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Abstract: Arterial tissue delamination, manifested as the frac-
ture failure between arterial layers, is an important process of
the atherosclerotic plaque rupture, leading to potential life-
threatening clinical consequences. Numerous models have
been used to characterize the arterial tissue delamination
fracture failure. However, only a few have investigated the
effect of cohesive zone model (CZM) shapes on predicting the
delamination behavior of the arterial wall. In this study, four
types of CZMs (triangular, trapezoidal, linear—exponential,
and exponential-linear) were investigated to compare their
prediction of the arterial wall fracture failure. The
Holzapfel-Gasser-Ogden (HGO) model was adopted for
modeling the mechanical behavior of the aortic bulk material.
The CZMs optimized during the comparison of the aortic
media delamination simulations were also used to perform
the comparative study of the mouse plaque delamination and
human fibrous cap delamination. The results show that:
(1) the numerical predicted the relationships of force—
displacement in the delamination behaviors based on the
triangular, trapezoidal, linear—exponential, and exponential—
linear CZMs match well with the experimental measurements.
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(2) The traction—separation relationship results simu-
lated by the four types of CZMs could react well as the
corresponding CZM shapes. (3) The predicted load-load
point displacement curves using the triangular and
exponential-linear CZMs are in good agreement with
the experimental data, relative to the other two shapes
of CZMs. All these provide a new method combined with
the factor of shape in the cohesive models to simulate
the crack propagation behaviors and can capture the
arterial tissue failure response well.

Keywords: cohesive zone model, fracture failure, delami-
nation, arterial tissue, Holzapfel-Gasser—Ogden model

1 Introduction

Each year in the United States, 1.1 million people suffer from
myocardial infarction with 40% fatality rate [1]. The arterial
tissue fracture failure in terms of arterial wall delamination
and separation is the main reason for atherosclerosis, which
is likely to cause myocardial infarction [2]. There are two
types of arteries: one is elastic arteries with relatively large
diameters, which are located close to the heart, and the
other is muscular arteries, which are distributed at the
periphery. The arterial wall is composed of three layers:
intima, media, and adventitia. The intima consists of a
single layer of endothelial cells and a basal lamina. The
media consists of a three-dimensional network of smooth
muscle cells, elastin, and collagen fibers, and the adventitia
consists of bundles of collagen fibers [3]. It is known that
elastin is the major load-bearing components of the arterial
wall at low strain and that collagen fibers contribute to the
stiffening of the arterial tissue at high strain as they are
gradually recruited [4]. The structure of the arterial tissue
specifically accounts for the distinct mechanical behaviors
that the stress—strain curve shows a lower load response at
the stage with larger displacement applied and a sharp
increase in load with limit displacement. The mechanical
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properties of each layer of the arterial wall depend on its
composition and microstructure and the mechanical proper-
ties of the primary load-bearing components. Hypertension
or trauma may induce geometrical mismatch and inter-
layered shear stress concentration between layers [5,6].
Moreover, intra-layer dissection of the arterial wall in terms
of split and cleavage usually occurs in the media [7,8]. With
the dissections inside the medial layer, blood will bulge the
delaminated medial layer, reducing the lumen of the blood
vessel and compromising the strength of the arterial wall.
Therefore, there is a pressing need to investigate the
mechanism of the dissection at the medial layer.

Numerous experimental studies focused on the evalua-
tion of the arterial medial layer dissection. Sommer et al. [8]
investigated the dissection of human abdominal medial
layers via peeling tests and quantified the dissection energy.
Tong et al. [9] studied the dissection properties and
mechanical strength of the carotid artery and found that
interfacial ruptures mainly occurred at the media. Thus, the
study on the delamination behaviors of the arterial wall,
especially in the medial layer, is of great importance.

Cohesive zone model (CZM) approach has been used
to model the medial layer dissection. Gasser and
Holzapfel [10] implemented the CZM to model the
arterial layer dissection and showed that the obtained
gap-displacement vs load/width curves were in good
agreement with the experimental measurements [8].
Ferrara and Pandolfi [4] utilized an anisotropic CZM in
the numerical simulation to investigate the interlamellar
tearing in the media [8] and captured the main response
of the arterial tissue fracture failure.

