure 3.18 (b) where the damper only has
end discontinuity. The reason could be that at the start of a bilinear cohesive law or when the separation is
very small, the traction from the “original bilinear cohesive law” is very small, but the traction from a
constant damper can be very large because this traction is only related to strain rate. And this huge traction
from the constant damper can influence the correct response of cohesive element. Oscillation is also
observed during the loading process for both cases. Totally speaking, the dampers with start and end force
discontinuities both lead to incorrect simulation results, and the two variables proposed in this dissertation

can remove this discontinuous force and ensures correct force response.
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3.4.3 PMMA plate under tensile load

(1) Introduction of the PMMA test

PMMA test is originally reported in [91,92], and the specimen is shown in Figure 3.19. Two steps are
needed for this experiment. First, a universal test machine loads the specimen in tension at a load level AH
on top and bottom sides. The strain energy per unit area U stored in the pre-strained plate is calculated from
Equation (3.16) [91]. Second, a small sharp crack is initiated at middle point of the specimen by a razor.
Then the small crack propagates straight across the specimen. By changing the load level, different values
of elastic strain energy can be obtained. In the simulation, L is 32 mm; H is 16 mm; W is 0.5 mm; [ is 4
mm; h is 0.4 mm. AH is 0.08 mm, 0.10 mm, 0.12 mm, and 0.14 mm. The corresponding strain energy per
unit area are 2472 N/m, 3863 N/m, 5562 N/m, and 7571 N/m, respectively. The characteristic of the
dynamic fracture has been well presented in [91]: at low load level there is a main crack with some small

local branching; at high load level there are main crack, sub-crack, and some local branching, see Figure

3.20.
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Figure 3.19 (a) dimensions of PMMA plate, (b) FEM model of PMMA plate

U= 1E(2AH)?  2E(AH)?
"2 H  H

(3.16)
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(a) (b)
Figure 3.20 (a) main crack with some small local branching [91], (b) main crack, sub-crack and some local

branching [91]

Different from paper [91,93] where implicit static and explicit dynamic analysis are used together, the
simulation in this dissertation is a fully explicit dynamic analysis. To simulate the initiation of crack
propagation, Single-Point-Constraint (SPC) is applied to the first cohesive element at the 4 mm long edge
crack, and this SPC is released at 4 ms (1.5 ms is for stabilizing the model after loading), see Figure 3.21
(a). To make sure that this first cohesive element would fail right after the release of SPC, a small critical
energy release rate is used in this individual cohesive element. Lower order triangular prism element with

0.25 mm size is used in simulation, totally 22691 bulk elements and 33829 cohesive elements.

release SPC

é 0.04 maintain loading
@

0.02 vading

t [ms] (b)
(2)

Figure 3.21 (a) prescribed boundary condition, (b) y displacement result at 4 ms in finite element model

(2) Verification of constitutive law, artificial compliance, and strain rate in PMMA test

Three different constitutive laws are compared. The first one is from [91] where an extrinsic bilinear
cohesive law is used; the second one is from [93] where a trapezoidal cohesive law is used with Distinct
Lattice Spring Method (DLSM); the third one is the proposed double bilinear model in this dissertation, see
Figure 3.22. There are many papers where trapezoidal cohesive law is used in simulation to investigate
plastic strain, and the plastic strain of PMMA is also presented in many papers [94]. Considering that plastic
strain is not significant in PMMA, a convex damage factor model with small plastic strain is used here.

Note that the first two constitutive laws only have positive quadrant in the publications.
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(b)

Figure 3.22 Comparison of constitutive law, (a) extrinsic bilinear cohesive law [91], (b) trapezoidal cohesive law

[93], (c) proposed double bilinear model

The material parameters for PMMA are: Young’s modulus E 3090 MPa, Poisson’s ratio v 0.35,
density p 1180Kg/m’, and fracture strength ® 75 MPa. For cohesive element, stiffness and fracture
strength are constants because these two parameters do not change too much in experiment [91]. To
consider the influence of strain rate, separation at the end of softening part 5§/ is velocity dependent in [91],
see Equation (3.17). /0 is static value of critical crack opening distance, 0.008 mm; 80 is scaling crack

opening rate, 5 mm/s; & is velocity between the opposite surfaces in cohesive element.

2\ 2
1+ <%> ] (3.17)

Even though all parameters can be obtained from [91], it is still necessary to investigate the stiffness

8 = /o

of cohesive element for the FEM model in this dissertation. Here, three different stiffness are investigated
in simulation, 1E /1, 10E /1, and 20E /1},, as shown in Figure 3.23. From the stress wave, the decrease of
effective stiffness for the three cases are 47.61%, 10.95%, and 3.10% of bulk element stiffness, respectively.
And 20E /1, is high enough to control artificial compliance in an acceptable range. It is also found that the
amplitude of stress wave is influenced by stiffness. The higher the stiffness, the closer to bulk element only
case. To consider a larger fracture toughness under compressive load, the static critical energy release rate

in negative Mode I is 3 times of that in Mode II, see Table 3.4.
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Figure 3.23 The influence of stiffness on stress wave propagation in PMMA test

Table 3.4 Bilinear cohesive law parameters for PMMA test

Parameter Positive Mode I Negative Mode I Mode IT
Stiffness [MPa/mm] 247200 247200 91556
Fracture strength [MPa] 75 75 75
Static critical energy release rate [N/mm] 0.3 0.9 0.3

The fracture results obtained from the proposed double bilinear model are shown in Figure 3.24. The
history variable in these figures is damage factor. When strain rate is considered, the fracture paths follow
the patterns found in experiment. Compared with the experiment fracture shown in Figure 3.20 (b) at highest
load level, Figure 3.24 (d) with main crack and sub-crack is almost same with experiment. In [91], local
branching is not clear, and small fragmentations in the simulation are not found in experiment. In [93],
DLSM modal is a node-based model and almost perfect symmetric, and then the fracture result obtained is
also symmetric, which does not agree with experiment result. The distribution of bulk triangle prism
elements in CZM is not symmetric along the center line, and CZM is a mesh-dependent method, which

make the simulation result not symmetric and can capture the main crack and sub-crack.

(@) (b)
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(d)

Figure 3.24 Damage factor results [0,1] considering strain rate, (a) 0.08 mm case, (b) 0.10 mm case, (c) 0.12 mm

case, (d) 0.14 mm case
Another important thing is crack velocity in this experiment. The crack velocity versus strain energy
per unit area from [91] is plotted in Figure 3.25. With the increase of this energy density (per unit area), the
crack velocity increases fast and almost convergences at high energy density. For the simulation, because
the artificial compliance cannot be removed, crack velocity is slower than experiment even with higher

stiffness 20E /1;, case. From this comparison, it is necessary to check artificial compliance when using

cohesive element in simulation.

vy

——experiment results
400 + four cases with 20E/1,
four cases with 10E /1,
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Figure 3.25 Crack velocity versus stored energy per unit area
When strain rate is not considered, a single main crack is found for all the four loading levels even
with same FEM model, as shown in Figure 3.26, which is totally different from the experiment results.

From this comparison, strain rate must be considered into this simulation.

(a) (b)
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(©) (d)

Figure 3.26 Damage factor results [0,1] without considering strain rate, (a) 0.08 mm case, (b) 0.10 mm case, (c) 0.12

mm case, (d) 0.14 mm case

3.4.4 Kalthoff block under impact load

(1) Introduction of Kalthoff test

Kalthoff test is investigated by Kalthoff in 2000 [95]. High strength maraging steel X2 NiCoMo 1895
shows a failure mode transition: failure occurs by tensile cracks at low rate; failure by adiabatic shear bands
is observed at higher rate above a certain limit velocity. A block with two symmetric initial cracks is
impacted by a projectile with initial speed to make the block have tensile failure. This test has been used
by many researchers for fracture propagation verification [96,97]. However, the models used in these papers
are all simplified as 2D models, and this is different from the experiment. In this dissertation, some
interesting findings are observed by using 3D model, and the stress obtained from 3D model can show the
difference between different constitutive laws in bilinear cohesive law. Dimensions and FEM model of the
specimen are shown in Figure 3.27. Due to the symmetry of the plate and boundary condition, only half of

the block is modelled.
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Figure 3.27 (a) dimensions of Kalthoff steel block, unit [mm], (b) FEM model of Kalthoff steel block
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(2) Verification of constitutive law, artificial compliance, and variable damping in Kalthoff test
The comparison here is between constant stiffness model and double bilinear model, as shown in

Figure 3.28. In the proposed double bilinear model, a convex damage factor model is used to consider the
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effect of plastic strain. Lower order tetrahedron meshes with 1, 2, and 3 mm size are used in simulation.

For 1 mm case, it contains 1,367,727 bulk elements and 2,695,244 cohesive elements.

oN N

(a) (b)

Figure 3.28 Comparison of constitutive law, (a) constant stiffness model [97], (b) proposed double bilinear model

Like PMMA test, artificial compliance is also checked to select proper stiffness. Here, four different
stiffness are investigated in 1 mm size model, 1E/l,, 10E/l,, 20E /1, and 50E /1, as shown in Figure
3.29. Different from Figure 3.23, this simulation shows that the higher the stiffness, the smaller the stress,
but same thing is that the stress wave is closer to bulk elements only case when stiffness increases. From
the stress wave, the decrease of effective stiffness for the four cases are 48.63%, 10.25%, 5.60%, and 2.39%
of bulk element stiffness, respectively. And 50E /1, is high enough to control artificial compliance in an
acceptable range. Considering cohesive law parameters under different strain rates are not available, the
parameters used in this simulation are constants. The main point here is to compare constitutive law. The
material property of the steel block [87]: Young’s modulus E 190 GPa, Poisson’s ratio v 0.3, density p

8000 Kg/m3, and Mode I stress intensity factor K; 68 MPa\/m, see Table 3.5.
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Figure 3.29 The influence of stiffness on stress wave propagation in Kalthoff test
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Table 3.5 Bilinear cohesive law parameters for Kalthoff test

Parameter Positive Mode I Negative Mode I Mode I1
Stiffness [MPa/mm] 9500000 28500000 3653846
Fracture strength [MPa] 2100 6300 2100
Static critical energy release rate [N/mm] 24.33 121.65 72.99

In Figures 3.30 and 3.31, simulations with different element size have almost same fracture path, and
the 70 degrees line found in experiment [95] is plotted as a reference. Generally speaking, three simulations
capture the fracture path along the 70 degrees line correctly. The fracture path for 1 mm case is better than
2 mm and 3 mm cases. The reason is that if the bulk elements size is too large, the potential fracture path
determined by bulk elements is not able to capture free fracture propagation perfectly. The fracture path
obtained from Smoothed Particle Hydrodynamics method in [97] is also plotted. However, its fracture path
is more like a curve, not a straight line found in experiment, and some extra fracture at the left side of the

block does not shown in experiment.
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Figure 3.30 Simulation results using tetrahedron mesh (failed cohesive elements are deleted), (a) 1 mm case, (b) 2

mm case, (c) 3 mm case

—— 1 mm size
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- - —fracture from [97]
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Figure 3.31 Comparison of fracture path between [97] and proposed double bilinear model

Apart from fracture path, another meaningful comparison is the stress, which is a topic few mentioned
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in other papers. The stress at same cohesive element along the fracture path but from different constitutive
law are compared. For constant stiffness model (an uncoupled model) result in Figure 3.32 (a), when normal
traction is negative, normal stress changes independently and dramatically without the restraint of tangential
stress. This kind of oscillation is not reasonable, and it is only because of the constitutive law used. However,
for double bilinear model result in Figure 3.32 (b), it is more stable and reasonable. The second comparison

is damping. After introducing variable damping, the stress oscillation is much alleviated, see Figure 3.33.
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Figure 3.32 Comparison of stress, (a) constant stiffness model, (b) double bilinear model
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Figure 3.33 Comparison of stress, (a) constant stiffness model without damping, (b) double bilinear model with

variable damping
Another difference because of the variable damping is from the detached fragments along the fracture
path, as shown in Figure 3.34. After introducing a variable damper, the new model has less detached
fragments and can avoid excessive cohesive element deletion compared with the constant stiffness model.

The proposed double bilinear model in this dissertation agrees with the experiment better.
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Figure 3.34 Comparison of detached fragments, (a) constant stiffness model without damper, (b) double bilinear

model with variable damper
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4 Phase field modeling of brittle fracture

In this section, phase field model for brittle fracture is investigated. Geometric function and
degradation function are investigated separately to solve the nonlinearity and inelasticity in the stress-strain
curve of classical phase field model. First, by using a generalized quadratic geometric function and applying
phase zeroing, nonlinearity and inelasticity can be completely removed, and a good thing is that this still
leads to a linear FEM problem. Second, instead of using a second order degradation function, some higher
order degradation functions with more constrains could give more options for stress-strain curve. However,
higher order degradation function leads to a nonlinear FEM problem, and Newton-Raphson method is used

to solve this nonlinear problem. Both methods proposed in this dissertation work well for brittle materials.

4.1 Background of phase field model

4.1.1 Crack surface density function and fracture energy

Griffith’s theory states that a crack propagates when the reduction in potential energy due to crack
growth is equal to or greater than the increase in surface energy due to the creation of new free surfaces,
which is applicable to elastic materials that fracture in brittle fashion. The difficult that limits the numerical
application of this theory is how to calculate fracture length and area. To bypass this difficult, line integral
and surface integral have been transformed into volume integral. In [43,48], fracture surface of a 1D case
is investigated in sequence through an assumed phase field function ¢ (x) — homogeneous differential
equation — Euler-Lagrange equation L. Since this process is clear in [43], it is ok to do this backward from

Euler-Lagrange equation

L= f [a(p) + 2(p)?]dV, @.1)
0

where, a (@) is called geometric function in some papers [50,54]; | is a parameter called length scale to
adjust the crack band of phase field. For a 1D case, fracture surface I' is the cross-section of a bar and a
constant, and any small dV can be expressed as 'dx. Put dV = I'dx into Equation (4.1), the relation

between L and I" can be obtained as
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L= f [a(p) + [>(¢")?] Tdx = cT. (4.2)
Q

Combining Equation (4.1) and Equation (4.2), fracture surface I' can be expressed as

1 1
= EL = L B [a(p) + 12(¢p")?]dV = fn ydV, (4.3)

where, c is a constant to act on Euler-Lagrange equation L to get correct fracture surface, but the ¢ here
contains length scale parameter, i.e., ¢ = ¢l. The € is equal to the constant in [54] that not containing length

scale parameter

c= f [a(p) + 1?(p")?] dx = ¢l (4.4)
Q

the integrand in Equation (4.3) is called as crack surface density function y. To get this constant c,
homogeneous differential equation should be obtained from Euler-Lagrange equation L first, and phase
field function should be obtained by solving the homogeneous differential equation. Next, put phase field
function ¢ (x) into Equation (4.4) and do the integration, then ¢ can be obtained. For example, if a(¢) is
®?, homogeneous differential equation is obtained as @ — 12" = 0; @(x) is solved as e™*I/; ¢ is
obtained as 21; y is obtained as [@? + [?(¢’)?]/2l; which is the one used in the classical phase field model
in [43]. For the description of a fracture state at location x = 0, the comparison between non-smooth phase

field and diffusive phase field obtained from the classical phase field model is shown in Figure 4.1.

=Y

|
(a) (b)
Figure 4.1 (a) non-smooth phase field, (b) diffusive phase field with length scale [

This 1D case can be extended into 2D and 3D cases as

y =< lap) + EI7gl?, (+5)

(22 20\ . (20 90 29 : tfith” -
where, Ve is ( Pt ay) or ( o' 3y o ) According to Griffith’s theory, the energy needed for developing
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fracture surface I is expressed as

’PC=GCF=GCf

dA ~ G, f vav, (4.6)
n n

where, G, is critical energy release rate or fracture toughness of a material with unit N/mm.
4.1.2 Derivation of the governing equations of phase field model

Since fracture energy is defined, governing equations of phase field model can be derived. Consider
an arbitrary body 2 ¢ R¥™ (dim = 1, 2, 3) with external boundary 02 ¢ R*™~1 and sharp crack set I' ©
R#™=1 Duyring the time interval [0, T] of interest, displacement at position x and time t is denoted by
u(x,t). The external boundary is divided into time-dependent Dirichlet boundary 0.2, and time-dependent
Neumann boundary d£2; with outward normal vector n. Prescribed time-dependent displacement u? and
surface traction tP are applied on 002, and d/2;, respectively, i.e., u(x,t) = uP(x,t) ondN, ando - n =
tP(x,t) on 0;, where g is symmetric Cauchy stress tensor. For simplicity, 002, and /2, satisfy 90, U
00, = 002 and 002, N 302, = @. The sharp crack has outward normal vector n.. Body force b is distributed
in the entire body 2. For small deformation, the body is described by its displacement field u(x,t) and
strain field e(x,t) = VSY™u(x,t), where symmetric gradient operator VY™ maps displacement field to
strain field. For phase field, time-dependent Dirichlet boundary is @ (x,t) = 1 on 002, where a0 is
fracture surface, and the flux of phase field through the external boundary is 0, i.e., V¢ -n = 0. The

schematic of displacement field and phase field is shown in Figure 4.2.

