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A B S T R A C T

Arterial wall dissection, which results from various pathophysiological processes, can lead to the occurrence of
large area delamination in the aortic wall that can potentially block blood flow and lead to deleterious clinical
conditions. Despite its critical clinical relevance, few studies have focused on investigating the failure mode of
delamination in the arterial wall. In this study, we quantify the energy release rate of the medial layer of a
porcine abdominal aorta via two delamination experiments: the mixed-mode delamination experiment and the
“T”-shaped delamination experiment. A cohesive zone model (CZM) is applied to simulate the arterial wall
delamination and Holzapfel-Gasser-Ogden (HGO) material model is used to capture the bulk arterial material
behavior. A set of parameter values for the HGO and CZM models are identified through matching simulation
predictions of the load vs. load-point displacement curve with experimental measurements. Then the parameter
values and critical energy release rates obtained from experiments are used as input data for simulation pre-
dictions for two arterial wall delamination experiments. The simulation predictions show that the delamination
front matches well with experimental measurements. Moreover, the mixed-mode delamination experiment re-
veals a shear mode-dominated failure event, whereas the “T”-shaped delamination experiment is an opening
failure process. The integration of experimental data and numerical predictions of arterial delamination events
provides a comprehensive description of distinct failure modes and aids in the prediction of aortic dissection.

1. Introduction

Aortic dissection, manifested as delamination and separation of the
medial layer of the arterial wall, may result in significant blood flow
directed into the newly created second lumen. The diverted blood flow
further promotes the delamination process in the form of Mode I or
Mixed-mode failure (Gasser and Holzapfel, 2006; Leng et al., 2015a).
Moreover, with the inherent inhomogeneity of the arterial wall along
the delamination path, the delaminated medial layer may be peeled
from the other layers by a mixed-mode failure process (Leng et al.,
2015a). The failure process within the media can trigger aortic dis-
section and may cause rupture of abdominal aortic aneurysms
(Daugherty and Cassis, 2002; Golledge and Norman, 2010;
Venkatasubramaniam et al., 2004) and false lumen patency of des-
cending thoracic aorta (Bernard et al., 2001). Numerous studies have
investigated the dissection behavior of arterial tissue under mode I
(Ferrara and Pandolfi, 2010; Gasser and Holzapfel, 2006) or mixed-

mode failure between atherosclerotic plaque and media (Leng et al.,
2015a), yet little research has focused on comparing the contributions
of these two failure modes to the delamination propagation process in
the arterial wall.

It is well known that elastin is the major load bearing structural
component 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 (Ferrara and Pandolfi, 2010; Zhou et al., 2015).
Structurally motivated constitutive models of arterial tissue specifically
account for the distinct mechanical behaviors of these two matrix
proteins in determining the overall material response over a wide range
of physiological loads. In particular, the Holzapfel-Gasser-Ogden (HGO)
material model has been widely employed for modeling the mechanical
properties of arterial walls and characterizing the local stress environ-
ment of mechano-sensitive vascular smooth muscle cells in the arterial
wall under large deformations (Ferrara and Pandolfi, 2010; Leng et al.,
2015a; Prim et al., 2016).
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The cohesive zone model (CZM) provides an effective method for
modeling the interfacial damage within the arterial wall during the
delamination processes. Numerous studies have employed the CZM
approach to characterize interfacial debonding and delamination pro-
cesses in fiber-reinforced composite materials (Roy and Dodds, 2001;
Turon et al., 2006). This method has also been implemented to study
the failure of arterial tissue in two- (Ferrara and Pandolfi, 2010; Gasser
and Holzapfel, 2006) and three-dimensions (Gasser and Holzapfel,
2007; Leng et al., 2015a). Moreover, the CZM with an exponential
cohesive law has been adopted for modeling the delamination behavior
along the interface within the medial layer of porcine abdominal aorta
(Camanho et al., 2003).

Existing studies in the literature have investigated the dissection of
the arterial wall, but experimental investigations of arterial wall dela-
mination events and the analyses and numerical simulations of such
events have been limited. The objectives of this study are two-fold.
First, an integrated experimental-computational approach is applied to
study two forms of failures in porcine abdominal aorta specimens,
quantifying the interfacial strength and critical energy release rate of
the interface within the media via the CZM approach. The CZM method
is validated by comparisons of the predicted loading-delamination-un-
loading curves and the predicted distances from the delamination front
to the initial front with experimental measurements.