It has been shown that the triangular CZM and the
exponential CZM are usually used in the simulations,
playing an important role in the traction—separation
behavior at the delamination crack front during the
tearing propagation, especially for metal and composite
materials [11-13]. The results of these works demonstrate
that the ductile behavior or softening behavior of the
materials can affect the strength predictions of the CZM.
Moreover, the mechanical response of the arterial tissue
is largely governed by the orientation and mechanical
properties of collagen fibers during the crack initiation
and propagation, giving an exponential increase in the
stress—strain relationships of the arterial wall. However,
few studies have investigated the effect of CZM shapes
on the delamination fracture behavior of the arterial
tissue.

This study focuses on the comparison of four different
shapes (triangular, trapezoidal, linear—exponential, and
exponential-linear) of CZM in modeling the arterial
medial layer peeling. Meanwhile, as a continuation of
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the previous studies, four types of CZM laws are used to
model the delamination fracture of atherosclerotic plaque
and fibrous cap [14,15]. The findings of this study will
help to study the influence of cohesive law shapes on the
tearing propagation behavior in the medial layer of the
arterial tissue. To be more specific, simulating the arterial
tissue dissection to predict the delamination behaviors of
the arterial wall promotes the development of effective
techniques for performing the treatment and intervention.

2 Materials and methods

In this study, the Holzapfel-Gasser—-Ogden (HGO) model
[16] was used to characterize the anisotropic hyperelastic
mechanical behavior of the arterial tissue. Four types of
CZMs (triangular, trapezoidal, linear—exponential, and
exponential-linear) were used to simulate the delamination
behavior along the medial interface of the arterial wall.

2.1 Bulk material model: HGO model

Free energy, ¥, the potential energy per unit volume of
arterial material defined in decoupled form, is expressed
as follows:

Y= %01 + lfl (1)

The volumetric part, ¥, is given, according to
Gasser et al. [16], as follows:

1(J? -1
%01:5[’ - —Infj, @

1

where > approximates to the bulk modulus of the

material, and J = det(F), where F is the deformation
gradient.
The isochoric potential is given as follows:

=%+ %, 3)

which is composed of two parts. One is used to describe
the mechanical response of the matrix:

%=§@—9. )

Another is implemented to represent the mechanical
behavior of the two families of collagen fibers:
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Figure 1: Four types of irreversible cohesive model denoted with effective traction and displacement: (a) triangular CZM, (b) trapezoidal

CZM, (c) linear-exponential CZM, and (d) exponential-linear CZM.
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where I, = tr(C) denotes the first invariant of C and y is the
neo-Hookean parameter, which characterizes the shear
modulus of the material without fibers; I; = ag-Cao; and
I,» = agryCay, are the tensor invariants, which are equal to
the square of the stretch in the directions of
[aoi] = [cosy,siny,0] and [ag] = [cosy, - siny, 0],
respectively. Note that the constitutive parameter k; is
related to the relative stiffness of the fibers, which is
determined from the mechanical tests of tissue, and k; is the
dimensionless stiffness. As described in reference [17], the
parameter x is the dispersion parameter, which charac-
terizes the dispersion of the two families of fibers along the
two average distributed directions, and O < x < 1/3, when
k = 0, each family of collagen fibers is parallel to each
other, and when x = 1/3, the random distribution of the
fibers is equivalent to an isotropic material. y represents the
angle between the mean fiber orientation of one family of
fibers and the circumferential direction of the aorta [18].

2.2 Interfacial CZM

Four types of CZMs are implemented in this study
through a user-defined subroutine UEL in ABAQUS [19].
With the CZM parameter, which characterizes the
relationship between the cohesive force of the interface
and the separation force of the interface, the “effective”
opening displacement 6 is given by:

8§ = (A%62 + 62,

where A is a scalar parameter being introduced to assign
different weights to the opening displacement §,, and the
sliding displacement ;. The parameter §; is denoted by:

8s = 62 + 62,

where 85 and 65, represent the components of the two
directions of the sliding displacement 65 passing through
the cohesive surfaces.