=0

Figure 4.2 (a) displacement field, (b) phase field
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The variational principle used for dynamic problem is called Hamilton’s principle. According to this

principle, the variation of energy functional is taken with respect to time as

tz
8| (Wkin — Ppot + Wexe)dt = 0, (4.7)

ty

where, kinetic energy, potential energy, and external work are expressed as

. 1 1
Vyin(@, @) :f Epu-udV+J quxpdV, (4.8)
0 0
’I’pot(u,F) zf ¢SdV+] G.ydv, (4.9
0 0
Y, (1) =f t-udA+f b-udV, (4.10)
a0 0

respectively. Note that a generalized kinetic energy is presented here, where coefficient o with unit Kg/m
is used to describe the kinetic energy from phase field [50]. Generalized Euler-Lagrange equation L is
expressed as
L =Win — %Yot + Yext, (4.11)
and the minimization of this generalized Euler-Lagrange equation L gives the unknowns wanted, i.e.,
(u, ) = ArgInf{L}. (4.12)
To consider the degradation of stress with the increase of phase, strain energy 1?2 is multiplied with a
degradation function g(¢),
¥s = g(@)yy, (4.13)
where, superscript 0 in 10 is used to differentiate undegraded and degraded strain energy. However, it is
also found that a degradation function on the whole strain energy cannot avoid fracture under compressive
load [57]. To solve this issue, usually, the strain energy is split into two parts, and only one of them is
influenced by degradation function. In this dissertation, tensile and compressive strain energy split is used,
and degradation function is only applied to tensile strain energy as

Y5 = g(@)Pd* + . (4.14)
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Based on the definition of positive and negative strain energy from the spectral decomposition of strain

tensor, strain matrix at position x and time t is expressed as its eigen value ¢; and eigen vector n;,

3

g(x,t) = V" u(x, t) = Z gn;®n,;, (4.15)

i=1
where, @ is tensor product of vectors. The strain energy and its tensile and compressive parts are expressed

as

1
¥s =S oije = (sl +& ) +plel + 67 + 63), (4.16)

1
0t — Eai(}isl‘; (&1 + &5 +e3)3 +u((e)d + ()3 + (e3)3), (4.17)

l\->|>J

where, A and u are elastic constants; Macaulay brackets (o), and (e)_ mean

& < 0
&)y = {su >0 (4.18)
&, § <0
&) = . 419
@ ={y 23, (4.19)

Combining Equations (4.8) - (4.10) and Equation (4.11) gives the generalized Euler-Lagrange equation

1 1
L= f ~ i udv + f = oppdV — f L9 (@)p0* +po-1dv -
n 2 0 2 n

1
fﬂ Gc;[a(<p>+12|wo|2]dv+f

t-udA+j b-udV. (4.20)
on n

This generalized Euler-Lagrange equation L has four functions (u, v, w, @) of four variables (x, y, z, t) with
their first derivatives as

Ju du Ju Jdu

dx ay 9z’ at’
dv dv dv dv dw Jdw Jdw Ow d¢e de de Jo

Ox’' 0y’ dz ot dx’'dy’  dz’ ot ' ax ' dy’ 9z’ at

XV, Z, LU 0,wW, 0,

L=L (4.21)

For this kind of Euler-Lagrange equation, a stationary point exists when Equation (4.22) is satisfied [98],

n
JL 1 0dL

— -y ——=0. (4.22)
6fl jzlax]'afi’j

Based on Equation (4.22), governing equations of phase field model with a generalized geometric function
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a(¢) can be obtained as

9(@)alh +alj; +b; = pil;

G, 212 (4.23)
—g' (P)Yd+ — — @)+

C . "
Ap =
Pt oY

where, both geometric function a(@) and degradation function g(¢) will be investigated in this
dissertation.

To have an idea of the degradation function, the classical one is explained. For the degradation function,
it should decrease from 1 to 0 when phase increases from 0 to 1, and its first derivative should be in a small

range when phase reaches to 1 to limit the driving force to be a small number [43]. The basic requirements

are set as
glp=0)=1
glp=1)=0. (4.24)
9g@=1=0

The only second order polynomial function satisfying Equation (4.24) is
9(e) = (1 - 9)?, (4.25)
which is used in the classical phase field model. The advantage of this degradation function is that it does
not influence the linearity of the FEM formulation.
After the degradation function is defined, governing equations of phase field model can be updated as
(1 - @)?ct + 02+ b; = pil;

ij,J ij,j
2, (4.26)
Ap = oy

G 21
2(1 — @)t —fa’(w) +—

and the governing equations are subject to time-dependent Dirichlet boundary and time-dependent
Neumann boundary conditions

u=ub, on a0, X [0,T]
o-n=1tP, on d0; x [0,T]
=1, on 0Ny X [0,T]
Vp-n=0, on dN x[0,T]

(4.27)

4.1.3 Irreversibility of phase field model

One more important thing for the update of phase is the irreversibility of fracture, i.e., I'(t) < I'(t +
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At). To satisfy this requirement, the derivative of I' with respective to time should be non-negative,

F—dr>o (4.28)
_E_ ,0r .
) 0
rzf ydv:f —yq')dVZO. (4.29)
0 o 00

Two conditions are obtained as

d 1
o= —[d(p) — 2020] 2 0

P (4.30)

=0
The first condition in Equation (4.30) is ensured by a constitutive assumption that relates the functional
derivative to a positive driving force [43]. The later one is a straightforward assumption that no healing
effect (no stiffness increase) happens during the fracture process. To satisfy the second condition, strain

energy is enforced to be monotonically increasing,

_(H  Yd*<H
H=1o+ o+ >

(4.31)
where, H is the maximum history strain energy, and the 1% in Equation (4.26~2) can be replaced as H.
9+ and H satisfy the Kuhn-Tucker conditions for loading and unloading [44],

YOI+t —H <0,H=>0,HWI" —H) =0. (4.32)

The irreversibility of fracture is an easy and straightforward assumption for fracture propagation, and

this model has been used in many brittle materials. However, this irreversibility defined from ¢ > 0 and
H > 0 applies to material at any amount of strain, which means the stiffness of material could decrease at
the very beginning when load is applied. Clearly, this conflicts with linear elastic theory for brittle materials.
A more meaningful explanation of irreversibility condition I'(t) < I'(t + At) could be in the range where

stress already passes fracture strength or fracture already develops, not the whole range including linear

elastic part. Analytical solutions and more discussions about this will be shown in next section.
4.2 Different phase field model obtained from different geometric function

As mentioned above, the irreversibility defined from ¢ > 0 could lead to stiffness reduction even at
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small strain, and length scale as the only parameter to adjust fracture strength also has its limitation. In this
section, to solve these problems, a generalized quadratic geometric function is proposed to build a length
scale insensitive phase field. Before that, some different geometric functions used in publications are shown
in Table 4.1, and the main idea is that a narrower crack band and different stress-strain curve can be obtained
by using different geometric function. Note that here I limit my discussion within the geometric functions
lower than or equal to second order to keep the linearity of FEM formulation. Also note that the degradation
function g(¢) = (1 — @)? in the classical phase field model is used in this Section 4.2 to keep the linearity
of FEM formulation.

Table 4.1 Geometric function a(¢) and resulting phase ¢ (x)

a(e) & c @(x)
v? [43] 0 2 e_@
|x|
@ [71] 1 8/3 (1 -2
2 : (le>
2¢ — @~ [54] 2 m 1 —sin T
— )2 2—-¢ _Jigi &
Sp+(1-8o 0<é<1 related to & 2—256 I %

The last case in Table 4.1 is the proposed generalized quadratic geometric function in this dissertation,
which could cover the first three cases in Table 4.1. Because of the requirement of a(¢ = 0) = 0 for I’
convergence, the constant term is 0 [54]. To the best of author’s knowledge, even though this generalized
quadratic geometric function has been used in [54,99] before, a fixed £ = 2 is recommended in [54,99] to
get narrowest crack band, and the length scale insensitive phase field model is built by using a generalized
degradation function. However, in this dissertation, geometric function with an independent variable ¢ is
used to build a length scale insensitive phase field model, and different phase profile (ranged from
exponential profile to linear profile) and fracture strength can be obtained. For this generalized quadratic

geometric function, the corresponding crack surface density function is expressed as

1
y==-lfp+(1- O +12(¢")?%], (4.33)
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and the homogeneous differential equation used to obtain phase field function ¢(x) is expressed as
E+2(1 =& —21%2¢" = 0. (4.34)

Depending on the value of &, three different solutions are obtained as

[1=¢ Ji% J1=¢Ix| J1=¢lx|
(p(x)—ce U e T+ f7

hHéE<n=

é¢=1Lr=r=0, <P(x)— x + c1x + ¢y,

B)é>1,r=0-— ‘/_ 2—0+‘/_L<p(x)—e [clcos<@>+czsi (lel)]+f

where, r; and 1, are the eigen values of the differential equation; ¢; and ¢, are constants that can be
determined from boundary conditions; f* is a particular solution; i is imaginary unit (all the other i in this
dissertation represents integer number). For the case £ = 1, there is no independent variable other than x;
for the case £ > 1, phase field function ¢(x) is a periodic function, which might have problem for
describing a situation that fracture is only at origin but all other positions are intact. In this dissertation, & <

1 is used. For é < 1, considering the boundary conditions ¢(0) = 1 and ¢'(+o) = 0, the solution is

5
2-2¢&

rewritten as @ (x) = % e~V1=glxl/t _
To make a visual comparison, the phase field functions of the first three cases in Table 4.1 are plotted
in Figure 4.3 (a). Classical phase field model with a(¢@) = ¢? is plotted as a reference, which is a global
domain phase field model with limits of integration in [—oo, +o0] for fracture surface calculation. However,
a(p) = ¢ and a(p) = 2¢ — ¢? has nonmonotonic solution, and a special technique might be needed for
fracture surface calculation to make their limits of integration in [0,2l] and [0,7l/2], respectively.
Compared with a(¢) = ¢2, the advantage of (@) = ¢ and a(@) = 2¢ — ¢? is a narrower crack band.
For a(p) = ép + (1 — &)@?, phase field function with different & values are plotted in Figure 4.3 (b).
When ¢ < 0, the minimum phase is larger than 0, and some remapping technique is needed to map phase
back to 0 to describe intact state; when & = 0, it is the classical phase field model; when 0 < & < 1, phase

has an intersection with x axis. So, only 0 < ¢ < 1 is used in this dissertation, which is not same as the first

three cases in Table 4.1. Different from nonmonotonic solutions for case 2 and case 3 in Table 4.1, the
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advantage of using 0 < & < 1 is that it has monotonic solution, and negative phase can be easily set as 0 to

control the limits of integration and the crack band. The deep reason to do phase zeroing here is that, the

range of phase from ¢ (x) = % e~V 1=Elxl/L _ 2_5—25 (according to crack surface derivation) over the whole
2_ ~
x domain x € [—o0, 400] is [— ﬁ 1], and the range of phase from ¢ () = #{f_/g/d (according to

homogenous solution, will see in Equation (4.57)) over the whole strain domain & € [—0o0, +00] is also

[— z—izz’ 1], and the limits of integration for fracture surface calculation will not be affected if fracture

surface is initially defined on positive phase ¢ (x), or no violation of ' convergence when fracture surface
is calculated based on positive phase ¢ (€).

However, phase zeroing is not always correct for every model. For example, if geometric function
a(p) = @? and a higher order degradation function g(¢) = 1 — 3¢? + 2¢3 are used in phase field model,
the range of phase from ¢(x) = e~ *I/! (according to crack surface derivation) over the whole x domain
X € [—o0,+00] is [0,1], but the range of phase from @(g) = 1 — G./3Ele? (according to homogenous
solution, will see in Equation (4.77)) over the whole strain domain € € [—00, +00] is [—o0, 1]. In this case,
phase zeroing on ¢ (&) would definitely decrease the limits of integration for fracture surface calculation
on ¢(x) which should be over the whole x domain x € [—o0, +00], and then problem could happen with T

convergence.

9. 0 - o -1
—f=-250 H
K —aly) =¢* —E=-0.75
— 2

a(p) =¢
alp) = ¢ H - £ = 0.00, classical PFM
2 a(p) =2p — ¢* —&=0.75
—&=0.75 —&§=099
3 -3
0 2 4 6 8 10 0 1 2 3 4 5
z [mm] @ [mm]
(a) (b)

Figure 4.3 (a) comparison of phase results used in publications, (b) phase results of the proposed geometric function

with different £, § < 1

For the classical phase field model, constant ¢ is obtained from Equation (4.4) with the limits of
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integration x € [—oo, +00]. However, for the length scale insensitive phase field model in this dissertation,
smaller limits of integration are used to get correct fracture surface and enable I' convergence. According

to the phase field function ¢ (x) for the generalized quadratic geometric function, the limits of integration

. . l AN
is obtained as x € [— = ln(2 :

i Mg T i

ln(z% . Considering that the constant ¢ for the classical phase

field model will be expressed as 21 later in the FEM formulation, to keep this consistency, constant ¢ for

the proposed phase field model is also obtained from Equation (4.4) as

_2[1—§+521n(255)/4] B
T NEEE e

where, € is just a constant obtained from c/I. ¢ without length scale [ will be used in FEM formulation later,

(4.35)

not c.

According to degradation function, negative phase would lead to stiffness increasing, which is not true
in reality. Another thing is the damaged band caused by a fracture should not be infinite. Based on these
two points, phase zeroing is needed, and this could also be helpful for controlling the damaged range. To
verify the I' convergence would not be affected by phase zeroing, a 1D case is shown here. Original phase
profile and phase profile after zeroing negative phase are shown in Figure 4.4. The I" integration is shown
in Equation (4.36). After phase zeroing, there is no contribution to I' where phase is 0, so the limits of
integration are reduced to the range of positive phase. Putting the phase solution in Table 4.1 and constant
¢ in Equation (4.35) into Equation (4.36) and doing the integration, I' equals 1, which verifies the I'
convergence for this 1D problem. Note that this I' convergence is guaranteed by using the correct constant

¢ in Equation (4.35). More investigations about I' convergence in 2D and 3D cases will be my future work.
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Figure 4.4 (a) original phase profile, (b) phase profile after zeroing negative phase

o L L (L
= f ydx = | VY 1=¢ (Z_E) ydx = f =% (2_$>1 [Ep+(1—8)p?+1%(¢p")?]dx =1 (4.36)
o L in(5) Ln(,E,) ¢

1_5 2—5 1_6 2—{

To better understand the effect of phase on material’s constitutive law, homogeneous and

nonhomogeneous solutions of the classical phase field model and the proposed phase field model are
investigated. A 1D tensile test is investigated in Section 4.2.1 and Section 4.2.2, which makes strain energy
non-negative. Material parameters used include Young’s modulus E 41000 MPa and critical energy release
rate G, 0.05 N/mm. A 3D tensile test is investigated in Section 4.2.3.1, and one more parameter needed is
Poisson’s ratio v 0.18. In this dissertation, the special case with ¢ = 0 is considered, but more researches

are still needed for o # 0.
4.2.1 Analytical solution and FEM formulation of the classical phase field model

4.2.1.1 Homogeneous solution of the classical phase field model

First, homogeneous solution of the classical phase field model is presented. Ignore the last term at left-
hand side and the term at right-hand side in Equation (4.26~2), put a(¢) = ¢? and ¢ = 2l into it, and
express loading condition with respect to strain H = E€?/2, the relation between phase and strain for
loading condition is obtained as

Eg?

== 4.
Ee? + G,/ (4.37)

4

And the relation between stress and strain can be obtained by using 0 = (1 — ¢)?EF¢,
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B G.Jl \*
o= <m) Ee. (438)

Figure 4.5 plots the relation obtained from Equations (4.37) and (4.38). With the increase of strain,
phase is kept monotonically increasing from 0 to 1. A larger length scale [ leads to a faster increase of phase,
a smaller range of stress-strain curve, and a lower fracture strength. The stiffness reduction can be seen
from Figure 4.5 (a), where at any non-zero strain there is a phase larger than 0 and then a degradation

function value less than 1.