2. Materials and methods

2.1. Experimental procedure

The delamination experimental protocol in this study follows that
used in our previous studies (Wang et al., 2013, 2014, 2011). One set of
intact kidneys was obtained from the local slaughterhouse, rinsed in
iced phosphate-buffered saline (PBS) solution and transported back to
the laboratory. The abdominal aorta was isolated from the surrounding
tissues, washed in PBS and dissected from the perivascular tissue. An
approximately 30 mm long segment was cut, following a radial cut
imposed onto the sample along the vessel axis, yielding a strip. Two
groups of specimens oriented at the angle of 0° and 90°, respectively,
with respect to the circumferential vessel axis were cut from porcine
aortas (Fig. 1).

There are 12 specimens for each group. Six specimens oriented at
the angle of 0° with respect to the circumferential vessel axis were used
for the mixed-mode delamination experiment and the other six speci-
mens were used for the “T” delamination experiment. These specimens
are said to be oriented in the circumferential direction.

The same two types of experiments were also performed on twelve
specimens oriented at an angle of 90° with respect to the circumfer-
ential vessel axis, as shown in Fig. 1. These specimens are said to be
oriented in the axial direction.

In each case, to initiate a delamination process in the medial layer of
the arterial wall, a small initial delamination (5 mm long) with a
straight front was carefully introduced at one end of the specimen in-
side the medial layer.

In the “mixed-mode” experiment (see Fig. 3a and c), the bottom
surface of the lower portion of the specimen was glued to a glass plate
in order to restrict its motion during loading, and the proximal end of
the upper delaminated portion was peeled away by a micro-clamp.
During the delamination process, the delaminated upper portion be-
came almost parallel to the lower portion and to the not-yet delami-
nated interface (Fig. 3c).

In the “T”-shaped delamination experiment (see Fig. 3b and d), the
proximal end of one of the two initially separated portions of the spe-
cimen was fixed by tissue glue to a glass plate and the proximal end of
the other separated portion was pulled away by a micro-clamp. During
the delamination process, the two delaminated portions stay parallel to
each other but are approximately perpendicular to the not-yet dela-
minated interface (Fig. 3d).

During each experiment, the prescribed displacement and reaction
load were recorded via the system actuator and load cell (Bose ELF
3200, Biodynamic Co, MN). The delamination process was recorded by
a computer vision system in which two cameras were perpendicularly
positioned to get both front and side views of the specimen.

For each experiment, the recorded reaction load and the prescribed
displacement data are presented in the form of a load vs. displacement
curve (e.g. see Fig. 4). Each curve consists of several cycles, and the
curve for each cycle contains a loading phase, a delamination phase,
and an unloading phase.

3. Theoretical framework

3.1. HGO model

The HGO model assumes that collagen fibers are oriented parallel to
the arterial wall at a certain angle with respect to the vessel axis (Gasser
et al., 2006; Holzapfel et al., 2000). The mechanical response of the
arterial wall at low strain is governed by the amorphous matrix, while
as strain increases, two families of collagen fibers are gradually re-
cruited and begin to take up the load, contributing to the highly non-
linear mechanical behavior of the arterial tissue. The strain energy
potential per unit reference volume in a decoupled form is given by:

= +C H H C H HΨ Ψ J Ψ( , , ) ( ) ( , , )vol1 2 1 2 (1)

where C is the right Cauchy-Green strain tensor and C denotes a
modified counterpart, =C F FT ; = −F FJ 1/3 , F is the deformation
gradient tensor and = FJ det ( ). The volumetric part,Ψ J( )vol , is given by
(ABAQUS, 2013),
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where μ is a parameter having the dimension of stress and representing
the shear modulus of the amorphous matrix; = CI tr ( )1 is the first in-
variant of C ; k1 denotes the relative stiffness of fibers; k2 is a di-
mensionless parameter; I41 and I42 are tensor invariants equal to the
square of the stretch in the direction of two families of fibers, respec-
tively; I is the identity tensor; and κ is the dispersion parameter, de-
scribing the dispersion of the two families of fibers. =κ 0 when the two
collagen fiber families are parallel to each other and =κ 1/3 when the
collagen fibers distribute isotropically; γ denotes the angle between the
mean fiber orientation of one family of fibers and the circumferential
direction of the aorta.