According to the theory of CZM, the delamination
fracture failure of arterial layers contains three steps.

(6)

@)
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Figure 2: A schematic of the arterial layer peeling test setup. (a) A part of aorta; (b) a flat of arterial layer after cutting from (a); (c) an
arterial strip, which was peeled at one end, and the geometric model of the peeling test for the simulation (in the red line box); (d) the
simulation predicted load-load point displacement curves of the mouse atherosclerotic plaque delamination; and (e) the simulation
predicted load-load point displacement curves of the human fibrous cap delamination under loading—delamination—unloading cycles.

The first step is damage initiation. When the “effective”
opening displacement reaches 8, (for triangular, line-
ar—exponential, and exponential-linear CZMs; Figure 1)
or 6; (for trapezoidal CZM; Figure 1), the cohesive
elements start to degrade. Meanwhile, the effective
traction t (Cauchy stress) reaches the cohesive strength
o, of the interface. The expressions of effective traction
t and the first-order partial derivative of the effective
traction ¢ to the effective opening displacement — % are
given in chapter 3 of reference [17] (Appendix A). The
second step is damage evolution. In this step, the
accumulation of damage occurs in the cohesive element.
The damage variable d is introduced to quantitatively
evaluate the damage. Evidently, d ranges from O to 1,
representing the cohesive surfaces without damage and the
complete separation of the cohesive surfaces, respectively.
The loading and unloading processes of the cohesive
traction—separation criterion are illustrated in Figure 1.
When the effective traction t exceeds o., the damage
accumulates, as the point A reflects in Figure 1. When the
curves unloaded at points A and B, respectively, permanent
damage occurs at the cohesive surfaces at points A and B.
Therefore, the traction—separation relationship curve will
travel along the lines AO and BO. Conversely, when no

damage occurs on the cohesive surface, the traction—separa-
tion curve will follow the original curve. The third step is that
the cohesive elements completely failed after the effective
displacement reaches the critical effective separation value 6.
(as shown in Figure 1). Meanwhile, the critical energy release
rate G, is attained. All the expressions for the four types of
CZMs can be found in chapter 3 of reference [17] (Appendix A).

2.3 Arterial tissue delamination

Three different arterial tissue delamination experiments were
performed in different research studies to find the mechanism
of arterial tissue failure. With regard to the media delamina-
tion processes, the geometrical model is reconstructed based
on the experiments of the peeling test of human aortic media
[8] (Figure 2a—c). The geometrical dimensions of the arterial
wall are 4 mm of length, 1.2mm of width, and 0.05 mm of
thickness. For the mouse plaque delamination test
(Figure 2d), an exposed aorta was fastened to a small plate
connected to the load cell for load data recording and
sequential loading—delamination—unloading cycles were
applied to cause the plaque delaminating from the under-
lying arterial tissue [14]. For the human fibrous cap
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delamination test, as shown in Figure 2e, the delamination of
human fibrous cap presents as a pair of micro—clamps. The
sequential loading—delamination—unloading cycles are ap-
plied to make the fibrous cap separate from the underlying
plaque tissue [15]. Although there are three types of
delamination experiments, the HGO models and CZM models
used for the simulation are the same, except for the human
aortic media delamination test (including viscoelastic
material model parameters for human arterial tissue) and
the material parameter values for the three cases.

3 Numerical implementations

3.1 Arterial wall delamination modeling
using CZMs

In this section, to predict the delamination fracture
behaviors of the arterial tissue, a part of the arterial
wall is utilized to perform experiment and simulation.
The sampling method for the experiment is shown in
Figure 2. The geometrical model is reconstructed based
on the experiments of the peeling test of human aortic
media [8], as shown in the red box of Figure 2c. The
geometrical dimensions of the arterial wall are 4 mm of
length, 1.2 mm of width, and 0.05 mm of thickness. The
front and back surfaces of the strip (Figure 2c, in the red
line box) are fixed along the z direction for the sake of
computational efficiency. The delamination behavior is
modeled as plane strain deformation.