1 25
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0.8 =05 20 28 (L) 1=05
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(a) (b)

Figure 4.5 Homogeneous solution of the classical phase field model, (a) phase versus strain, (b) stress versus strain

Fracture stress and strain can be easily obtained from the derivative of Equation (4.38) as

0c = =\EGe /6l

& =+/G./6lE

Note that the phase at fracture stress and strain is a fixed number (0.25), nothing to do with length scale [,

(4.39)

see the data tips in Figure 4.5. According to Equation (4.39), when length scale [ approaches 0, this fracture
stress goes to infinite, which agrees with linear elastic fracture mechanics theory: stress goes to infinity as
it approaches infinitely close to crack tip.
4.2.1.2 Nonhomogeneous solution of the classical phase field model

Second, nonhomogeneous solution of the classical phase field model is presented. Ignore the term at
right-hand side in Equation (4.26~2), put a(¢) = ¢? and ¢ = 2l into it, and express loading condition with

respect to stress H = 02 /2E, the governing equation of Equation (4.26~2) is rewritten as

o? G, .
vl 1—-¢)— 4 + 1G.¢" = 0. (4.40)
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Since Equation (4.40) satisfies over the whole domain, its integration with respect to ¢ is also equal to 0,

and this integration gives the first derivative of phase

G
! _ 2 c 2 ¥
® dx \/lG [—(1 ©)? + 19| (4.41)

000 G
ct=op (- Do)’ + ; ¥2, (4.42)

where, c* is a constant determined from boundary condition ¢'() = 0; 0., and ¢, are the stress and
phase at infinite position, respectively. The relation between position and phase can be obtained by

integrating Equation (4.41) with respect to ¢ again,

¢(0) 1
f do, (4.43)
o) \/lG [ZE (1 <P)2 (p —-c*

where, ¢(0) is assumed to be the maximum phase, which could be 1 or less than 1. For any other phase not
at the origin, its position can be found from Equation (4.43), which then gives the relation between phase

and position, as shown in Figure 4.6.
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Figure 4.6 Nonhomogeneous solution of the classical phase field, phase versus position

4.2.1.3 Linear FEM formulation of the classical phase field model
For the strong form of Equation (4.26~1), without considering damping effect, the matrix form of the
motion of equation is expressed as (which can also be obtained from Hamilton’s principle)
Mit, + Ku,, = F&*, (4.44)
where, M is mass matrix; K is stiffness matrix; F& is external force at nth step. Explicit scheme with

central difference method is used to solve displacement,
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u —2u, +u,_
M= At;‘ "1 | Ku, = F&<t, (4.45)

where, At is time step size. M, Ku,, and F¢** are expressed as

M= f NTpNdV, (4.46)
n
Kuy = [ B0,V = [ Blg(oat" +ailav, (4.47)
n n
F&*t = f NTb,dV + f NTt,dA, (4.48)
n n

respectively. Note that the stress is updated with phase. Ku,, is also called internal force Fi*, and the new
displacement at (n + 1)th step is obtained as

Fext _ Fint Atz
Un+1 = ( - MTl ) +2uy —up_q. (4.49)

After displacement field is solved, phase field can be solved based on displacement, strain, and strain
energy. For the strong form of Equation (4.26~2), ignore the term at right-hand side and use Galerkin’s

method, the weak form is expressed as

G
f NT [ZH —2H¢p — Tcgo +1G.Ap|dV = 0. (4.50)
0]

Apply integration by parts, Gauss's divergence theorem, and boundary condition of Equation (4.27~4) (V¢ -

n = 0), the order of the last term is decreased from two to one as
f NT1G.ApdV = f NTIG Ve -ndA — f BTIG.VodV = — f BTIG.VodV . (4.51)
Q a0 0 0

For the ¢ and V¢, they can be expressed by shape function matrix, strain-displacement matrix, and phase

unknows, ¢ = N;j@;, Vo = B;@;, j = 1, ..., 8 for hexahedron element,

G
L [NiTZH — N{2HN;@; — NiTTCquoj — B]1G.Bjgp;|dV = 0. (4.52)

For the application of iso-parametric element, dV is mapped into natural coordinate system as dV =

|[J1dédndg. The weak form is further updated as
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G
L [N{ZH —N[2HN;p; — N} TCN,-q;j - BiTlGCquoj] |JIdédndg = 0. (4.53)

Stiffness matrix and force vector can be obtained as

G
Ki; = f (NL-TZHIIIN]- + N UIN; + B?lGCUlB]-) d¢dndg, (4.54)
o)

F; = f NT2H|J|dédndg, (4.55)
N

and the phase unknows can be obtained directly by solving a system of linear equations,
Ko =F. (4.56)
For the classical phase field model, one advantage is that the crack surface density function used keeps
the linearity of this phase problem, so no iteration is needed in calculation. Staggered method is used in this
dissertation to solve the displacement-phase coupled problem for its robustness. The basic idea of this
method is that displacement field and phase field in Equation (4.26) can be solved in turn and independently
(see Figure 4.7), and both explicit and implicit schemes can be used to solve it [52]. Hu et al. [100] present
a detailed overview of the implementation of explicit and implicit phase field models. Note that only explicit

scheme is used in this dissertation.

Displacement ficld | | Phase ficld

Figure 4.7 Staggered method for displacement-phase coupled problem

4.2.2 Analytical solution and FEM formulation of the proposed phase field model

4.2.2.1 Homogeneous solution of the proposed phase field model
Similarly, ignore the last term at left-hand side and the term at right-hand side in Equation (4.26~2),
put a(p) = &p + (1 — &)@? and ¢ = &l into it, and express loading condition with respect to strain H =

E&? /2, the relation between phase and strain for loading condition is obtained as
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Ee? — G.&/¢l

= . 4.57
YT Eerv26,1—9)/el (4.57)
And the relation between stress and strain can be obtained by using 0 = (1 — ¢)%E¥,
G.2-9/er 7
2-9)/ (4.58)

Tz v 26,0 =9/

Figures 4.8 and 4.9 show homogeneous solution from Equations (4.57) and (4.58) for the length scale
insensitive phase field model. Figure 4.8 shows results with same ¢ but different [ equal to 2.0, 1.0, and 0.5,
which is similar as the results in Figure 4.5 for the classical phase field model, but negative phase is found
here like its phase field function ¢ (x). Figure 4.9 shows results with same [ but different ¢ equal to 0.25,
0.50, and 0.75. A larger & gives a lower negative phase and larger fracture strength. Another thing to
mention is the range of negative phase, where a larger & gives a larger range of negative phase. From these
four figures, it is clear that the range of negative phase (or linear elastic range after phase zeroing) can be

adjusted by [ and &.

1 su

—1-20, =050
—1=10, £=050
1=0.5, £=0.50
0.5 20
=
&
> =
0 © 10
=20, £=050 [
—1=1.0, {£=0.50 ]
1=0.5, £=0.50
0.5 0
0 1 2 3 4 5 0 1 2 3 4 5
€ [mm/mm]| 107 € [mm/mm] 107
(a) (b)

Figure 4.8 Homogeneous solution of the length scale insensitive phase field model with same &, (a) phase versus

strain, (b) stress versus strain

1 4v
— =10, =025
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0 =
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0.5 S
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Figure 4.9 Homogeneous solution of the length scale insensitive phase field model with same length scale [, (a)

phase versus strain, (b) stress versus strain
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For the case with [ = 1.0 and £ = 0.75 in Figures 4.8 and 4.9, after the zeroing of negative phase, new
phase-strain curve and new stress-strain curve are shown in Figures 4.10 (a) and 4.10 (b), respectively. This
new phase-strain curve is similar to damage-separation curve observed in bilinear cohesive law [5] where
damage is 0 at initial part to get linear elastic behavior. And it is widely known that bilinear cohesive law

can handle linear elastic behavior well.

——1=1.0, £ =0.00, classical PFM
——1=1.0, £ =0.75, with negative phase
30 1=1.0, £ =0.75, zero negative phase

A ——1=1.0, £ =0.00, classical PFM
——1=1.0, £ =0.75, with negative phase
1 =1.0, £ =0.75, zero negative phase

0 1 2 3 4 5

€ [mm/mm]| 107 € [mm/mm]

(a) (b)

Figure 4.10 (a) phase-strain curve after zeroing negative phase, (b) stress-strain curve after zeroing negative phase
4.2.2.2 Nonhomogeneous solution of the proposed phase field model
Similarly, ignore the term at right-hand side in Equation (4.26~2), put a(@) = ép + (1 — §)¢? and
¢ = &l into it, and express loading condition with respect to stress H = 02 /2E, the governing equation of
Equation (4.26~2) is rewritten as

2 l
-9~ 420 - Dl + 2" = 0 (459

Since Equation (4.59) satisfies over the whole domain, its integration with respect to ¢ is also equal to 0,

and this integration gives the first derivative of phase

/ Geg Ge "
@ dx JIG [—(1—<p)2 i <p+a(1—s‘)<p2—c , (4.60)
oo GC GC
¢ = "—(1 0+ T gt (461)

The relation between position and phase can be obtained by integrating Equation (4.60) with respect to ¢

again,
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@ (0) 1
x=t de. (4.62)
o(x) i 0_2(1_ )2+Gc€ +&(1_5) 2_0*
1G. |2E ¢ el YT ¢

For any other phase not at the origin, its position can be found from Equation (4.62), which then gives the
relation between phase and position, as shown in Figure 4.11. Figure 4.11 (b) shows phase versus position
after the zeroing of negative phase. Since nonhomogeneous solution (phase versus position) has nothing to
do with degradation function, the nonhomogeneous solution plotted here with maximum phase equal to 1

is totally same as phase field function ¢ (x) obtained during the derivation of crack surface density function.

08 |

06 [

04 [

—max = 1.00, 1= 2.0 —Pmax = 100, 1= 2.0

—Pu 1.00, 1= 1.0 02 | —Pmax = 1.00, [ = 1.0]

Puas = 1.00, 1= 0.5 G = 1.00, 1 = 0.5

- i —Pmax = 0.81, [ = 0.5 ) . —@max = 0.81, 1 = 0.5

o 5 0 5 10 10 5 [) 5 10
xr [Ill[ll] T [I!lnl]

(@) (b)

Figure 4.11 Nonhomogeneous solution, (a) phase versus position, (b) phase versus position after zeroing negative

phase
4.2.2.3 Linear FEM formulation of the proposed phase field model
The FEM formulation of displacement field has been presented in Section 4.2.1.3, so only phase field
is derived here. For the strong form of Equation (4.26~2), ignore the term at right-hand side and use
Galerkin’s method, the weak form is expressed as

j N [2(1 —@)H — & [E+2(1 -] + Lf;cmp] dv =o0. (4.63)
0 cl ¢

Apply integration by parts, Gauss's divergence theorem, and boundary condition of Equation (4.27~4) (V¢ -
n = 0), the order of the last term is decreased from two to one. Follow the same procedure shown in Section

4.2.1.3, stiffness matrix and force vector can be obtained for the proposed phase field model as

2G 2lG
K= fﬂ [N?ZHlllN,- + N7 5[ 1 -dIJIN; + B?TCUlB,-] dédndg, (4.64)
T T GC
Fi= | (NF2Hy - NT 2561 dsdnds, (465)
n

95



and Equation (4.56) is still used to solve the phase unknowns. Compared with Equations (4.54) and (4.55)
for the classical phase field model, the proposed phase field model is still a linear FEM problem, and the
difference with the classical phase field model is the middle term in the stiffness matrix Equation (4.64)
and one extra term in the force vector Equation (4.65). Another thing is phase zeroing, which can be done
similarly like monotonically increasing phase ¢ > 0. However, the fundamental of this problem is still the
same, so these changes would not heavily influence the modeling efficiency of the proposed phase field

model. The comparison of modeling efficiency is compared later through a tensile test.
4.2.3 Numerical verification of the phase field model using different geometric
function

4.2.3.1 Tensile test of different phase field model

The presented above are the phase field models using different geometric function, and a tensile test
is presented to verify their basic features. Dimensions, boundary condition, and load for the tensile test are
shown in Figure 4.12. Hexahedron element with full integration method is used in the simulation. To let
fracture develops at the center of the bar, a small cross-section reduction is made at the center, which could
lead to stress concentration and high strain energy at that position. Because the specimen in this example is
intact at the beginning, phase is initialized as 0. Material parameters used include Young’s modulus E

41000 MPa and critical energy release rate G, 0.05 N/mm.

0.46

A

F s ,,:‘
«H H»o.zo J-to20
| =040

10.00

Figure 4.12 Dimensions, boundary condition, and load of the tensile test, unit [mm]
(1) Tensile test of the classical phase field model
For the classical phase field model, the influence of length scale [ on tensile test is investigated. Figure
4.13 shows the phase results of three different [ 2.0, 1.0, and 0.5 with element size 0.1 mm. With the

decrease of [, the crack band gets smaller, which agrees with the nonhomogeneous solutions in Figure 4.6.
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The detailed phase value is plotted in Figure 4.14 (a). Compared with analytical results, numerical results
are still not close enough, and the possible reason could be the large element size used in simulations. The
stress-strain curve is plotted in Figure 4.14 (b). It is clear to see that linear elastic behavior is not recreated
in this simulation. With the decrease of [, fracture stress gets bigger, which agrees with Figure 4.5 (b). Even
though stress-strain curve does not converge to analytical results, the stress-strain curve is almost the same
for two different element size used for the [ = 0.5 case, which could show that element size is not as

sensitive as length scale [.

(b)

(c)
Figure 4.13 Phase result [0,1] of the classical phase field model, (a) length scale | = 2.0, (b) length scale [ = 1.0, (c)
length scale [ = 0.5

1 " [esize=0.1, 1=2.
—size = 0.1, | = 1.0|
0.8F size = 0.1, 1 = 0.5
|—size = 0.2, 1 = 0.5
0.6
S
0.4+
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(a) (b)

Figure 4.14 Numerical results of the classical phase field model, (a) phase versus position, (b) stress versus strain
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For the constitutive law of bilinear cohesive law in [5], damage factor (similar as phase for phase field
model) is 0 before reaching fracture strength in constitutive law, which makes it agree with linear elastic
theory. If this is applied in the classical phase field model with length scale [ = 1.0, new phase results can
be obtained, as shown in Figure 4.15 (a). Here, only a simple remapping from [0.25,1] to [0,1] is used to
update the phase results, and phase result below 0.25 is set as 0. Further, if strain energy is reversible before
reaching fracture strength (or reaching phase 0.25), new phase results can be obtained, as shown in Figure

4.15 (b).

(a) (b)
Figure 4.15 Phase result [0,1] of the classical phase field model, (a) length scale | = 1.0 with phase remapping, (b)

length scale [ = 1.0 with phase remapping and strain energy reversible
Detailed phase results for the three cases are shown in Figure 4.16. Compared with the classical phase
field model, phase remapping and strain energy reversible before reaching fracture strength makes phase
more concentrated at the center of the bar. For the position where strain energy is so small that stress does
not reach to fracture strength, if reversibility of strain energy is considered, the phase gets back to 0 after
the strain energy is released. This is true for brittle materials before reaching linear elastic limit. Here, phase
remapping and reversibility of strain energy are used to show these changes qualitatively, and more

discussion about this will be on the proposed phase field model in next section.

/\
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Figure 4.16 Phase versus position for different cases for the classical phase field model
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(2) Tensile test of the proposed phase field model

The proposed length scale insensitive phase field model is also applied in this tensile test. The phase
results obtained with length scale ] = 1.0 and & = 0.75 is shown in Figure 4.17 (b). It is clear to see that
for the same length scale [, the crack band for the length scale insensitive phase field model is smaller. The
minimum phase in Figure 4.17 (a) is a small positive number, but the minimum phase in Figure 17 (b) is 0.
The phase versus position is plotted in Figure 4.18. For the classical phase field model, the phase decreases
slowly; however, the model proposed in this dissertation has phase that drops to 0 faster and gives a

narrower crack band, which agrees with phase profile in Figures 4.3 (b) and 4.11 (b).

18 ok oy LS Pruim

(a) (b)
Figure 4.17 Phase result [0,1], (a) length scale [ = 1.0 for the classical phase field model, (b) length scale [ = 1.0
and & = 0.75 for the length scale insensitive phase field model
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Figure 4.18 Phase versus position of the classical phase field model and the length scale insensitive phase field

model
The stress-strain curve is also obtained from this simulation and compared with the classical phase
field model, as shown in Figure 4.19. The biggest difference is the slope. Because linear elastic property is
enabled in the length scale insensitive phase field model, the slope is almost constant before it drops. The
slope is 22.9/0.00056 = 40893 MPa, which is almost equal to the Young’s modulus of the material, 41000

MPa. An interesting thing is that for [ = 1.0, stress drops at almost same strain for both classical phase field
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model and length scale insensitive phase field model. The reason could be that strain at fracture strength in
Figure 4.10 (b) is almost same for these two models, and stress-strain curve beyond fracture strength does
not matter that much for this tensile test. The fracture strength can be adjusted by setting different length

scale [ and parameter £.