3.2. Interface damage model

In this study, the CZM approach is employed to represent the in-
terfacial behavior and to characterize interfacial damage in order to
model arterial delamination failure. An exponential cohesive traction-
separation law is used, which is implemented in the commercial finite
element software ABAQUS 6.13 (Dassault Systѐmes, France) through a
user-defined UEL subroutine. As shown in Fig. 2b, δn and δs denote the
displacement jumps (separation) normal and tangent to the cohesive
surfaces, respectively. The sliding displacement δs across the cohesive
surfaces can be calculated in the form (Ortiz and Pandolfi, 1999)

= +δ δ δs s s1
2

2
2 (4)

where δs1 (the shearing displacement) and δs2 (the tearing displacement)
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denote the two perpendicular components of the sliding displacement
(δs) in tangential directions across the cohesive surfaces.

The effective displacement jump is calculated as follows,

= +δ λ δ δ .s n
2 2 2 (5)

where λ is a scalar parameter which is introduced to assign different
weights to the opening (normal) displacement δn and sliding (tangent)
displacement δs. Similarly, let tn, ts1 and ts2 be the normal and two shear
tractions across the cohesive surfaces, respectively. The effective

traction is calculated as follows (Ortiz and Pandolfi, 1999),

= + +−t λ t t t( ) ,s s n
2

1
2

2
2 2 (6)

The local effective traction of the exponential CZM in the loading
condition is calculated as (Ortiz and Pandolfi, 1999; Roy and Dodds,
2001),

Fig. 1. Schematic of experimental setup. (a) A longitudinal cut was
made on the porcine abdominal aorta and strips oriented at the angle
of 0° and 90° with respect to the circumferential vessel axis were
obtained; (b) Experimental setup of delamination experiments; (c)
mixed-mode and (d) “T”-shaped delamination experiment setup
(zoomed-in view).

Fig. 2. (a) Effective traction vs. effective displace-
ment jump curve in the irreversible exponential co-
hesive zone model; (b) a schematic of sliding (δs),
opening (δn) and effective (δ ) displacement jumps.
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where = ≈e exp(1) 2.71828 and σc denotes the strength of the material;
=δc

G
eσ

c
c
is the maximum effective displacement at =t σc; δsep is the ef-

fective displacement when the cohesive interface element is completely
damaged (i.e., when the element fails), and K is the penalty stiffness of
penetration resistance to handle the artificial situation of cohesive
surface inter-penetration when the opening displacement jump be-
comes negative.

During the unloading process, the local effective traction of the CZM
(Ortiz and Pandolfi, 1999) is calculated as,
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where δmax denotes the maximum effective displacement jump during
one delamination cycle, and tmax is the corresponding effective traction.
The work of separation per unit cohesive surface area follows the form:

=G eσ δc c c (9)

Following the reference (Ortiz and Pandolfi, 1999), and based on
the displacement jump definition given in (4) and (5), a parameter d,
representing the damage of the cohesive surfaces during the loading
process, is introduced as follows:
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⎠
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c
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The parameter d ranges from 0 to 1, corresponding to the state of
damage of the cohesive surfaces. Fig. 2 illustrates the loading and un-
loading processes of the cohesive traction-separation law, which shows
the damage accumulated with the effective traction t . Thus, the force-
displacement relation goes along line AO and BO when unloading at
point A or B, respectively, because permanent damage occurs on the
cohesive surface at point A or B.

4. Numerical implementation

Simulation of the arterial delamination process was implemented
via the general-purpose finite element software ABAQUS 6.13
(ABAQUS, 2013). The mechanical data in terms of the load vs. dis-
placement curve from the first cycle of the media delamination ex-
periment was used to identify the HGO and CZM model parameter
values. Simulations of the loading-delamination-unloading processes
for subsequent cycles were performed, in which the set of HGO and
CZM parameter values identified from the first cycle were used. Vali-
dation of the CZM-based approach was achieved by comparing simu-
lation predictions of the load-displacement curves and of the distances
from delamination front to the initial front with experimental mea-
surements for the subsequent cycles.