To evaluate the performance of the arterial wall
dissection, the finite element (FE) simulations are im-
plemented using ABAQUS [19-21], associated with a user-
defined subroutine modeling the delamination fracture of
the cohesive interface in the arterial layer. The arterial
layer is meshed with 1920 eight-node hexahedral ele-
ments, C3D8H, where the cohesive interface is meshed
with 72 zero-thick eight-node 3D user-defined elements.
A layer of cohesive elements is placed along the mode I
delamination (crack growth) path starting from the initial
peeling front to the end of arterial strip (Figure 2c). The size
of the elements for the FE model is 0.05 mm, based on the
parametric analysis. Presetting the peeling path can
increase the computational efficiency of the CZM model
in the practice of simulating interface material separation
events. The peeling path is obtained from the experimental
observations of this study. Meanwhile, the experimental
setup and simulation modeling details of the mouse
plaque delamination and human fibrous cap delamination
processes are presented in references [14,15].
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3.2 Parameter selection in modeling

The parameter values for the HGO and CZM models were
taken from references [4,10,22]. The value of the
interfacial stiffness K was assigned as the same one
from reference [14]. With regard to the simulations of the
mouse plaque delamination processes, the material
parameter values for the HGO and CZM models were
adopted from reference [14] and those values of the
human fibrous cap delamination were obtained from
reference [15] (including viscoelastic material model
parameters for human arterial tissue), as shown in
Table 1.

3.3 Results of simulations and experiments

The parameters used for the simulations of the arterial
layer peeling test (Figure 2) are set with the same values
as shown in Table 1. The pulling forces divided by the
width of the specimen vs the load point displacement
are shown in Figure 3. The pulling forces per unit of
width are between 25.5 and 28.5 mN/mm, which are in
the domain of the experimental results (23-35 mN/mm)
(8].

The deformed configurations of the aortic media
delamination are shown in Figure 4a. The contour levels
shown in the figure represent the normal component of
the Cauchy stress to the delamination plane. U is defined
as the load point displacement (five stages). The
traction—separation (displacement) relationships in
terms of a cohesive element in the middle of the crack
path are presented in Figure 4b.

The load—-load point displacement curves are shown
in Figures 5a and 6a. The traction separation (displace-
ment) relationships of a cohesive element in the middle
of the crack growth path for the plaque and the fibrous
cap are shown in Figures 5b and 6b.

4 Results comparison and
discussion

The aim of this study is to compare the four different
shapes (triangular, trapezoidal, linear—exponential, and
exponential-linear) of the CZM in modeling the arterial
medial layer peeling (Figures 3 and 4). Moreover, four
types of CZM laws were used to model the delamination
of atherosclerotic plaque [14] (Figure 5) and fibrous cap
[15] (Figure 6).
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Table 1: Material parameter values for arterial layer and CZM parameter values for cohesive layer
Arterial media peeling [10,4,22] HGO model p (MPa) ky (MPa) ky y (deg.)
0.0162 0.0981 10 5 0
CZMm G. (N/mm) o, (MPa) K (N/mm®) A
0.049 0.14 1x 103 10
Mouse plaque delamination [14] HGO model v (MPa) ki (MPa) k y (deg.) K
Media 0.004 4 525 46.4 0.226
Plaque 0.004 4 525 27.2 0.226
CZM G. (N/mm) o, (MPa) K (N/mm?® A
0.019 0.14 1x 10* 1.2
Human fibrous cap delamination [15] HGO model u (MPa) k (MPa) k y (deg.) K T, (s) B
Media 0.0014 0.206 58.55 28.35 0.29 5.8 10
Plaque 0.04945 0.0237 2,630 30 0.226 2.06 20
Fibrous cap 0.02189 0.09363 7,957 17.22 0.226 — —
czm G, (N/mm) o, (MPa) K (N/mm®) A
0.23 0.42 1x 10 1
40 4.1 Aortic media delamination
35 00 0O O 00OO0OO OO 0OOO OO O 0O O O O
E 30 . ~ ~ — The comparison of the four shapes of CZM laws for
§ 25 ...._Lw-.-..--...:e .\k.\.g &,,,_f’ < modeling the aortic media delamination was described in
%20 °f ‘ NN“:::‘;:‘H e \\ terms of the load/width-load point displacement curves,
= / ," /' Sim_Tra \ tensile stress contour, and traction—displacement curves.
% Bl f /' -- g:ﬁfﬁf This study simulated the aortic media delamination experi-
Sl ety ments in Sommer et al. [8] by four types of CZMs and
s{1/ S R further compares the results with the simulations in Gasser
05 - > > - s and Holzapfel [10] and Ferrara and Pandolfi [4]. Figure 3