30

—size = 0.1, [ = 2.0
—size =0.1, [ =1.0
size =0.1, [ =0.5
—size = 0.1, [ = 1.0, £ = 0.75|

-
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0.5 1 1.5 2
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Figure 4.19 Comparison of stress-strain curves between the classical phase field model and the length scale

insensitive phase field model

For the case with [ = 1.0, the classical phase field model takes 6 hours and 52 minutes; the proposed
phase field model takes 6 hours and 41 minutes. So, both phase field models have almost same modeling
efficiency in this tensile test, and this agrees with the analysis in Section 4.2.1. This modeling efficiency
should be also true for large scale simulation since the computation of these two models is almost same.
Because linear elastic behavior is guaranteed by phase zeroing in the proposed phase field model, it can
still obtain linear elastic behavior even using larger elements. However, mesh convergence should still be
checked before using large elements for the proposed phase field model.
4.2.3.2 Mode I failure of wedge splitting test

First, the wedge splitting test conducted by Trunk [101] is considered, which has been used for
verification in [101,102]. The specimen has a square shape with dimensions 800 mm % 800 mm % 400 mm,
and simply supported at the center of each half of the bottom edge. A vertical notch is made up to about
half of the height of the specimen. Two horizontal force are applied by a vertically pushed wedge. The
detailed dimensions, boundary condition, and load are shown in Figure 4.20. The material parameters used

include Young’s modulus E 28300 MPa, Poisson’s ratio v 0.18, fracture strength o5 2.12 MPa, and critical

energy release rate G, 0.373 N/mm. Force and displacement data are recorded during the simulation.
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Figure 4.20. Dimensions, boundary condition, and load of the wedge splitting test, unit [mm]

Hexahedron element is used to mesh the specimen. Considering the size of the specimen, local
refinement with 2 mm element along the fracture path is used, and larger element is used at other positions.
The model consists of 6842 elements and 13988 nodes. The length scale [ used in the two models is 5,
which satisfies the requirement that the ratio between length scale and element size is larger than two in
[43]. Running time for this simulation is about 13 hours. The phase results obtained from classical phase
field model and length scale insensitive phase field model are shown in Figure 4.21. Even though same
length scale [ is used, it is clear to see that the length scale insensitive phase field model has a narrower
crack band, which is true for brittle materials that have smaller crack zone near the crack tip. Relatively
speaking, even though smaller length scale [ can be used to have a narrower crack band, the phase profile
for the length scale insensitive phase field model can still drop to O faster than the classical phase field

model.

(a) (b)
Figure 4.21 Phase result of the wedge splitting test, (a) classical phase field model, (b) length scale insensitive phase
field model

The force-displacement curve is obtained for the two models, as shown in Figure 4.22. Even though

both two models agree somehow with experiment data, a clear stiffness reduction is found in the classical
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phase field model. With the help of extra parameter ¢ in the length scale insensitive phase field model,
fracture strength can be adjusted, and a peak force very close to experiment result can be obtained. However,
the fracture strength for the classical phase field model is only determined by length scale. In this simulation,
considering the small fracture strength (about 2 MPa) for concrete, length scale [ = 5 gives a higher peak

force in the force-displacement curve, which is also found in the next two examples.

‘ —experiment result
—classical PFM
length scale insensitive PFM

05 1 s 2
s [mm]

Figure 4.22 Comparison of force-displacement curve of the wedge splitting test

4.2.3.3 Mixed-mode failure of L-shaped panel test

The mixed mode failure of L-shaped panel test conducted by Winkler [104] is considered, and this
example is used in [103,105] for brittle fracture. The specimen has a square shape with dimensions 500 mm
% 500 mm x 100 mm, and fixed at the left bottom edge. A vertical force is applied at the position 30 mm
away from the right face. The detailed dimensions, boundary condition, and load are shown in Figure 4.23.
The material parameters used are Young’s modulus E 20000 MPa, Poisson’s ratio v 0.18, fracture strength
oy 2.5 MPa, and critical energy release rate G, 0.13 N/mm. Force and displacement data at the load position

are recorded during the simulation.

250

4‘30%

l F s
re}
N

250—— —100~

Figure 4.23 Dimensions, boundary condition, and load of the L-shaped panel test, unit [mm]
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Considering the size of the specimen, local refinement with 2 mm element is also used along the
fracture path, and bigger element is used at other positions. The model consists of 5896 elements and 12132
nodes. The length scale [ used in the two models is 5 like in Section 4.2.3.2. Running time for this
simulation is about 9 hours. The phase results are shown in Figure 4.24. Same thing found from the
comparison is that a narrower crack band is observed for the length scale insensitive phase field model, and
the phase in the proposed phase field model drops faster to 0 than the classical phase field model. To better
see the difference of the two models, the phase field before fracture develops is also plotted, as shown in
Figure 4.25. At the same time step, for the classical phase field model, non-zero phase value appears near
the lower right face because of the high stress at that area, which would lead to some extra calculated
fracture surface from Equation (4.3), but in experiment fracture does not develop at that area. For the length
scale insensitive phase field model, because the negative phase is set as 0, no stiffness reduction happens

near the lower right face.

(a) (b)
Figure 4.24 Phase result of the L-shaped panel test, (a) classical phase field model, (b) length scale insensitive phase
field model

(a) (b)
Figure 4.25 Phase result of the L-shaped panel test before fracture develops, (a) classical phase field model, (b)

length scale insensitive phase field model
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The force-displacement curve is obtained for the two models, as shown in Figure 4.26. Some similar
conclusions like in Section 4.2.3.2 are found. Because of the extra parameter used, the fracture strength can
be adjusted based on the material’s parameters, and a better force-displacement curve is obtained for the
length scale insensitive phase field model.

10°
10 X
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-—-initial stiffness

‘ ‘ ‘ ‘ ‘ ‘ ‘
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Figure 4.26 Comparison of force-displacement curve of the L-shaped panel test
4.2.3.4 Mixed-mode failure of notched beam test
The mixed mode failure of notched beam test conducted by Galvez et al. [106] is considered, which
has been used for verification in [50,107]. The specimen has a rectangular shape with dimensions 375 mm
x 75 mm x 50 mm, and simply supported around the bottom center and fixed at the right bottom. A vertical
downward force is applied at the position 100 mm away from the top center. The detailed dimensions,
boundary condition, and load are shown in Figure 4.27. The material parameters used are Young’s modulus

E 38000 MPa, Poisson’s ratio v 0.2, fracture strength of 3.0 MPa, and critical energy release rate G, 0.07

N/mm. Force and displacement data at the load position are recorded during the simulation.
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Figure 4.27 Dimensions, boundary condition, and load of the notched beam test, unit [mm]
Considering the size of the specimen, local refinement with 1.5 mm element along the fracture path is
used, and bigger element size is used at other positions. The model consists of 8790 elements and 18198

nodes. The length scale [ used in the two models is same as Section 4.2.3.2 and Section 4.2.3.3. Running
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time for this simulation is about 15 hours. The phase results are shown in Figure 4.28. A narrower crack
band is observed for the length scale insensitive phase field model. Because the high stress is spread along
the fracture path, a much wider crack band is found for the classical phase field model, and the extra
calculated fracture surface could lead to an error of the fracture energy and fracture surface. More
investigation about the I convergence is still needed. Same thing as Section 4.2.3.3, the phase is 0 before
fracture develops for the length scale insensitive phase field model, but some non-zero phase appears at

boundary and notch for the classical phase field model, as shown in Figure 4.29.

(b)
Figure 4.28 Phase result of the notched beam test, (a) classical phase field model, (b) length scale insensitive phase

field model

(b)
Figure 4.29 Phase result of the notched beam test before fracture develops, (a) classical phase field model, (b) length

scale insensitive phase field model
The reason to choose this experiment is that a perfect linear force-displacement curve is obtained in
experiment [105]. Some similar conclusions like in Section 4.2.3.2 and Section 4.2.3.3 are found. Because
of the extra parameter used, the fracture strength can be adjusted based on the material’s parameters, and a
better force-displacement curve is obtained for the length scale insensitive phase field model, as shown in
Figure 4.30. For the length scale insensitive phase field model, this linear elastic behavior is recreated in
the simulation, but there is a clear stiffness reduction before fracture develops for the classical phase field

model.
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Figure 4.30 Comparison of force-displacement curve of the notched beam test, (a) the whole range, (b) the range

near the peak force

4.3 Different phase field model obtained from different degradation

function

In the previous section, geometric function has been used to solve nonlinearity and inelasticity in the
stress-strain curve of the classical phase field model. In this section, this problem is investigated from the
point of view of degradation function, but the geometric function a(¢@) = ¢? used in the classical phase
field is adopted here. To better understand the influence of this degradation function on stress-strain curve,
the relation between stress and phase is shown as

a; = 9(@)aft + 0 = g(@)Es; + Eej. (4.66)
From the equation above, stiffness E is only controlled by degradation function g(¢), so this degradation
function is the deep reason for stiffness reduction. Figure 4.31 shows the degradation function in the
classical phase field model. From this figure, it is easy to see that degradation function decreases fast at the
zero phase. However, for a good degradation function, its value should be almost 1 for a certain strain range
to enable linearity of stress-strain curve, or an “ideal” degradation function like a step function. In this
dissertation, the first derivative of degradation function at zero phase will be used to describe how fast the

degradation function decreases.
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Figure 4.31 The relation between degradation function and phase

Before introducing the generalized polynomial degradation function, some degradation functions used
in publications are summarized and analyzed first, as shown in Table 4.2, where the first derivative at zero
phase is calculated. The first in Table 4.2 is the one in the classical phase field model. The second, third,
and last in Table 4.2 are a function of only phase, which means a fixed degradation function and a fixed
stress-strain curve. The analytical homogenous solution for the last is not available, which makes it difficult
to further investigate properties based on homogeneous solution. To consider more possible stress-strain
curves in one degradation function, it is better to have some extra variables to adjust this degradation
function. The fourth in Table 4.2 is a good degradation function, but only second-order and third-order
terms also limit its application. The fifth and sixth in Table 4.2 are more complicated, but this could lead to
phase not in [0,1], and then difficult to get homogeneous solution. The disadvantage of the sixth is that its
first derivative at zero phase can only be in [—oo, —1].

Table 4.2 Some degradation functions used in publications

Degradation function g(¢) Note
(1—¢)?[43] First derivative at zero phase is -2
(1 —)?Q2¢ +1) [48] First derivative at zero phase is 0
(1—9)2Be +1) [48] First derivative at zero phase is 0
(B=95)p? + (s —2)p3 [76] First derivative at zero phase is —s
a-¢)? [54] Q() is a polynomial function
1-9)P+Q(p)
exp(Be)=[Bo+(1-p)] exp(B) [56] First derivative at zero phase is in [—o0, —1]

(B-1)exp(B)+1
1 —sin (me/2) [77] First derivative at zero phase is — /2

Zhang et al. [78] use the degradation function in [54] with p = 2 and a quadratic polynomial function

Q(p) = 210¢ (1 — 0.5¢), but an extra phase constraint function is used to get a successful simulation. The
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reason could be that the algebraic fraction degradation function used makes it hard for phase in [0,1]. For

this degradation function, all the five numerical homogenous solutions are shown in Figure 4.32. For a

correct solution, its real part should increase from 0 to 1 with the increase of strain, but imaginary part

should be 0. From this point, it can be seen that this degradation function does not make phase in [0,1].
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Based on the analysis above, generalized polynomial degradation functions are investigated to cover

more stress-strain curves in one model, and some good properties of polynomial functions are explored. To

check the influence of the first derivative of degradation function at zero phase, several different

degradation functions are considered. First, follow the form of the classical phase field model, a third and

a fourth order of degradation functions are considered, which have first derivative at zero phase equal to -

3 and -4, respectively,

9(@) =1 —-9)?
9(@) =1 —-9)3,
g(@) =1 -9

case 1

case 2.

case 3

(4.67)

Case 1 is the degradation function in the classical phase field model. Next, to better control the rate of the

decrease of degradation function at zero phase, one more constraint is considered as the first derivative of

degradation function at zero phase, i.c.,
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glp=0)=1

glp=1)=0
Fo=1=0" (4.68)
g (@=0)=c1

Four constraints give a third order polynomial degradation function. By setting a different c1 value in

Equation (4.68), four more degradation functions are obtained as

g@)=1-9p—¢*+¢?  case4
g(@) =1—0.5¢ — 2¢? + 1.5¢3, case 5
g(@) =1—0.1¢ — 2.8¢% + 1.9¢53, case 6
g(@) =1—-3¢p%+2¢3  case7?

(4.69)

These seven cases are selected so that the constant c1 in Equation (4.68) for case 1 to case 7 are -2, -
3,-4,-1,-0.5,-0.1, and 0, respectively. Figure 4.33 shows that degradation function decreases slower if this
first derivative of degradation function at zero phase is closer to 0. Follow this pattern, more constrains can
lead to even higher order degradation function, but it is necessary to check to avoid overfitting since
degradation function should be monotonically decreasing. Even though the constant c1 in case 6 is -0.1, it
is still very close to case 7 with constant c1 equal to 0. Higher order degradation function makes the phase

field model a nonlinear problem, and Newton-Raphson method will be used to solve this nonlinear problem.

0 0.2 0.4 0.6 0.8 1
@

Figure 4.33 The relation between degradation function and phase for the seven cases
Similar as Section 4.2, homogeneous and nonhomogeneous solutions of these phase field models for
a 1D bar under tensile load are investigated, which makes strain energy non-negative. Material parameters
used include Young’s modulus E 41000 MPa and critical energy release rate G, 0.05 N/mm. For the 3D
simulation in Section 4.3.2.1, one more material parameter needed is Poisson’s ratio v 0.18. For the rest of
this section, case 1 will be called linear phase field model; case 2 to case 7 will be called nonlinear phase

field model.
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4.3.1 Analytical solution and FEM formulation of the proposed phase field model

4.3.1.1 Homogeneous solution of the proposed phase field model
For the homogeneous solutions of case 2 to case 7, if use a(@) = ¢? and ignore spatial derivative of

@, the strong form of Equation (4.23~2) is reduced to

Ge
—g' (@ — < #=0 (4.70)

The first derivative of degradation function for the six cases are obtained as

-3(1 —¢)?, case 2
—4(1 — )3, case 3
—1—2¢ + 3¢?, case 4
—0.5—4¢ + 4.5¢%,  case5
—0.1 —5.6¢ +5.7¢%  case6
—6¢ + 62, case 7

g' (@) =1 (4.71)

Put Equation (4.71) into Equation (4.70) and consider loading condition as strain, Y2 = E£2/2, ¢ can be
calculated for these six cases. Depending on the order of degradation function, two or three solutions can
be obtained for each case. For case 3, its analytical complex results are not shown because of its complexity,

and only analytical real result is shown here. For case 2,

; (4.72)

for case 3,

a = W; (473)

for case 4,

110



1 G N ( 1 G, )2 1
3 3Ele? 13 13Ele? 3
¢ = ; (4.74)
1 G ( 1 G, )2 1
3 3Els? 13 13Ele? 3
for case 5,
4 26, N ( 2 G, )2 1
9 9Elg2 81 81Els? 9
Q= ; (4.75)
4 26, ( 2 G, )2 1
9 9Elg? 81 81Ele? 9
for case 0,
28 106G, N ( 140 506, )2 1
57 57Elg? 3249 3249Elg? 57
9= ; (4.76)
28 106, ( 140 506, )2 1
57 57Elg? 3249 3249Els? 57
and for case 7,
1 e
@ = { T 3EIe2 - (4.77)
0

The homogeneous solutions of these six nonlinear phase field models are plotted in Figure 4.34.
Considering that a phase in [0,1] is the desired one, only the solution 1 in these figures are used to describe
stress-strain curve later. For Figure 4.34 (b) of case 3, solution 2 and solution 3 are complex number that
are not what we want, and absolute value is calculated and plotted here. From these figures, if the first
derivative of degradation function at zero phase is closer to 0, phase result has a relative larger strain range
with almost 0 value. And from Figure 4.34 (c) to Figure 4.34 (f), with the first derivative of degradation
function at zero phase closer to 0, the two solutions get closer, and these two solutions intersect with each

other when first derivative is 0.
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Figure 4.34 Homogenous solution, (a) case 2, (b) case 3, (c) case 4, (d) case 5, (e) case 6, (f) case 7
For Figure 4.34 (f) of case 7, if negative phase is forced to be zero, there is no stiffness reduction for
a certain strain range, which could give a “perfect” linear relation between stress and strain. The phase
versus strain, and degradation function versus strain for these seven cases are shown in Figure 4.35. As we
can see, if the first derivative of degradation function at zero phase is closer to 0, degradation function

decreases slower, which leads to slower decrease of stiffness in stress-strain curve at small strain.
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Figure 4.35 (a) phase versus strain, (b) degradation function versus strain
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Phase versus strain can be compared with damage factor in bilinear cohesive law. It is widely known
that bilinear cohesive law can handle linear elastic behavior very well, and the damage factor used in [5] is
shown in Figure 4.36 (a), where damage factor is 0 before stress reaches to fracture strength, and then
damage factor increases to 1 with the increase of separation. 1 — g(¢) for phase field model case 3 and
case 6 are plotted in Figure 4.36 (b). Case 6 agrees with the damage factor found in bilinear cohesive law
much better than case 3. From this comparison, it is clear that by changing degradation function, a better

degradation function for describing linear elastic behavior can be obtained.
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0.6 s
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Figure 4.36 (a) damage factor in bilinear cohesive law, (b) degradation function in phase field model