4.1. Finite element model

The images (Fig. 3a, b) taken during the experiments were used to
reconstruct the specimen geometry (Fig. 3c, d). The delamination areas
during a delamination experiment were quantified directly from the
experimental images taken at different times during an experiment.

4.1.1. Meshing
The arterial wall was meshed with eight-node brick elements

(C3D8H). The cohesive interface is meshed with zero-thickness eight-
node 3D user-defined elements, which were placed along the delami-
nation path starting from the initial delamination front to the end of the
media. The global size of the element for arterial wall is 0.4 mm and the
cohesive element size is 0.1 mm, as shown in Fig. 3.

4.1.2. Boundary conditions
At the beginning of the mixed-mode delamination experiment, the

bottom surface of the lower portion of the specimen was fixed and
displacement loading was applied to a certain area of the proximal end
of the upper delaminated portion, causing delamination at the media
layer (Fig. 3a, c). For the “T”-shaped delamination experiment, the
proximal end of one of the two initially separated portions of the spe-
cimen was fixed and the proximal end of the other separated portion
was pulled away, causing delamination at the media layer (Fig. 3b, d).
The displacement loading rate in the experiments was prescribed as
0.05 mm/s.

4.2. Identification of material parameters for HGO model

The material parameter values associated with the HGO model for
aortic layers and the CZM for the delamination interface were identified
by matching simulation predictions of the load-displacement curve
from the loading phase and the delamination phase with experimental
measurements of the mixed-mode and “T”-shaped delamination ex-
periments (Fig. 4) (Chen et al., 2013; Leng et al., 2015a).

In this study, the criteria for identifying material parameter values
associated with the HGO and CZM models was based on the root of
mean square error (Zhou et al., 2015, 2014),

∑= < = −
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2

1

2

2
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where Fexp and Fsim are the experimentally measured and simulation
predicted forces, respectively; Fref is the mean value of the force over all
data points; n is the total number of data points distributed over the
delamination cycles that were used for the parameter identification
process; q is the number of parameters for the HGO model. A set of
identified HGO parameter values for the mixed-mode ( =ε 0.104, N =
68, =q 6) and “T”–shaped ( =ε 0.078, N = 71, =q 6) delamination
experiments are shown in Table 1.

4.3. Material parameters associated with the CZM

In the current study, two failure processes, mixed-mode and “T”-
shaped delamination, were investigated. The values of the critical en-
ergy release rates of the arterial tissue from the experiments (see
Section 2.1) were quantified, and the CZM parameters K and λ were
chosen from the literature (Leng et al., 2015a). The material property
identification process mentioned in Section 4.2 was used to determine
the interfacial strength σc for the CZM model through matching simu-
lation predictions of the delamination phase of the load-displacement
curve from cycle 1 with experimental measurements. Those values are
shown in Table 2.

5. Results

5.1. Arterial tissue delamination

The delamination behavior of porcine abdominal aorta tissue was
assessed via quasi-static tissue peeling tests, generating mechanical data
in terms of load-displacement relationships, which were characterized
by the jagged plateau regions (Figs. 5 and 6). The distances of positions
for the start and the end of the delamination phase from point O in one
loading-delamination-unloading cycle were represented by a0 and ae,
respectively. The distances from the load point to the point O corre-
sponding to the delamination fronts a0 and ae were represented by l0
and le, respectively (Fig. 5a, b).

Fig. 5 shows the load/width (i.e. load per unit specimen width) vs.
load-point displacement curves for the mixed-mode delamination ex-
periments, in which Fig. 5a and b are for specimens oriented,
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respectively, in the circumferential and axial directions (see Fig. 1a).
Similarly, Fig. 6 shows the load/width vs. load-point displacement
curves for the “T”-shaped delamination experiments, in which Fig. 6a
and b are for specimens oriented, respectively, in the circumferential
and axial directions.

Two observations can be made. First, the arithmetic means of the
load/width vs. load-point displacement curves in Figs. 5a, b, 6a and b
are approximately the same. Second, the distributions of the force/
width for the axial specimens (0.042–0.095 N/mm and 0.042–0.082 N/
mm for mixed-mode and “T”-shaped experiments, respectively) fall
within a larger range than those for the circumferential specimens
(0.048–0.079 N/mm and 0.044–0.073 N/mm for mixed-mode and “T”-
shaped experiments, respectively) (Figs. 5 and 6).