Load-point displacement (mm)

Figure 3: Comparison of the load/width-load point displacement
curves between the simulation and average experimental results.

shows that some research records in this study are within
the range of the known results of the previous studies. The
pulling forces per unit of width (load/width) are between
25.5 and 28.5mN/mm, which are in good agreement with
the numerical results by Gasser and Holzapfel (23 mN/mm)
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Figure 4: (a) Tensile stress contour of the arterial wall at five levels of the aortic media peeling. (b) The traction-separation (displacement)

relationship of a cohesive element in the middle of the crack path.
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Figure 5: (a) The simulation predicted load-load point displace-
ment curves of the mouse atherosclerotic plaque delamination are
compared with the experimental measured curves. (b) The
traction—separation curves of a cohesive element in the middle of
the crack path.

[10] and Ferrara and Pandolfi (28.8 mN/mm) [4]. Also, the
CZM simulation of peeling load/width ratio is in the range of
22.9-34.8 mN/mm, which is based on the peeling tests of
the rectangular-shaped medial strips along the circumfer-
ential and axial directions by Sommer et al. [8]. For the
traction—separation relationships, it is observed that the
shape of the softening stage (after the initial damage) is
almost the same as the shape of the corresponding CZM, as
shown in Figure 4b.

4.2 Mouse plaque delamination and human
fibrous cap delamination

Besides, the comparison of the results of the experiment
of the aortic media delamination and the simulation of
mouse plaque delamination [14] and human fibrous cap
delamination [15] was carried out to compare with the
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Figure 6: (a) The simulation predicted load-load point displace-
ment curves of the human fibrous cap delamination under
loading—delamination—-unloading cycles are compared with the
experimental measured curves. (b) The traction—separation curves
of a cohesive element in the middle of the crack path.

simulation results obtained using four types of CZMs. A
mesh dependency study of the mouse plaque and
human fibrous cap delamination was conducted in the
previous works [14,15,23], in which the selected mesh
refinement is enough to obtain the convergence solu-
tions. For these two delamination simulations, the
magnitude of the maximal force during delamination
predicted by the linear—exponential CZM is lower by
nearly 10%, while the magnitude predicted by the
trapezoidal CZM is higher by nearly 4% than that
reported in the previous studies [14,15,24] (Figures 5a
and 6a). The load-load point displacement curves of
other two types of CZMs (triangular and exponential-
linear) match well with the experiments and simulations
of the previous studies [14,15]. The minimum values of
the traction (linear—exponential CZM) compared with
the other shapes of the CZMs reveal that the reaction
forces (Figures 5a and 6a) during the plaque and fibrous
cap delamination are less than the other types of the
CZMs. Figures 5b and 6c show the traction—separation
relationships in four types of CZMs; the traction of the
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elastic stage of the CZM for the plaque delamination rapidly
increases to the maximum value (Figure 5b). For the fibrous
cap delamination, the tractions of the elastic stage of the
CZMs are similar to the shapes of the CZMs (Figure 6b). For
both delamination, it shows that the shapes of the softening
stage are almost the same as the shapes of the
corresponding CZMs. The unloading and loading processes
of the element under unloading and loading cycles are
shown in Figure 6b, indicating that the softening of the
element experiences a long loading displacement.