After the relation between phase and strain is obtained, the relation between stress and strain can be
obtained by using 0 = g(@)Ee since only tension is considered here. For the readability and avoid
repetition, stress-strain curve is plotted, but the detailed formula of the stress is not shown here. From Figure
4.37, it is found that a larger first derivative (or closer to 0) has less stiffness reduction before stress reaches
to fracture strength, which agrees with what found from the degradation function. One more thing to
mention is that length scale is adjusted to get same fracture strength. With a larger first derivative, the length

scale is also larger. Case 1 has length scale equal to 1, and case 6 could have a length scale as large as
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3.0250 to get same fracture strength. What’s more, according to the investigation in [43], it is suggested
that [/h should be larger than 2 (h represents element size here). From these two points, the practical
significance of this finding is that, compared with the classical phase field model, linear elastic behavior

can be obtained even with larger element size for case 6.
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Figure 4.37 Stress-strain curve for the seven cases

Even though phase zeroing is used for case 7 to get homogeneous and nonhomogeneous solutions here,
it does not mean that phase zeroing is totally correct. For case 7, the range of phase from ¢(x) = e~ *I/t
(according to crack surface derivation) over the whole x domain x € [—oo, +00] is [0,1], but the range of
phase from @(¢) = 1 — G./3El? (according to homogenous solution) over the whole strain domain & €
[—00, +00] is [—oo, 1]. In this situation, phase zeroing on ¢(&) would definitely decrease the limits of
integration for fracture surface calculation that should be over the whole x domain x € [—oo, +00], and then
problem could happen with I' convergence. However, this kind of degradation function is used in [48,76],
see Table 4.2. To avoid this I convergence issue, case 6 will be my choice for later simulations in Section
4.3.2, not case 7.
4.3.1.2 Nonhomogeneous solution of the proposed phase field model

Nonhomogeneous solution can be obtained following the procedure in Section 4.2.1 and Section 4.2.2,
but it does not provide too much useful information compared with homogeneous solution. Because phase
profile @(x) is derived from fracture surface density function [43], which has nothing to do with
degradation function, the nonhomogeneous solution should be same for the seven cases. Here, only the

fracture situation with maximum phase equal to 1 and same fracture strength is plotted, see Figure 4.38.
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Figure 4.38 Nonhomogeneous solutions for the seven cases
4.3.1.3 Nonlinear FEM formulation (Newton-Raphson method) of the proposed phase field model
Only the FEM formulation of phase field is presented here. For the strong form in Equation (4.23~2),

without considering kinetic energy from phase field, it can be rewritten as

1 G
Ap ——|g'(@)H + —C<p] =0. (4.78)
G, 1

Since this equation is a nonlinear FEM problem now, phase cannot be directly solved like the linear phase
field model, but delta phase can be solved by using Newton-Raphson method. For the convenience to show
this derivation, the second term at left-hand side in Equation (4.78) is expressed as F(¢), i.e., F(¢) =
1[, Ge
T [g (p)H + Tfp], 50
Ap + F(p) =0. (4.79)

Galerkin method is still used to construct the weak form of this equation as

f Nl [Ap + F(@)]dV = 0. (4.80)
n

Consider the first-order Taylor series, A@ and F(¢) can be expressed as
Ap = Apo + Alp — @) = Ay + Ado, (4.81)
F(p) = F(po) + F'(9o) (9 — 9o) = F(@o) + F'(po)de, (4.82)
where, @, is the phase result obtained from previous time step. Put Equations (4.81) and (4.82) back to

Equation (4.80), the weak form can be updated as

f NI [A@o + AS@ + F(@y) + F' (o) S¢]dV = 0. (4.83)
n

Rearranging the delta phase to left-hand side and all the other terms to right-hand side gives
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| Nrtase + F oselar = = | NTTago + Flgplav. (4.84)
n n

For the two terms N] AS¢ and N/ Ag,, using integration by parts and divergence theorem, and

considering the boundary condition in Equation (4.27~4) (Vg - n = 0) gives

f NI AS@dV = f NVS¢p -ndA — f BI'VSpdV = — f BI'VSpdv, (4.85)
0J [ 0] 0 0

f Nl A@ydV = f N'Vg, - ndA — f BI'VgodV = — f BI'Vg,dV. (4.86)
n an n n
Putting Equations (4.85) and (4.86) back to Equation (4.84) gives
| 1B7v80 — ' GoINTSo1av = [ [NTFCp0) ~ BITgoJav. (487
0 n

By using the finite element expression of phase and phase gradient,

8¢ = N;ibg; , (4.88)
Voo = Bj@y;j
Equation (4.87) is further updated as
f [B B; = F'(9o)N{ Nj18¢;dV = f [N{"F (o) — BI Bjgo;]dV . (4.89)
0 0

According to iso-parametric element and numerical integration, the tangent stiffness matrix and unbalanced

force vector are obtained as

Kij = f [B{ B = F'(9o)N{ Nj]lJ|d¢dnds, (4.90)
0N

Fi = [ [NTEGoo) - BT Bygo lldgdnds. (4.91)
0

Then the unknow delta phase can be solved by
K'Sep = F“. (4.92)
The new phase at next time step is obtained by adding delta phase to the phase in the last time step as

@ =@y + . (4.93)

116



Usually, one iteration does not make the solution convergent. To solve this, L, norm of delta phase is
calculated as L, = |6¢|/n, and only if the condition in Equation (4.94) is satisfied, the calculation will
move to next time step. 0.01 is small enough for two adjacent iteration, and this could guarantee the

convergence of the phase field.

5
L, = % <0.01 (4.94)

4.3.2 Numerical verification of the phase field model using different degradation
function

4.3.2.1 Tensile test of different phase field model

A tensile test is used to show the difference of these phase field models. The Dimensions, boundary
condition, and load of this tensile test are totally same as that in Section 4.2.3.1, so no more description
about this FEM model is made here.

Two simulations are conducted to check the properties of linear phase field model for case 1. First one
is about the linearity of brittle materials. Three different length scale [ 0.5, 1.0, and 2.0 are used in the
simulation up to the fracture of the bar. The displacement load and stress-strain curve results for this
simulation are shown in Figures 4.39 (a) and 4.40 (a), respectively. As shown in Figure 4.39 (a), the stress-
strain curve obtained from tensile test is much different from the homogeneous solution. A clear stiffness
reduction happens before the bar breaks, which conflicts with the linearity property of brittle materials.
However, with the decrease of length scale [, fracture strength increases and linearity property gets better,
which makes sense because damaged area is smaller now.

Second one is about the elasticity of brittle materials. A process with loading, unloading, and reloading
is used to check this property. The displacement load and stress-strain curve results for this simulation are
shown in Figures 4.39 (b) and 4.40 (b), respectively. As shown in Figure 4.40 (b), even though the linearity
is found during unloading and reloading, this unloading does not follow the original stress-strain curve,

which means elasticity is not followed in this model. One more thing to note is that the stiffness determined
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from the strain energy threshold from the first load cycle is less than the Young’s modulus of this material,

which shows the possible issue of setting strain energy threshold to solve stiffness reduction problem.
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Figure 4.40 Stress-strain curve for linear phase field model, (a) no unloading to fracture (nonlinear), (b) with

unloading to fracture (nonelastic)

Newton-Raphson method can be used to solve nonlinear problem, but it does not limit to nonlinear
problem. To verify the correctness of the nonlinear FEM formulation and the correctness of the use of
Newton-Raphson method in LS-DYNA, the linear phase field model is also solved by Newton-Raphson
method. The obtained stress-strain curve from no-iteration method and with-iteration method (Newton-
Raphson method) are shown in Figure 4.41, and the two solutions are almost same, only a small difference

after the bar breaks. From this comparison, Newton-Raphson method works well in this dissertation.
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Figure 4.41 Stress-strain curve obtained from no-iteration method and with-iteration method
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Linearity and elasticity properties are also investigated for the nonlinear phase field model from case
2 to case 7. For the simplicity of this tensile test, length scale equal to 1.0 is used in all the seven cases, and
stress-strain curves obtained are shown in Figure 4.42. It is clear to see that a larger first derivative (or
closer to 0) gives a stress-strain curve closer to brittle material and a higher fracture strength, which agrees
with the finding about length scale from homogeneous solution. Compared with case 1, case 6 is more
suitable for brittle materials, and a larger fracture strength for case 6 means that larger element can be used

and more computationally efficient.
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Figure 4.42 Stress-strain curves obtained from the seven cases
From the investigation in [43], it is suggested that [ /h should be larger than 2. This empirical formula
is also investigated here. Length scale [ = 1.0 for both case 3 and case 6 are simulated with element size
0.1, 0.2, and 0.5 mm, which gives [/h 10, 5, and 2, respectively. From Figure 4.43, the results obtained
from [/h equal to 10, 5, and 2 are almost same, which means the empirical formula is good in this
simulation. It is also found that by using a larger length scale [ = 2.0, case 6 has a smaller fracture strength.
From this comparison, case 6 can still captures the linear elastic behavior even with larger length scale,

which could mean larger element size and better computational efficiency in some large-scale simulations.
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Following the same idea, if a degradation function decreases slowly at an even larger phase range, it
would be more suitable for brittle materials and have a larger fracture strength under the same length scale.
Apart from the constrains in Equation (4.68), three more higher order degradation functions can be obtained

by considering extra constrains as follow,

{g(p = ¢*) = c2, fourth order, (4.95)
{g (¢ = 9) =0 , fifth order, (4.96)
glp=¢") =c2
g'(@=0)=0
g"(g=0)=0, sixth order, (4.97)
9(p =¢") =c2

where, ¢* is a number between 0 and 1. g(¢ = @*) = ¢2 can be used in fine tuning for a wanted
degradation.

The three higher order degradation function versus phase are plotted in Figure 4.44 (a). It is clear to
see that these three higher order degradation functions decrease much slower compared with the previous
case 3 and case 6. And these degradation functions are also applied in the same tensile test again. Fifth
order and sixth order do not break in the simulation because of its high fracture strength. Fourth order breaks
with a much higher fracture strength, and the linearity is perfectly kept in its stress-strain curve. By using
different degradation function, this proposed nonlinear phase field model could also be a length scale

insensitive phase field model.
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Figure 4.44 (a) higher order polynomial degradation function, (b) comparison of stress-strain curves obtained from
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different degradation functions
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4.3.2.2 Mode I failure of single-edge notched beam

The single-edge notched beam test conducted by Hoover et al. [108] is considered, which has been
used for verification in many papers [109,110]. A comprehensive set of experimental data based on three
point bending of single edge notched beam is presented in [108]. The specimen has a rectangular shape
with dimensions of 223 mm x 93 mm x 40 mm, which is simply supported at both sides 11 mm away from
the edge. A vertical notch is made up to 14 mm from the middle bottom of the specimen. Vertical force is
applied at the top center of the specimen. The detailed dimensions, boundary condition, and load are shown
in Figure 4.45. The material parameters used are Young’s modulus E 41000 MPa, Poisson’s ratiov 0.17,

fracture strength o 3.5 MPa, and critical energy release rate G 0.07 N/mm. Force and displacement data

are recorded during the simulation.

93

— e N .-
[} o
“u

-

1= 1y

VA f A

Figure 4.45 Dimensions, boundary condition, and load of the single-edge notched beam test, unit [mm]

—frd

Hexahedron element is used to mesh the specimen. Considering the size of the specimen and the time
needed for simulation, local refinement with about 1 mm element along the fracture path is used, but larger
element is used at other positions. To show the difference caused by degradation function, case 3 and case
6 are compared here. Because same length scale leads to different fracture strength for these two cases,
length scale is adjusted separately for these two cases, case 3 with [ equal to 2.0 and case 6 with [ equal to
3.4. The phase field results obtained for these two cases are shown in Figure 4.46. It is clear that case 3 with
higher nonlinearity in stress-strain curve has a larger crack area. However, the crack area for case 6 is more
localized along the crack path, which is true for brittle materials that have smaller damage zone near the

crack tip.
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Figure 4.46 Phase field results obtained from different cases, (a) case 3, (b) case 6

The force-displacement curves obtained for the two cases are shown in Figure 4.47. Even though both
two models agree somehow with experiment data, case 6 is closer to experiment data. One clear difference
happens before reaching peak force. Case 6 almost has no stiffness reduction, but clear stiffness reduction
happens in case 3 before the peak force. After the peak force, the force in case 6 drops fast, but case 3 drops
slowly, which could be because of the larger damage zone in case 3. Another thing is peak force, even with
the smallest allowable length scale for case 3 (2.0 used in simulation), it still has a peak force lower than
experiment result. To solve this issue, a smaller element and a smaller length scale should be used, which
could give a higher fracture strength and higher peak force. However, case 6 can handle this problem even

with a larger element and larger length scale.

—experiment result
5| —simulation result from case 3

simulation result from case 6
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Figure 4.47 Force-displacement curves obtained from different cases, (a) case 3, (b) case 6
4.3.2.3 Mixed-mode failure of single-edge notched plate
The single-edge notched plate test conducted by Ambeati et al. [111] is considered. The specimen is a
notched plate, with a rectangular shape of dimensions 65 mm x 120 mm. The specimen is fixed at lower
pin, and load is applied at top pin, and a hole offset from the center is used to induce mixed-mode fracture.
A horizontal 10 mm notch is made 55 mm below the top surface. The detailed dimensions, boundary

condition, and load are shown in Figure 4.48. The material parameters used are Young’s modulus E 41000
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MPa, Poisson’s ratio v 0.22, and critical energy release rate G, 2.28 N/mm. Force and displacement data

are recorded during the simulation.

55.0
?
et
'=20.0~]

~20.0= =0
&
Q o
& g

Figure 4.48 Dimensions, boundary condition, and load of the notched plate with hole test, unit [mm]
Hexahedron element is also used to mesh the specimen. Considering the smaller size of the specimen,
local refinement with about 0.5 mm element along the fracture path is used, but larger element is used at
other positions. By using the minimum length scale [ = 1.0 in this simulation, phase field results obtained
from case 3 and case 6 are shown in Figure 4.49. For case 3, there is no clear fracture like that in experiment,
and the high phase is spread out over a large area. However, for case 6, the fracture path is almost same as

experiment results.

(2) (b) (©)

Figure 4.49 Phase field results obtained from different cases, (a) experiment, (b) case 3, (c) case 6
The force-displacement curve is obtained for these two cases, as shown in Figure 4.50. For this
simulation, a fixed length scale [ = 1.0 is used for both cases. Because no fracture happens in case 3, there

is no force drop in its force-displacement curve, which is totally different from the experiment. The stiffness
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reduction is very clear for case 3 in this simulation. Case 6 almost has no stiffness reduction before the peak
force, and force drops fast after it breaks. The peak force in case 6 is a little lower than experiment, and this
could also be solved by using a smaller element and a smaller length scale. Compared with [ = 0.25 used
in [112], a relatively larger length scale [ = 1.0 for case 6 in this dissertation can still capture the force-

displacement curve well.
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Figure 4.50 Force-displacement curves obtained from different cases, (a) case 3, (b) case 6
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5 Phase field modeling of ductile fracture

In this section, phase field model for ductile fracture is investigated. Based on the ductile material with
isotropic hardening, phase field model is coupled into this material. One difference from the classical phase
field model for brittle fracture is the calculation of strain energy, where strain energy is not limited in the
linear elastic range. To model the degradation of material, parameters for ductile material with isotropic
hardening are multiplied with degradation function, i.e., Young’s modulus, yield stress, and hardening
modulus. Depending on the degradation function, both linear and nonlinear FEM formulation can also be

used like the modeling of brittle fracture in Section 4.
5.1 Plasticity formulation of ductile material with isotropic hardening

For the ductile material with isotropic hardening, three important phenomenological properties are
explained. First, there is an elastic domain, i.e., a range of stress within which the behavior of material can
be considered as purely elastic, no evolution of plastic strain; second, if the material is further loaded beyond
the yield stress, then plastic yielding or plastic flow takes place, i.e., the evolution of plastic strain; third,
accompanying the evolution of plastic strain, an evolution of yield stress itself is also observed, which is
known as hardening. These three properties correspond to the yield criterion, plastic flow, and hardening
law, respectively. Here, a 1D elastoplastic constitutive model is presented to show how it works,

1. Elastoplastic split of axial strain: € = € + &P,

2. Uniaxial elastic law: 0 = E€€,

3. Yield function: CD(O', ay) = |o| - oy,

4. Plastic flow: P = 9sign (o),

5. Hardening law: o), = 0,,(¢7), &P = 9,

6. Loading/ unloading criterion: ¢ < 0, 9>0,d9 =0,
where, sign is the signum function; ¥ can be further expressed as 9 = || = &P; &P is accumulated plastic

strain (a positive number for both tensile and compressive situations). For isotropic hardening in 1D case,
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the yield stress is assumed to be update at the same time for both tensile and compressive directions, see
stress-strain curve in Figure 5.1 (a), where stresses at points b and e are respectively equal and opposite to
stresses at points c and d. Figure 5.1 (b) shows the isotropic hardening in 2D case, where yield surface
expands in all directions, and different from kinematic hardening, the center of yield surface does not move

during plastic flow.