An important mechanical property that can be measured from the
delamination experiments is the energy release rate, Gc. The average
values of the energy release rate with their related standard deviations
(mean± S.D.) for the circumferential and axial strip specimens under
mixed-mode and “T”-shaped delamination are shown in Table 3.

For circumferential strip specimens, the arithmetic mean of Gc for
the mixed-mode experiment (0.167± 0.036, mean± SD, n = 6) is
larger than that of the “T”-shaped experiment (0.151±0.037,
mean± SD, n = 6). For axial strip specimens, the arithmetic mean ofGc
for the mixed-mode experiment (0.19±0.072, mean± SD, n = 6) is
also larger than that of the “T”-shaped experiment (0.165±0.083,
mean± SD, n = 6). However, these differences are not statistically
significant. Moreover, the arithmetic mean of the energy release rate for

Fig. 3. Images of (a) mixed-mode and (b) “T” dela-
mination experiments on porcine abdominal aorta
specimens, and deformed shapes of (c) mixed-mode
and (d) “T”-shaped delamination specimens from fi-
nite element simulations. The right delaminated part
of the specimen (red section) contains intima and
part of media, and the left delaminated part (blue
section) contains adventitia and part of media. The
delamination of aorta propagated inside the media
layer. (For interpretation of the references to color in
this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. The predicted load-displacement curves of one loading- delamination-unloading cycle are compared with the measured curves. (a) mixed-mode delamination experiment; (b) “T”-
shaped delamination experiment.

Table 1
Material parameter values of HGO model.

μ (kPa) k1 (kPa) k2 κ γ (deg)

Mixed-mode 40 350 0.8 0.226 49
“T”-shape 40 500 0.8 0.226 45

Table 2
CZM parameter values.

CZM parameters Gc (N/mm) σc (MPa) K (N/mm) λ

Mixed-mode 0.22 0.44 1 1
“T”-shape 0.186 0.44 1 1
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axial specimens is larger than that for circumferential specimens from
both mixed-mode and “T”-shaped delamination experiments, which is
in accord with the characteristics of peeling tests from other literature
(Tong et al., 2011).

5.2. Validation of the CZM approach

5.2.1. Validation of the load-displacement curves
In the previous sections, two finite element models were developed

for the mixed-mode (specimen Mix-C1) and “T”-shaped (specimen MI-
C2) aortic media delamination experiments, and the parameter values
for the HGO model and for the exponential CZM were identified. This
section will focus on the prediction of the load vs. load-point dis-
placement curve, which can be used as a validation of the CZM- based
modeling approach for porcine aortic media delamination processes
through comparisons with experimental measurements of cycle 2 and
cycle 3 for mixed-mode and “T”-shaped delamination experiments.

Simulation predictions of the load-displacement curves for cycle 2
( =G 0.219 N/mmc ) and cycle 3 ( =G 0.205 N/mmc ) of the mixed-mode
delamination experiment are shown in Fig. 7ab and those for cycle 2
( =G 0.191 N/mmc ) and cycle 3 ( =G 0.161 N/mmc ) of the “T”-shaped
delamination experiment are shown in Fig. 7cd, respectively. The
overall simulation predictions match well with the experimental data,
especially the loading phases of cycle 2 and cycle 3 for mixed-mode
delamination.

5.2.2. Validation through the delamination fronts
In the previous section, the comparison of simulation predictions of

the load vs. load-point displacement curves with the experimental
measurements was taken as a way to validate the CZM-based approach.
In the current section, the simulation predictions of the delaminated
fronts for each cycle of mixed-mode and “T”-shaped delamination are
used for comparison with those from experimental measurements to
provide another validation for the CZM modeling approach. It is noted

that, for the mouse plaque delamination (Leng et al., 2015a) and human
fibrous cap delamination (Leng et al., 2015b), the delamination fronts
were not recorded during the delamination process. So, it was not
possible in those earlier studies to compare the predicted delamination
fronts with those from experimental measurements.