4.3 Effects and features of four shapes of
CZMs in simulating the delamination
behaviors

The shapes of the traction—separation curves of an element
at the front of the crack are in good agreement with the
shape of CZM laws used to simulate the aortic delamination
process (Figure 4b), showing that the extent of damage
evolution is the largest for the linear—exponential CZM,
followed by the triangular, exponential-linear, and trape-
zoidal CZM laws. However, this respective order does not
represent the order of the predicted load/width values
(Figure 3). The trapezoidal law shows higher values of
transmission of the load/width at the initial stage of
damage, because the maximum traction kept constant
under the longest displacement load during the damage
evolution process compared with the other shapes of CZM
laws. The triangular CZM can obtain the predicted load/
width or load with an acceptable accuracy, and it is the
easiest CZM law to use in terms of simulation of the arterial
tissue fracture failure. At the stage when a cohesive element
is totally failed, the release area of the bulk material will
induce a contraction, which indicates that the oscillation for
the predicted load using the trapezoidal CZM is more
obvious than that by other CZM laws.

The iterative process and the time for acquiring the
solutions are influenced by the shape of CZM laws. The
degree of difficulty to get convergence solutions in the
iterative process is the highest for the trapezoidal,
followed by the linear—exponential, exponential-linear,
and triangular CZMs.

The elastic deformation of the cohesive element is
governed by the mechanical properties of its structural
constituents and the interfacial strength of the material
(e.g., triangular and trapezoidal CZM). The nonlinearity of
the traction—separation relationship of the cohesive element
is largely attributed to the gradual recruitment of the load-
bearing collagen fibers with increasing pressures [25-27].
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The softening of the traction—separation relationship is
attributed to the softening behavior of the medial interfacial
strength, plaque, or fibrous cap [28-30]. Hence, these CZMs
are able to characterize the mechanical response of the
cohesive element during the crack propagation.

5 Conclusion and discussion

In this work, the studies on the delamination fracture
behaviors of the arterial tissue have been conducted, com-
bined with the CZM numerical simulation and experiments.
The main observations have been pointed out as follows.

Frist, four types of CZMs (triangular, trapezoidal,
linear—exponential, and exponential-linear) have been
used to simulate the aortic media peeling. The investi-
gated results indicate that the prediction of the load-
load point displacement curves, which is based on the
CZMs, matches well with the experimental measure-
ments of the aortic media peeling process.

Second, the simulation of the arterial wall delamination,
which is based on the four types of CZMs, indicated that the
simulation results of the traction—separation relationships
could react well as the corresponding CZM shapes.

Third, to investigate the effect of CZM shapes on the
failure strength predictions, the comparative study of
numerical predictions for the mouse plaque and human
fibrous cap delamination events is also conducted based on
the four CZMs, which reflect the actual crack growth well
during the simulation of the aortic media delamination
events. The results demonstrate that the triangular and
exponential-linear CZMs match well with the experimental
force—displacement curves, while the trapezoidal CZM over-
predicts and the linear—exponential CZM underpredicts the
force during the load-load point displacement relationships.

Fourth, in terms of the study on the effects and features
of the four shapes of CZMs above, the results indicate that the
four shapes of CZMs have their own advantage in simulating
the delamination behaviors. All these provide a new method
combined with the factor of shape in the cohesive models to
simulate the crack propagation behaviors.

The limitations of this study are related to the
referenced assumptions. The fiber-reinforced constitutive
model takes into account the changes in the orientation of
collagen fibers. However, the previous studies [31,32] have
demonstrated a continuous distribution of fiber orientations.
Furthermore, the proposed layered constitutive model
assumes that the composition and structure of the arterial
wall are uniform in the radial direction. A more detailed
assessment of the composition and structure of the arterial
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wall results in a more accurate numerical prediction of the
arterial tissue failure.
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Appendix A [17]

Triangular CZM

A triangular form of energy release rate for the cohesive
surface can be expressed as follows:

1

G. = =a.6b.. Al
20 (A1)

The displacement jump for the damage initiation
and complete damage of the cohesive element is
denoted by:

[0
8o = ?C (A2)
5 = 2%, (A3)
Oc

where K is the penalty stiffness.
The effective traction can be expressed as follows:

—0c , 5S50

8o

t= 6.-6
a{ﬁc_(soj:oc(l—d), 6o < 6 < 6

0, 6.<6.