(b)

Figure 5.1 Evolution of yield stress in ductile material with isotropic hardening, (a) stress-strain curve in 1D case,

(b) yield surface in 2D case
5.1.1 Von Mises yield criterion
In 3D case, yield criterion is a little different, and Von Mises yield criterion is one of the most adopted

criteria for the plasticity of materials. The plasticity formulation will be derived based on deviatoric

component, so at first deviatoric stress and deviatoric strain are shown as

1

Sij = 01j — 30101, (5.1
1

Yij = &ij — §€ij5ij. (5.2)

where, S;; is deviatoric stress; 0;; is original stress; ¥;; is deviatoric strain; &;; is original strain; §;; is
Kronecker delta function. Deviatoric stress S;; is the component that acts to change the volume of the
material only; hydrostatic pressure 0;;6;;/3 is the component that acts to change the shape only. The Von

Mises yield criterion states that yielding occurs when the effective stress or Von Mises stress reaches the

yield stress, and it is expressed in terms of the second invariant of the deviatoric stresses as
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3 -, -,
oy = §"t1 = ES{}“S{}“, (5.3)
o (o, ay) = §nHgntt — gptlgltl <0, (5.4)

on+1

s
where, oy, is Von Mises stress; S is effective trial deviatoric stress; Si"j“ is trial deviatoric stress based

on linear elastic stress prediction; ¢ means trial terms in this dissertation; (n + 1) means the time step.

Equation (5.4) shows the Von Mises yield criterion. If Equation (5.4) is satisfied, §{lj+1 will be equal to

S?j“, otherwise §le+1 will be modified to get the correct Sl-“j“. According to radial return method, correct
deviatoric stresses Sinj“ is obtained as

n+1

n+1 _ Y cn+l _ . cn+1l
Sij = WSU = mSl-j . (55)

If it is in this situation, plastic flow and hardening law will be considered later. Figure 5.2 shows the radial
return method for ductile material with isotropic hardening in 3D case. Point A represents the stress solution
at nth time step, and point B corresponds to the linear elastic stress prediction at (n + 1)th time step, and

vector BC represents the stress correction. The OC/OB value equals the scale factor o3/*1/5"*1 = m in

Equation (5.5). Radial return means that linear elastic stress prediction point B would return back to yield

surface along the radial direction OB. See [113] for more detailed information about this topic.

S22

o isotropic hardening
initial yield surface

—

Figure 5.2 Radial return method for ductile material with isotropic hardening in 3D case

5.1.2 Plastic flow

Plastic flow, which relates the plastic strain increment to the current stress and the stress increment.
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To obtain this relation, the Jaumann rate of the deviatoric stress S;; is expressed first from deviatoric stress
and deviatoric strain separately as

g e

Sij = Sij = SipWpj = SipWhi, (5.6)

Sl =26Yy,

(5.7)
where, /] means Jaumann; W is spin tensor; G is shear modulus. Combing Equations (5.6) and (5.7) gives
the rate of deviatoric stress as
Sij = SipWpj + SipWpi + 2GY;;. (5.8)
Using Euler forward method, S ij can be expressed as
Spt = ST+ STdt. (5.9)

-

Put Equation (5.8) into Equation (5.9), the trial deviatoric stress at (n + 1)th time step S7:**

ij  1s expressed

as

SPHL = ST+ (SPWR + STWR + 2GY)dt = ST + (SEW + SEWR)dt + 26V dt. (5.10)

Define (SZ;,Wp"j +5j, ;l-)dt as R;; and write Sj; + Rjj as SR}, Equation (5.10) can be further updated as

SPHL = SRT + 26V dt. (5.11)

Note that ¥;}dt is just the delta deviatoric strain 4Y;},

and Equation (5.11) can be rewritten as
SPHL = SR + 2GAY/. (5.12)
The next step is to determine the plastic strain increment. This can be found by subtracting the

deviatoric part of the strain increment that is elastic from the total deviatoric increment, thus

n+1 n on+1 n+1
ayre = ayp - "R S0 Ty 1 M, (5.13)
b 2 2G 2G 26 Y '

An increment of effective plastic strain is given by definition as

2
np — |_ n,p np
Ay™P = f3mfij av;;?, (5.14)

and putting Equation (5.13) into Equation (5.14) gives
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2 _ 2 —

N
Sn+1

Ay™P =

_ ~n+1
Oy

3G (5.16)

At this point, the relation between the plastic strain increment and the current stress and the stress increment
is obtained. Ay™P will be used to update yield stress for the next time step.
5.1.3 Hardening law

Hardening law, which specifies how the yield function is modified during plastic flow. For isotropic

hardening, this property modifies the yield stress as follows

oyttt =g + EFAY™P, (5.17)
EET

Ef = 5.18

g (5.18)

where, E is Young’s modulus; E¥ is hardening modulus; ET is tangent modulus. This relation can be
derived from Figure 5.3. The strain increment de can be divided into elastic strain increment de® and plastic
strain increment deP as

de = de® + deP. (5.19)

And the stress increment do can be calculated from de, de®, and deP separately as

do = ETde
do = Ede¢ . (5.20)
do = Efde?

When these three strain increments satisfy the Equation (5.19), the relation among E, ET, and E¥ can be

obtained as Equation (5.18).
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Figure 5.3 Hardening modulus obtained from tangent modulus
Above is the yield criterion, plastic flow, and hardening law in ductile material with isotropic
hardening. Finally, the increment of plastic strain can be further updated if hardening law is considered. Put
Equation (5.17) back into Equation (5.16) and simplify it, the plastic strain increment can be obtained from
trial deviatoric stress and yield stress as Equation (5.22),

2n+1 n H n,
s" — oy — ERAy™P

Ay™P = 5.21

4 36 , (5.21)
n+1 _ 0.37/1

Ay =— Y 5.22

4 3G + EX (5.22)

This plasticity formulation is implemented in LS-DYNA user-defined material subroutine. To make
sure that the subroutine used in my code for ductile material with isotropic hardening is correct, a tensile
test is investigated. Dimensions, boundary condition, and load for a tensile test are shown in Figure 5.4.
Hexahedron element with full integration method and 0.1 mm size is used in the simulation. Material
parameters used include Young’s modulus 210000 MPa, Poisson’s ratio 0.3, yield stress 120 MPa, and
tangent modulus 10500 MPa. The almost same stress-strain curve as that obtained directly from LS-DYNA
solver, shows the correctness of material subroutine for ductile material with isotropic hardening in this

dissertation, see Figure 5.5.

‘f 0.46

|

!

} -
ﬁ‘{HfO.ZO <—tO.20
—| —=—0.40

10.00

(a) (b)

Figure 5.4 (a) dimensions, boundary condition, and load of the tensile test, unit [mm)], (b) finite element model
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Figure 5.5 Stress-strain curve of a tensile test for ductile material with isotropic hardening

5.2 Governing equations of the phase field model for ductile fracture

Phase field modeling of ductile fracture has been investigated from different perspectives. Ambati et
al. [114] propose a phase field model for ductile fracture of elastoplastic solids in the quasi-static
kinematically linear regime, and it can capture the entire range of behavior of a ductile material exhibiting
J2-plasticity. This model is further extended to the 3D finite strain setting in [115]. Miehe et al. [116]
proposed a rigorous variational-based framework for the phase field modeling of ductile fracture in elastic-
plastic solids undergoing large strains. Based on a linear perturbation analysis, Arriaga and Waisman [75]
propose a stability framework to determine the onset of unstable crack growth, which leads to an analytical,
energy-based criterion for the phase field model in linear elastic and visco-plastic materials. Fang et al.
[117,118] present the implementation procedures of a staggered scheme for phase field fracture of
elastoplastic solids in commercial finite element software Abaqus using subroutines UEL and UMAT.
Based on the work of rate-independent phase-field damage model in [53], Loew et al. [119] extend the
model to depend on the loading rate and time by incorporating rubber’s strain-rate dependency in the
constitutive description of the bulk, as well as in the damage driving force. Shi et al. [120] propose a plastic
history field using the staggered algorithm scheme to perform the energy decomposition. As an efficient
implementation of phase field model for ductile fracture, the method used in [117,118] will be followed in

this section.
5.2.1 Derivation of governing equations

Similar to the derivation of governing equations for brittle fracture, kinetic energy, potential energy,

and external work can be expressed as
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. 1 . 1
'z”km(u,qo)=f Epu-udV+f S0¢ppdv, (5.23)
n n
Yoo (W, T) ~ f YedV + f G.ydV, (5.24)
n n
Y, (w) =f t-udA+f b-udV, (5.25)
an n

where, y without subscript i and j means crack surface density function, not same as that in Section 5.1
plasticity formulation. Then the Euler-Lagrange equation for the ductile material with isotropic hardening

can be defined as

1 1
L=f —pu-udV+f —e¢¢dV—f 9(@p0dv —
0 2 0 2 0

1
j GcE[a(go)+lzll7go|2]dV+J t-udA+J b-udV. (5.26)
n d. n

0
Note that the strain energy in Equation (5.26) is not split into tensile part and compressive part, i.e., YPg =
g(@)y?, and this is different from that for brittle fracture where s = g(@)P2+ + 9, because this tensile
part and compressive part split does not apply to ductile material now. In this dissertation, the split of strain
energy is not considered, but more complicated split method of strain energy could be my future work.
Based on the same idea of the minimization of this Euler-Lagrange equation L, the governing equations
can be derived. Basically, the governing equations of phase field model for ductile fracture in [117,118] is
same as the model used in brittle fracture, but the strain energy is not limited in the linear elastic range. If
geometric function a (@) = ¢? is used in Equation (5.26) for ductile fracture, the governing equations can

be updated as

9(@)alh + ol + b; = pil;
oo Ge (5.27)
—g' (@3 — Tt lGAp = oy

In [117,118], the strain energy under the stress-strain curve in Figure 5.5 is divided into three parts,
o 1 1 . 1 1 .
Yg =-¢€% 0, +0,eP + EE ePeP = EEse: £ +o,eP + EE ePep, (5.28)

2

where, €P is accumulated plastic strain. To enable the irreversibility of fracture, i.e., ['(t) € T'(t + At), 2
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is equal to the maximum strain energy,
0 1 e. o€ 1 H
Wy = max(EEs : &% + 0,€P +EE spsp). (5.29)

After this, the Euler-Lagrange equation and the governing equations can be further updated as
1. 1 . 1 1
L= f —pu-udV + f —o@pdV — f g(p)max (—Ese: £+ o,eP + —EHspsp> dv
0 2 0 2 0 2 2

1 l
—f G, [—(pz +—|V(p|2]dV+f t-udA+f b-udv, (5.30)
0] 2l 2 0 0

9(@)als +alj; +b; = pi;

, 1., . 1, Ge (5.31)
—g (go)max(EEe : &% + 0,€P +EE epsp> —T9 + G, Ap = oy

From Equations (5.30) and (5.31), the degradation function is applied to the parameters for ductile material
with isotropic hardening, i.e., Young’s modulus, yield stress, and hardening modulus, so the degradation of
material in this dissertation is realized by decreasing these three material parameters.

This maximum strain energy will be replaced as H in the following derivations, i.e.,
1 1
H = max (EEse:se + oy €P +EEH£psp>. (5.32)
In this dissertation, strain energy is obtained by integration

Wil = f gade, (5.33)
0

or in a summation form as
[ll{?]n = [wg]n—l + E O-ijASij . (5-34‘)
Same thing, the governing equations in Equation (5.31) are subject to time-dependent Dirichlet boundary

and time-dependent Neumann boundary conditions as

u=ub, on df, x[0,T]
o-n=1tp, on df; X [0,T]
=1, on 0N, x [0,T]
Vp-n=0, on dN x [0,T]

(5.35)

5.2.2 Degradation function

For the degradation function g(¢) mentioned above, it has to satisfy some basic requirements, like
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decreasing from 1 to 0 when phase increases from 0 to 1, and its first derivative should be in a small range
to limit the driving force to be a small number when phase reaches to 1 [43]. Apart from these basic
requirements, one more parameter investigated in this section is the first derivative of degradation function

at zero phase like that in Section 4.3, see the Equation (5.36~4) below

glp=10) =1
gle=1)=0
Slo=1=0" (5.36)
g'(@=0)=cl

Based on the different c1 (-2, -3, -4, -1, -0.5, -0.1, and 0), seven different degradation functions can be

obtained as

glp) =1 —-¢)?  casel

g(@) =1 —-¢)3  case2

g(p) =1 —-¢)*  case3

3 gl@) =1—¢ — %+ @3, case 4 . (5.37)
g(@) =1—0.5¢ — 2¢? + 1.5¢3, case 5

gl@) =1—-0.1¢p —2.8¢% + 1.9¢3,  case6

\ g(p) =1—3¢% +2¢3,  case7

Note that case 1 here is the one used in the classical phase field model, and it leads to a linear FEM
formulation of phase field model. Another two kinds of degradation function investigated are the one
proposed by Wu [54] and sigmoid function. The sigmoid function is bounded, differentiable, monotonic,
and has a first derivative which is bell shaped. To simplify the problem, only two independent parameters

(a and b) are considered in this dissertation,

3 (1-¢)*
9(p) = =07+ ap(l T bo)’ (5.38)
1
g((p) =1 —W. (539)

To show the difference among these degradation functions, they are plotted in Figure 5.6. It is clear
that degradation function decreases from 1 to 0 faster and faster from Figure 5.6 (a) to Figure 5.6 (b), and
to Figure 5.6 (c). Sigmoid function has a small range of phase to let degradation function decrease from 1

to 0. The influence of this difference on stress-strain curve will be investigated in Section 5.4.1. Except the
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case 1 in Equation (5.37), all the other degradation functions lead to a nonlinear FEM formulation of phase
field model, and phase cannot be solved directly for each time step, but the delta phase can be obtained

from Newton-Raphson method like that in Section 4.3.

1 1
—a=01,0b=0 —a=50, b=0.1
0.8 —a=01b=3 0.8 —a =250, b=10.3
a=0.1,b=10 a=750, b=0.5
—a=0.1, b=30 —a =50, b=0.7
_ s ——a=01, b=90 _ s ——a =50, b=0.9
Z =
S04 04
0.2 0.2
[ 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
® ® ®
(a) (b) (c)

Figure 5.6 Degradation function, (a) polynomial function (Equation 5.37), (b) algebraic fraction function (Equation
5.38), (c) sigmoid function (Equation 5.39)

5.2.3 Analytical solution of 1D case

To better have an idea of the phase field model for plasticity behavior, a 1D case is shown here.
Material parameters used include Young’s modulus 210000 MPa, yield stress 120 MPa, tangent modulus
10500 MPa, length scale [ 1.0, and critical energy release rate G, 1.0 N/mm. The degradation function of
case 1 in Equation (5.37) is used for simplicity. The maximum history strain energy is obtained as

Ee?/2, o <o,

H = . 5.40
E532,/2+EH(5—sy)2/2+0y(s—ey), o =0, (5.40)

In this dissertation, the homogenous solution of the governing equation in Equation (5.31~2) is investigated,

which means the gradient of phase field is ignored. In this case, the phase can be calculated as

= 2H (5.41)
=G i+ '
And the stress can be obtained from ¢ = (1 — ¢)%0° as
(1 - @)?Es, o<o
_ { =t y | (5.42)
(1-¢) [ay+E (s—sy)], o =0y

The stress-strain curve obtained from Equation (5.42) is plotted in Figure 5.7. Figure 5.7 (a) is

comparative to the stress-strain curve of a tensile test in 3D case in Figure 5.10 (a), will see in Section 5.4.1
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later. However, one thing to note is that because the 1D case here does not consider the gradient of phase
field, a larger stress 57.02 MPa are frond at the maximum strain, compared with a lower stress 37.04 MPa
in Figure 5.10 (a) later, where the gradient of phase field is considered. The results of three more critical
energy release rate are plotted in Figure 5.7 (b), which is also comparative to the stress-strain curve in

Figure 5.10 (b) later.

150 150
= 100 = 100
& &
= = matl in LS—DYNA
S s | /J |- mat3 in LS-DYNA
50 X 0.00249 50 —1=10,G.=10 []
v 102 —1=10, G, =50
=10, G.=10.0
—1=1.0, G.=25.0
0 0
0 0.5 1 15 2 25 0 0.5 1 1.5 2 25
e (1] X107 e 1] 107
(a) (b)
Figure 5.7 Analytical solution of 1D case, (a) G- 1.0 N/'mm, (b) G, 1.0 N/mm, 5.0 N/mm, 10.0 N/mm, and 25.0
N/mm

5.3 FEM formulation of the proposed phase field model

5.3.1 Linear and nonlinear FEM formulation of the proposed phase field model

Basically, the linear and nonlinear FEM formulation of the proposed phase field model for ductile
fracture is also same as the model used in brittle fracture in Section 4.3, but the strain energy is not limited
in the linear elastic range. To avoid repetition, the detailed derivation is not shown here, but stiffness matrix
and force vector are presented here to show the difference. Phase can be solved directly from the linear
FEM formulation, see Equation (5.45), but only delta phase can be solved from the nonlinear FEM
formulation, and it is added to the phase at previous time step to get the phase at current time step, see
Equation (5.49).

Linear FEM formulation of the proposed phase field model,

G
K = f (N?ZHI]IN,- +N{ T UIN; + B?IGCIJIB,-) dédnd, (5.43)
0

Fi= | NT2H|jlagands, (5.44)
n
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Ko =F. (5.45)

Nonlinear FEM formulation of the proposed phase field model,

Ki; = f [BI B; — F'(@o)N{ N;]|J1dédndg, (5.46)
n
F} = f [NI'F (o) — Bl Bjgo;]1J1dédndg, (5.47)
n
17, G,
F(p) = T [g (p)H + T"’]’ (5.48)
K5 = F“. (5.49)

5.3.2 Implementation of the proposed model into LS-DYNA

The implementation of this phase filed method for ductile fracture is realized in LS-DYNA. A user-
defined hexahedron solid element is used. From the simulations, I found that eight different phase values
(or damage values) at eight integration points for a hexahedron solid element would cause the instability of
stress equilibrium for an element. To solve this, hexahedron element with one integration point in
displacement field is used, but eight integration points in phase field are used. And an average of eight
phase values is used as the phase for degradation of material in displacement field. The procedure of this
implementation is as follows

Step 1. Input model data, including element number, node number, and node number at boundary
conditions,

Step 2. Initialize phase as 0, or use the phase calculated from last time step (Step 6),

Step 3. Calculate delta strain in subroutine usrsld,

Step 4. Move to subroutine usrmat (user-defined material) to calculate stress and strain energy,

Step 5. Based on the updated the displacement, strain, and strain energy, move to subroutine PFM
(user-defined element), and then construct stiffness matrix and force vector to calculate phase,

Step 6. Go back to Step 2 to update the phase.

A detailed flowchart for the implementation of the proposed phase field model is shown in Figure 5.8.
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subroutine usrsid subroutine usrmat

e Based on delta strain Ag, update
stressa

Calculate strain energy H

Input model data (element, node,
and boundary conditions)

l

Initialize phase as zero,

[} or from subroutine PFM ¢
1 subroutine PFM
Based on phase ¢ w,Ae| Based on displacement u, strain g,
Calculate dISD|3ﬂ9m_9 ntu strain energy H, construct stiffness
Calculate delta strain A matrix K and force vector F to solve
phase @
0 |

Figure 5.8 Flowchart for the implementation of the proposed phase field model

5.4 Numerical verification of the phase field model for ductile fracture

To verify the model proposed in this dissertation, several numerical simulations are investigated in
this section. LS-DYNA user-defined material and user-defined element are used. First, a tensile test shows
the influence of critical energy release rate and degradation function on stress-strain curve. And then three
representative numerical examples show the feasibility of this model to simulate ductile fracture, including
a Mode I failure of three-point bending test of edge-notched beam, a Mode II failure of single-edge notched

plate, and a mixed-mode failure of asymmetrical double-notched plate.
5.4.1 Tensile test of different phase field model

Before explaining the tensile test, different type of fracture in [121] is mentioned first. With the
increase of relative elongation, three kinds of fracture are brittle fracture, ductile-brittle fracture, and ductile
fracture, see Figure 5.9. From the tensile test in this section, different type of fracture can be obtained by

using different degradation function.

Tk ag i T A

B B B
(a) (b) (c)
Figure 5.9 (a) brittle fracture, (b) ductile-brittle fracture, (c) ductile fracture

First, to verify the correctness of the use of Newton-Raphson method in LS-DYNA, the linear FEM
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formulation of phase field model (case 1 in Equation (5.37)) is also solved by Newton-Raphson method.
Newton-Raphson method can be used to solve nonlinear problem, but it does not limit to nonlinear problem.
Dimensions, boundary condition, and load for the tensile test are totally same as that in Figure 5.4. Material
parameters used include Young’s modulus 210000 MPa, Poisson’s ratio 0.3, yield stress 120 MPa, tangent
modulus 10500 MPa, length scale [, and critical energy release rate G.. For ! 1.0 and G, 1.0 N/mm, the
obtained stress-strain curve from no iteration method and with iteration method (Newton-Raphson method)
are shown in Figure 5.10 (a). The stress-strain curves obtained from no iteration method and with iteration
method are almost same, which shows the correctness of the use of Newton-Raphson method in this
dissertation.

For the linear FEM formulation of phase field model (case 1 in Equation (5.37)), critical energy release
rate G is also investigated. In Figure 5.10 (a), even though it is a ductile material with isotropic hardening,
no hardening is found in the stress-strain curve when critical energy release rate is too small. Stress-strain
curve obtained from four different critical energy release rate (1.0 N/mm, 5.0 N/mm, 10.0 N/mm, and 25.0
N/mm) are shown in Figure 5.10 (b). When this critical energy release rate is large enough, phase is almost
zero at lower strain, and hardening can be observed in the stress-strain curve. Results in Figure 5.10 are

comparative to the analytical solutions in Figure 5.7.
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Figure 5.10 (a) comparison between no iteration method and with iteration method, (b) the influence of critical

energy release rate on stress-strain curve

Apart from linear FEM formulation of phase field model, to show the influence of degradation function
on stress-strain curve, nonlinear FEM formulation of phase field model is investigated. The stress-strain

curves obtained from polynomial degradation function, algebraic fraction degradation function, and
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sigmoid degradation function are shown in Figures 5.11, 5.12, and 5.13, respectively. Note that length scale
[is still 1.0 and critical energy release rate G is still 1.0 N/mm in these simulations. Considering that
polynomial degradation functions decrease slowest among these three kinds of degradation function, see
Figure 5.6, Figure 5.11 with six polynomial degradation functions is more like ductile fracture in Figure
5.9 (b), Another thing is that even though G is still 1.0 N/mm, hardening can be found in the stress-strain
curve after using a different degradation function, which shows degradation function could help expand the

scope of application.
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Figure 5.11 Stress-strain curve obtained from polynomial degradation function
Figures 5.12 and 5.13 show more like ductile-brittle fracture since stress drops to zero faster compared
with Figure 5.11. Note that Figure 5.13 can give a perfect ductile-brittle fracture since the stress is almost
zero after it breaks, and there is not a clear degradation of material before fracture happens like Figure 5.12.
This is because sigmoid function can make degradation function decrease from 1 to 0 within a small range
of phase. Comparison with experiment result is suggested before using this sigmoid degradation function.
For the rest of numerical simulations in this section, algebraic fraction degradation function proposed by

Wu [54] will be used.
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Figure 5.12 Stress-strain curve obtained from algebraic fraction degradation function
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Figure 5.13 Stress-strain curve obtained from sigmoid degradation function

5.4.2 Mode I failure of three-point bending test of edge-notched beam

This example is a Mode I failure of three-point bending test of edge-notched beam, which has been
investigated in [122,123]. The specimen has a rectangle shape with dimensions 250 mm x 50 mm X 25 mm,
and simply supported at the positions 25 mm away from both left and right surfaces. A vertical notch is
made up to 26 mm height at the center of the specimen. One vertical force is applied at the top center of the
specimen. The detailed dimensions, boundary condition, and load are shown in Figure 5.14. The material
parameters used include Young’s modulus E 210000 MPa, Poisson’s ratio v 0.28, yield stress 394 MPa,
tangent modulus 1431 MPa, and critical energy release rate G, 94.14 N/mm. Force and displacement data

are recorded during the simulation.
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Figure 5.14 Dimensions, boundary condition, and load of the three-point bending test of edge-notched beam, unit

[mm]

Hexahedron element is used to mesh the specimen. Considering the size of the specimen, local
refinement with 0.4 mm element along the fracture path is used, and larger element is used at other positions.
The finite element model consists of 4404 elements and 8998 nodes. The length scale [ used is 0.85, which
satisfies the requirement that the ratio between length scale and element size is larger than two in [43]. The

degradation function result obtained from the phase field model in this dissertation is shown in Figure 5.15
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(a). Since phase cannot exactly represent the level of degradation of material, degradation function is plotted
in Figure 5.15 (a), not the phase. The force-displacement result is shown in Figure 5.15 (b). Even though
the force obtained in this dissertation is a little larger than that in [122], totally, force-displacement curve

can still capture this force-displacement relation well.
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Figure 5.15 Three-point bending test of edge-notched beam, (a) degradation function result, (b) force-displacement

(a)

curve result

5.4.3 Mode II failure of single-edge notched shear test

This example is a Mode II failure of single-edge notched plate, which has been investigated in
[122,124]. The specimen has a square shape with dimensions 10 mm % 10 mm, and the bottom edge is fully
fixed. A horizontal notch is made up to the center of the specimen from the center of left-hand side.
Horizontal force is applied at the top surface of the specimen. The detailed dimensions, boundary condition,
and load are shown in Figure 5.16. The material parameters used include Young’s modulus £ 180000 MPa,
Poisson’s ratio v 0.28, yield stress 443 MPa, tangent modulus 299.5 MPa, and critical energy release rate

G, 20.9 N/mm. Force and displacement data are recorded during the simulation.
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Figure 5.16 Dimensions, boundary condition, and load of the single-edge notched plate, unit [mm]
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Hexahedron element is used to mesh the specimen. Considering the size of the specimen, local
refinement with 0.1 mm element along the fracture path is used, and larger element is used at other positions.
The model consists of 2318 elements and 4764 nodes. The length scale [ used is 0.2, which satisfies the
requirement that the ratio between length scale and element size is larger than two in [43]. The degradation
function result obtained in this dissertation is shown in Figure 5.17 (a). Same thing, degradation function is
shown in the figure. The force-displacement result is shown in Figure 5.17 (b). From the figure, it can be
seen the force-displacement curve is almost same as that in the references, which shows that the model used

in this dissertation handle this shear test very well.
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Figure 5.17 Single-edge notched plate, (a) degradation function result, (b) force-displacement curve result

5.4.4 Mixed-mode failure of asymmetrical double-notched plate

This example is the mixed-mode failure of asymmetrical double-notched plate, which has been
investigated in [122,125]. The specimen has a rectangle shape with dimensions 18 mm x 50 mm, and the
bottom edge is fully fixed. Two horizontal notches with 2.5 mm length is made at both left-hand side and
right-hand side, which would produce a mixed-mode failure. Vertical force is applied at the top surface of
the specimen. The detailed dimensions, boundary condition, and load are shown in Figure 5.18. The
material parameters used include Young’s modulus E 72624 MPa, Poisson’s ratio v 0.33, yield stress 345
MPa, tangent modulus 249 MPa, and critical energy release rate G, 9.3 N/mm. Force and displacement data

are recorded during the simulation.
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Figure 5.18 Dimensions, boundary condition, and load of the asymmetrical double-notched plate, unit [mm]

Hexahedron element is used to mesh the specimen. Considering the size of the specimen, local
refinement with 0.15 mm element along the fracture path is used, and larger element is used at other
positions. The model consists of 4375 elements and 8908 nodes. The length scale [ used is 0.5, which
satisfies the requirement that the ratio between length scale and element size is larger than two in [43]. The
degradation function result obtained in this dissertation is shown in Figure 5.19 (a). The force-displacement
result is shown in Figure 5.19 (b). From the figure, the force-displacement curve in this dissertation agrees
well with that in reference before 0.3 mm, but the force in this dissertation is a little larger before fracture,
which may show the degradation function used in this dissertation (Equation (5.38)) decreases fast from 1
to 0, and a degradation function with slower decrease from 1 to 0 is preferred. Fine tuning of degradation

function is needed, but this is not the focus of this dissertation.
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Figure 5.19 Asymmetrical double-notched plate, (a) degradation function result, (b) force-displacement curve result
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6 Conclusion and future work

In this section, conclusion and future work of this dissertation are given. By using the methods
proposed in this dissertation, the modeling of brittle and ductile fracture using cohesive zone model
(discrete description) and phase field model (continuum description) is improved. Considering the

complexity of ductile fracture, more investigations are still needed.
Conclusion

After finishing this dissertation, the conclusion is as follows:

1. For damage evolution method in bilinear cohesive law, both monotonically increasing effective
separation method and monotonically increasing damage factor method have been used widely and
interchangeably, but the problems in monotonically increasing effective separation method have been
overlooked. The problems include discontinuous force when mixed-mode ratio changes, and unreasonable
failure that makes bilinear cohesive law does not strictly follow damage criteria defined initially. Another
clear problem in monotonically increasing effective separation method is that damage factor is not
guaranteed to be monotonically increasing when effective separation is monotonically increasing, which
means healing effect can happen in this damage evolution method.

2. For artificial compliance in cohesive zone model, it is found to be related to cohesive element
modeling method and stiffness parameter selection. Zero-thickness cohesive element has small and nonzero
deformation under loading, and time is needed to let stress wave passes through this deformed cohesive
element, which is the deep reason why artificial compliance happens in cohesive zone model. By using
finite-thickness cohesive element and proper stiffness parameter, artificial compliance can be totally
removed.

3. Plastic strain is not considered in the classical bilinear cohesive law, which makes it only applicable
for brittle fracture. Based on the damage factor model in the classical bilinear cohesive law, a generalized
damage factor model is proposed where five typical damage factor models (maximum, convex, linear,

concave, and minimum damage factor) can handle all materials from zero to maximum plastic strain in
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sequence.

4. Variable damping is considered into bilinear cohesive law, which can remove discontinuous force
caused by constant damping at the start and end of bilinear cohesive law. From the several numerical
simulations, variable damping proposed in this dissertation can remove spurious oscillation and enables
correct force response.

5. Inspired from the damage-separation relation in bilinear cohesive law, by using a generalized
quadratic degradation function and zeroing negative phase, a small range of strain with zero phase in phase-
strain relation is realized in phase field model, which is more suitable for brittle fracture. Stiffness reduction
is not observed at a small range of strain, which gives a perfect linear elastic behavior before fracture.

6. Apart from using a second order degradation function, some higher order degradation functions with
more constrains could give more options for stress-strain curve. The first derivative at zero phase closer to
0, the better for brittle fracture. Higher order degradation function leads to a nonlinear FEM problem, and
Newton-Raphson method is used to solve this nonlinear problem. The stress-strain curve obtained from
tensile test verifies the correctness of the use of Newton-Raphson method in this dissertation.

7. Based on the ductile material with isotropic hardening, phase field model is coupled into this
material. One difference from the classical phase field model is the calculation of strain energy, where strain
energy is not limited in the linear elastic range. Parameters for ductile material with isotropic hardening are
multiplied with degradation function to model the degradation of material, i.e., Young’s modulus, yield
stress, and hardening modulus. Depending on the selection of degradation function, both linear and

nonlinear FEM can also be used like the modeling of brittle fracture.
Future work

After finishing this dissertation, the future work could be as follows:
1. Cohesive zone model can handle fragment contact well, but it cannot depict the degradation of
material well. However, phase field model has the opposite features that it can handle the degradation of

material well but cannot simulate fragment contact well. A possible topic could be combining these two
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models together.

2. I convergence has always been a good and meaningful topic in phase field model. For the length
scale insensitive phase field model proposed in Section 4.2.2., theoretical proof of I' convergence for a 1D
case is proved, but there is no 1D, 2D, and 3D simulations to verify this point in this dissertation. If I"
convergence is satisfied, is there any requirement for the I' convergence of this length scale insensitive
phase field model?

3. For the phase field modeling of ductile fracture, even though same critical energy release rate G is
used in the tensile test simulation, different stress-strain curve can be obtained from different degradation
function, and the strain energy obtained from these stress-strain curves is also different, which could lead
to different fracture energy. So, does this degradation function can influence the critical energy release rate
Gc? If yes, how does it influence?