(A4)

The first-order partial derivative of the effective
traction t with respective to the effective opening
displacement is given by:

Oc

, 0<6by
a |%
- = -0, -o.d (A5)
- . 6y <6 <6,
B |15 "6, 6 -8, 0°°°
0, 6.<6,

where d is the damage variable defined to represent the
softening of the cohesive element:

0, 5S60
) Gc_[ac SC_—& 6c1] )
d= (& 60) 2] _ 6 60, 8o <6< 6. (A6)
Gc 6c_60
1, 6.<6.
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Trapezoidal CZM

A trapezoidal form of energy release rate for the cohesive
surface can be expressed as follows:

Q=%%H&—50+&L (A7)

The displacement jump for the damage initiation,
traction softening initiation, and complete damage of
the cohesive element is denoted by:

(0%
5 =%,
1= % (A8)
Gc
6= —, (A9)
Oc
6C = 61 + 62, (Alo)

where K is the penalty stiffness.
The effective traction can be expressed as follows:

Oc, 6 < 51
6
op g, 0,<6<6;
=1 = (A11)
96 (1_d)(52_ 61+6C)0c, 8,<6 <6
0, 6.<6.

The first-order partial derivative of the effective
traction t with respective to the effective opening
displacement is given by:

Oc

, 6<6;
6
ot 0, 6,<6<6,
— = (A12)
65 —Oc(l_d)(52_61+6C), 52S5<5c
6 (6. - 6)
0, 6.<6

where d is the damage variable defined to represent the
softening of the cohesive element:

0, 6S61
&, 5,<8<6,
do (6, - 61+ b¢) (A13)
- 0@ =0 5 5<6
(6c — 82) (6, — 61 + 60)
1, 6.<6
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Linear-exponential CZM

A linear—exponential form of energy release rate for the
cohesive surface can be expressed as follows:

1 1]
+ — )
-e*

where a is the shape of the exponential law (a = 2).

The displacement jump for the damage initiation
and complete damage of the cohesive element is
denoted by:

Ge = 0. (5 60)[1 - (AL4)

(A15)

(Al6)

1 1
ac(l — et ;)

where K is the penalty stiffness.
The effective traction can be expressed as follows:

K6, 6<ép
t={K6(1-d), 6,<6<6 (A17)
0, 6.<6.

The first-order partial derivative of the effective
traction t with respective to the effective opening
displacement is given by:

ot K, 6< 6()
55 = 0~ DK, 8o <6 <6 (A18)
0, 6.<6,

where d is the damage variable defined to represent the
softening of the cohesive element:

0, 6<6p
5max’50
] renle(e)]
d= Omax 1-exp(-a) ’ (A19)
6o <6 <6
1, 6.<6
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Exponential-linear CZM

A triangular form of energy release rate for the cohesive
surface can be expressed as follows:

{K(SO — O¢ + O¢ exp(— GOKH
Oc (A20)

1
+ EO'C (6(: - 50).

_ Oc

G. =
‘K

The displacement jump for the damage initiation and
complete damage of the cohesive element is denoted by:

_ In(e)o;

6:
0 K

(A21)

60K

C

26:
Oc

b =

- I—z({KSO - 0 + O exp(— H + 8o, (A22)

where K is the penalty stiffness.
The effective traction can be expressed as follows:

0{1 - exp(—ﬁ]], 6 < 6o
Oc
t= 5 (A23)
1-dd-e0o.—, 6y<6<6b
bo
0, 6.<6.

The first-order partial derivative of the effective
traction t with respective to the effective opening
displacement is given by:

K exp[—%j, 6 <6
Oc
o _ (A24)

3% Ja-da-e2, s,<6<8.
8o

0, 6.<6,

where d is the damage variable defined to represent the
softening of the cohesive element:

0, 6< 50
_ 60 (6c - 6max)
5max (6(: - 60) ’
1, 6.<6.

d= So <6< b (A25)
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