4. For the phase field modeling of ductile fracture in this dissertation, the assumption is still in small
strain. To expand the application for ductile fracture and improve accuracy, large strain and geometric
nonlinearity should be considered, and different kinds of ductile material can also be investigated, not
limited in ductile material with isotropic hardening. This would be a more interesting but also challenging

topic.
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7 Appendix: Other simulations using cohesive zone model

In this section, appendix is put there. To save space and improve readability for Section 3, four more

examples using cohesive zone model are presented in this section.
7.1 Drop-weight tear test of pipeline steel plate

Drop weight tear test is used to verify the artificial compliance. A 3D rectangular pipeline steel plate
has a sharp V-notch with an angle of 45° and a depth of 5 mm, as shown in Figure 7.1 (a). Two rigid anvils
are used to support the specimen, and a rigid hammer with a mass of 40 Kg and an initial velocity of 14
m/s is designed to impact the top middle of the specimen. Detailed information is in [126]. The pipeline
steel has Young’s modulus E 203 GPa, Poisson’s ratio v 0.3, and density p 0.00785 g/mm’. Bulk element
size is 0.99 mm, and finite-thickness cohesive element size is 0.01 mm. Material parameters of the cohesive
element are shown in Table 7.1. Fracture crack (failed cohesive elements are deleted during simulation)

and damage factor are shown in Figure 7.1 (b).
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Figure 7.1 (a) schematic of the plate, unit [mm], (b) fracture crack and damage factor

Table 7.1 Material parameters of the cohesive element for artificial compliance analysis [126]

Critical energy release rate
[N/mm]
Mode I 27405000 1800 101

Mode Stiffness [MPa/mm] Fracture strength [MPa]

Reaction force from the impactor and its displacement are compared. From Figure 7.2 (a), the curve
obtained in this dissertation agrees with [126] well, especially at the initial part. However, the simulation is
not very close to experiment at the initial part, and the possible reason could be the difference of boundary
condition between experiment and simulation. In Figure 7.2 (b), finite-thickness cohesive element is

compared with zero-thickness cohesive element. Even though zero-thickness cohesive element also agrees
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with [126], the delay of response can be seen clearly, and the delay gets bigger when time increases.

4uu T T 4uu
—experiment result

X —simulation result from [126] N
"\ finite—thickness cohesive element, 1.35E /1 300 | "“t

oo |

100 L)

—simulation result from [126]
—finite—thickness cohesive element, 1.35E /[,
zero—thickness cohesive element, 1.35E /[,

L
0 2 4 6 8 10

s [mm] § [mm]

(a) (b)
Figure 7.2 (a) comparison between finite-thickness cohesive element and publications, (b) comparison between

finite-thickness cohesive element and zero-thickness cohesive element

7.2 Mixed-mode bending with three mixed mode ratios

(1) Introduction to MMB test

The mixed-mode bending test is used to determine the interlaminar facture toughness of continuous
fiber-reinforced composite materials at various mixed mode ratios, and this test method has been
successfully used to test the toughness of both fiber composites and adhesive joints [127]. The experiment
used in this dissertation is refereed from [128]. A 3D finite element analysis is conducted in this section.
The dimensions of the test setup and finite element model are shown in Figure 7.3. The recommended
height of lever in [127] is 0.3L (18 mm in this example); L is the half length of the beam, which is 60 mm
in this example. Revolute joint is used at connections where rotation is needed in the setup, the connection
between lever and upper beam, and the connection between lever and roller. The element size in lengthwise

direction is 0.25 mm, which is less than the suggested size in [128], 0.3 mm.
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Figure 7.3 (a) dimensions of MMB specimen (25%), unit [mm], (b) finite element model of MMB specimen (25%)

According to [127] and the dimensions shown in Figure 7.3 (a), the length of lever arm for the three
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different mixed mode ratios can be calculated, as shown in Table 7.2. The adherent is high strength steel
that has a yield stress larger than 700 MPa, which guarantees the steel is in elastic range during the
experiment. The Young’s modulus is 210 GPa; the Poisson’s ratio is 0.3. The adhesive is Araldite 2015
whose material parameters used in the simulation are shown in Table 7.3. The stiffness is obtained when
the slope of linear range of force-displacement in simulation is close to experiment. Fracture strength are
obtained by trial and error to match the experiment data. The focus of this section is energy release rate. To
investigate the energy relation of the adhesive, the energy release rate of some small pieces of adhesive

(from A to M shown in Figure 7.3 (a)) is extracted, and the width of each small piece is 2.5 mm.

Table 7.2 Lever arm length corresponding to the three different mixed mode ratios

Mixed mode ratio 25% 50% 75%
Length of lever arm
(] 95.2 51.1 354
Table 7.3 Bilinear cohesive law parameters for MMB test
Parameters Positive Mode I  Negative Mode I Mode II
Stiffness [MPa/mm] 2643 2643 2643
Fracture strength [MPa] 8.95 53.7 17.9
Critical energy release rate [N/mm] 0.51 122 6.1

To investigate the influence of different damage factor model on residual plastic strain, the unloading
part is considered, and the displacement load is shown in Figure 7.4. Convergence analysis about simulation

time has been done, and 100 ms is used in simulation.

0 20 40 60 80 100
t [ms]

Figure 7.4 Prescribed motion at the free end of lever arm in MMB simulation

Benzeggagh-Kenane law is used with n being 2.19 according to [128], as shown in Equation (7.1). G

is the summation of G; and G;.
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G n
Gic + (Gric — Gie) (%) =G (7.1)

(2) Validation of the proposed bilinear cohesive law

First, the force-displacement relation obtained from three mixed mode ratios is compared with
experiment and simulation results in [128], as shown in Figure 7.5. The simulation results in this dissertation
agree well with the experiment. Second, the energy release rate relation obtained from three mixed mode
ratios is shown in Figure 7.6, where the energy release rate increases with the increase of distance between
the small piece and the initial crack. The reason for this phenomenon is that the shear displacement is larger
where it is closer to the middle of the beam, but for the place close to the initial crack, larger normal

displacement means smaller local mixed mode ratio and smaller energy release rate. All three mixed mode

ratios reach highest energy release rate at the forth small piece “D”.
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Figure 7.6 Comparison of energy release rate, (a) 25% case, (b) 50% case, (c¢) 75% case

The maximum energy release rate is obtained and then compared with experiment and simulation in
[128], as shown in Table 7.4. Even though the energy release rate is smaller compared with the simulation

results in [128], the energy release rate for 25% and 50% cases are still in the acceptable range of experiment.
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For the 75% case, the difference is beyond the range of experiment, as shown in Figure 7.7. Such a
difference can be attributed to the fact that with the increase of mixed mode ratio, the influence of Mode 11
becomes more pronounced which enlarges the plastic strains and the assumption of linear elastic hypothesis

considered for the model is not valid any longer [128].

——fitted curve from experiment data
#* J — integral from [128] FE model
simulation from linear damage factor

I

0 0.2 0.4 0.6 0.8 1

mized mode ratio

Figure 7.7 Critical energy release rate envelope developed using Benzeggagh-Kenane law

Table 7.4 Comparison of energy release rate for MMB test

Simulation in [128] Simulation in this
Mixed mode ratio Experiment [N/mm]
[N/mm] dissertation [N/mm]
25% 0.782 0.745 0.715
50% 1.798 1.720 1.435
75% 3.534 2.965 2.806

The difference of energy release rate between simulation and experiment can be explained through

mixed mode ratio. First, the separation at the initiation of damage and the separation at the failure of damage

are needed to be calculated. 59, and 5,’:1 can be obtained, as shown in Equation (7.2). To differentiate two

At . .
™. mixed mode ratio y,

kinds of mixed mode ratios, two characters are used. Mixed mode ratio 8, f = n
m,N

y = % After 59, and 6,); are obtained, G; and G;; can be calculated. And then y can be calculated based

on G; and G;. The relation between  and y is shown in Equation (7.3). Because the method in this
dissertation is a displacement-based method, 8 is an important parameter in simulation since it is calculated
from displacement. And the relation between energy release rate G and mixed mode ratio § is shown in

Equation (7.4).

152



N7 [Gon + 692 o2
DGR 2)

2(1+ 5%
Gie + (Gye — G

(EO +,82E ) IC ( I1IC — IC)(E() +,82E0) ]

y = G _ 0.5E80, 87,7 _ B*E} 7:3)
- c - Lo 0 :
G 0.5E8Yn07), v + 0.5EL80 167 . EN+PB°Ep
B2ER \'

G =G+ Gre — Gio)Y" = Gie + (Gre — Gro) | =——n— 7.4
Ic ( 1IC IC)V IC ( 11C IC) (EI(\)/ + BZE%) ( )

From Equation (7.4), even though EY and E2 can be considered as constants, the ratio between Eg and
E? can still have an influence on the final energy release rate. Another important parameter is the 8. For
displacement-based method, stiffness and fracture strength can influence the length of cohesive zone in
normal and shear directions and the displacements in normal and shear directions as well. Different normal
and shear displacements mean different mixed mode ratio and energy release rate at each time step. Turon
et al. [129] investigate the influence of fracture strength on energy release rate, and the conclusion is that
the normal and shear fracture strength should satisfy a specific ratio to get correct energy release rate.
Carvalho et al. [130] propose a piece-wise linear traction-separation law to solve this energy release rate
issue. Different from the displacement-based method, De Moura et al. [19] develop a new energy-based
method to get correct energy relation, and a constant global mode ratio is obtained even with important
variations of local mode ratio. For the displacement-based method, stiffness and fracture strength can have
a big influence on the final energy release rate, and more research is needed on this, but the detail of this
influence is beyond the scope of this dissertation.

One more thing needed to mention is the residual plastic strain. Three different damage factor models
are used in simulation, and the force-displacement curves are obtained for 25% case, as shown in Figure
7.8. It is clear to see that maximum damage factor model has zero residual plastic strain; linear damage
factor model has larger residual plastic strain than that in convex damage factor model. Those findings
agree with the conclusions in Section 3.4.2. Residual plastic strain is found in the experiment when

unloading part is conducted, but the classical bilinear cohesive law is not able to handle this.
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Figure 7.8 Comparison of residual plastic strain in MMB 25% case obtained from different damage factor models

7.3 Aluminum beam under impact load

(1) Introduction to the aluminum beam impact test

This aluminum beam impact test has been conducted by several authors [131,132]. In [132], an
experiment study of impact of blunt nose projectile has been carried out at velocity ranging from 11 m/s to
114 m/s on clamped aluminum beams of different thickness. Three different modes of failure have been
observed with the increase of the velocity of strike, Type I (fracture at the point of strike, tensile fracture),
Type 1l (fracture at one or both supports, shear fracture), and Type III (fracture at the point of strike with
bulging and turning around supports after fracture). The simulation in this dissertation is referend from
[132]. The dimensions and finite element model of the setup is shown in Figure 7.9, and two different

thickness are applied in the simulations, 1.55 mm and 4.95 mm.
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Figure 7.9 (a) dimensions of aluminum beam, unit [mm], (b) finite element model of aluminum beam
Considering the effect of strain rate, the bulk element is strain rate dependent. The effect of strain rate
on stress-strain for Aluminum 1100 H14 is obtained from [133], as shown in Figure 7.10. However, there

are papers show that strain rate does not have a big influence on fracture energy, so the critical energy
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release rate is not strain rate dependent in this dissertation. From the simulation results, the fracture strength
is really important for the fracture propagation, and it should be a little larger than the tensile strength. The
relation between fracture strength and tensile strength has been investigated in [134]. In this simulation, for
1.55 mm case, fracture strength is 1.25 times of static tensile strength; for 4.95 mm case, fracture strength
is 1.50 times of static tensile strength. The reason for this difference could be the thickness of beam. There
are researches [135] showing that the thickness of beam can also influence the tensile strength. Yield
strength and tensile strength decrease when the thickness is reduced below a critical thickness [135], but
this influence is beyond the scope of this dissertation. The bilinear cohesive law parameters used in this

dissertation are shown in Table 7.5.
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Figure 7.10 True stress—true strain behaviors at different strain rates for Aluminum 1100 H14 [133]

Table 7.5 Bilinear cohesive law parameters for aluminum beam impact test

Parameter Positive Mode I Negative Mode I Mode 11
Stiffness [MPa/mm] 700000 700000 7000000
Fracture strength [MPa] 186.25 (223.41) 558.75 (670.23) 186.25 (223.41)
Critical energy release rate [N/mm] 15 135 45

(2) Simulation results of the aluminum beam impact test

In [97], this aluminum beam impact test has been investigated through a SPH method. However, a
different fracture type is obtained at high velocity, and the fracture happens at both sides of the strike, which
leads to a small detached part at the center of the beam. But this fracture type does not appear in experiment.
In this dissertation, for 1.55 mm case, four typical velocities, 20 m/s, 30 m/s, 50 m/s, and 75 m/s, are
investigated; for 4.95 mm case, two typical velocities, 75 m/s and 105 m/s, are investigated. Figure 7.12

shows the simulation results for 1.55 mm case with no fracture, type I, type II, and Type III fractures,
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respectively. Figure 7.13 shows the simulation results for 4.95 mm case with no fracture and type Il fracture,
respectively. From the comparison between experiment and simulation, it shows that the simulation results

obtained from the proposed method agree well with experiment results.

(b)

(c) (d)
Figure 7.11 Experiment results for 1.55 mm thickness [132], (a) no fracture, (b) type I fracture, (c) type II fracture,

(d) Type III fracture
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Figure 7.12 Simulation results for 1.55 mm thickness, (a) 20 m/s case, (b) 30 m/s case, (¢) 50 m/s case, (d) 75 m/s

case
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Figure 7.13 (a) experiment results for 4.95 mm thickness [132], (b) simulation result 75 m/s case, (c) simulation

result 105 m/s case

7.4 Concrete block under impact load

(1) Introduction to the concrete block impact test

This concrete block impact test is referred from [136]. The concrete block is fixed by four strips at
four edges, and a projectile with an initial velocity 114 m/s is used to impact the concrete block. The
dimensions of the concrete block are shown in Figure 7.14 (a); due to the symmetry of the block and
boundary condition, only half of the block is modelled, as shown in Figure 7.14 (b). The material of the
concrete is a kind of Reactive Powder Concrete (RPC), which is a special mixture that is cured to have a

higher compressive strength than that of common concrete.
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Figure 7.14 (a) dimensions of concrete block, unit [mm], (b) finite element model of concrete block
Compared with the common concrete that is a typical brittle material, the RPC shows more plasticity.
From the stress-strain curve and force-deflection curve shown in Figure 7.15, it is clear to see that the RPC-
1 used in the paper [137] is different from the common brittle material. Here, RPC-0 means the percent of

steel fiber is 0; RPC-1 means the percent of steel fiber is 1%. In [137], the effect of plasticity on damage of
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reactive powder concrete columns is investigated experimentally and numerically. Since this material is not
a pure brittle material, plastic strain is expected to be introduced into its constitutive model. This material
is modelled with Johnson—Holmquist Concrete-JHC material type using LS-DYNA, and the detailed
material parameters used are from [136]. Considering that plastic strain is needed for this material, the

double bilinear model is used, and the bilinear cohesive law parameters are shown in Table 7.6.
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Figure 7.15 (a) stress-strain curve [136], (b) force-deflection curve [136]

Table 7.6 Bilinear cohesive law parameters for concrete block impact test

Parameter Positive Mode I Negative Mode I Mode II
Stiffness [MPa/mm] 750000 750000 312500
Fracture strength [MPa] 18.63 236.66 93.15
Static critical energy release rate [N/mm)] 0.08 0.96 0.32

(2) Simulation results of the concrete block impact test

The experiment result is shown in Figure 7.16 (a), and the simulation results in Figure 7.16 (b) is
obtained from element erosion method [136]. However, it is well known that the conservation of mass and
energy is an inherent problem for element erosion method. What’s more, since some elements will be
deleted in simulation, the contact between detached debris with undamaged block cannot be guaranteed.
Totally speaking, the simulation using element erosion method can capture the main cracks shown in
experiment, but some detailed small branches and sub-branching are not obtained, which could be the

verification of the limitation of element erosion method.
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(b)

Figure 7.16 (a) experiment results [136], (b) simulation results using element erosion method [136]

The simulation results obtained from the proposed method are shown in Figure 7.17. As shown in
Figure 7.17 (b), the tensile and shear cracks are captured in the simulation, and several small branches and
sub-branching can also be seen from the simulation, which is an improvement compared with element
erosion method. After the simulation, the detached debris is obtained, and this detached debris is close to
the results obtained in experiment. From the comparison, it is easy to find that cohesive zone model is a
better choice for cracking propagation problem. For this simulation, tetrahedron element is used in the
model, and similar stress data showing the difference between different constitutive laws like in Section

3.4.4 is obtained. To avoid redundancy, it is not shown here.

(b)

- T At @ R - &

(d)

Figure 7.17 (a) experiment results from [136], (b) damage factor from simulation, (c¢) bottom view from [136], (d)

bottom view from simulation
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