At steady-state propagation conditions, the delamination fronts
move forward with the separation of two aortic layers. Fig. 8 compares
the total delamination distances from cycle 1 to cycle 3 with respect to
the initial crack front for mixed-mode (Fig. 8a) and “T”-shaped ex-
periments (Fig. 8b), respectively. The distance from one lateral side to
the opposite side along the width direction is characterized by W and
the distance from the initial crack front to that of the last time point of
the delamination phase of one cycle is represented by a. It can be seen
that the overall simulation predictions of delamination fronts match
reasonably well with the experimental data for each cycle.

5.3. Ratios of δ δ( / )s1
2 and δ δ( / )n

2

In the literature, the mixed-mode delamination experiment de-
scribed in this study is commonly called a peeling experiment, which is
usually performed on specimens made of engineering materials and is a
Mode I-dominated failure process. In the current study, however, the
specimen is made of a biological tissue material and it is found that the
delamination is not a Mode I-dominated process, which is why the
experiment is called a mixed-mode experiment. It is found that the
delamination of soft biological tissue involves a large sliding (shearing)
displacement component along the delamination front. In particular, it
is observed that the ratio of (δ /δ)s1

2 is approximately 0.8, which is four
times the value of (δ /δ)n

2(Fig. 9d,e), which means the shearing com-
ponent of the displacement jump at the delamination front is more
dominant than the normal component.

On the other hand, the ratios of (δ /δ)s1
2 and (δ /δ)n

2 for the “T”-
shaped experiment are 0 and 1, respectively, indicating that the “T”-
shaped delamination experiment is a pure opening separation process.

Fig. 5. Load/width versus load-point displacement curves for 6 circumferential and 6 axial strip specimens of mixed-mode delamination experiments. The light gray lines and thick black
curves represent the measurements for specimens for each case and arithmetic mean values, respectively.

Fig. 6. Load/width versus load-point displacement curves for 6 circumferential and 6 axial strip specimens of “T”-shaped delamination experiments. The light gray lines and thick black
curves represent the measurements for specimens for each case and arithmetic mean values, respectively.
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Taking into account the loading angles (Fig. 10a) of the mixed-mode
delamination, the ratio of (δ /δ)n

2 increased with the loading angle
whereas the ratio of (δ /δ)s1

2 decreased with the loading angle. More-
over, the values of (δ /δ)n

2 are larger at the mid-plane than at the outside
surface, and the trend is reversed for the ratios of (δ /δ)s1

2.

6. Discussion

The aim of this study is to quantify the delamination behavior of
circumferential and axial strip specimens of porcine aorta using mixed-
mode and “T”-shaped delamination experiments and to develop a
mathematical formulation to model the arterial tissue delamination

behavior. The experimental data were processed to calculate the energy
release rate that describes the strength of the arterial tissue. A structure-
motivated constitutive model (the HGO model) and a cohesive zone
model (CZM) of the arterial tissue were proposed and verified to allow
prediction of aortic media delamination events.

For the aortic media delamination experiments, the arithmetic
means of load/width ratios are approximately 0.06 N/mm for all failure
modes and specimen orientations, which are of the same order as the
force/width ratios for delamination of human aortic media,
0.023±0.003 N/mm and 0.035± 0.002 N/mm, derived from peeling
tests of specimens oriented in the circumferential and axial directions,
respectively (Sommer et al., 2008). The load/width value describes the

Table 3
The values of energy release rate (Gc) for mixed-mode and “T”-shaped delamination of porcine aortic tissue: Mix-C1–Mix-C6, Mix-A1–Mix-A6, MI-C1–MI-C6 and MI-A1–MI-A6 are the
specimens of mixed-mode and “T”-shaped delamination experiments from circumferential (C) and axial (A) directions, respectively.

Circumferential Axial

Mixed-mode “T”-shaped Mixed-mode “T”-shaped

Specimen G(N/mm) Specimen G(N/mm) Specimen G(N/mm) Specimen G(N/mm)

Mix-C1 0.215±0.007 MI-C1 0.19± 0.023 Mix-A1 0.166± 0.043 MI-A1 0.137±0.04
Mix-C2 0.163±0.033 MI-C2 0.179± 0.01 Mix-A2 0.329± 0.084 MI-A2 0.22± 0.014
Mix-C3 0.136±0.022 MI-C3 0.111± 0.011 Mix-A3 0.137± 0.005 MI-A3 0.301±0.096
Mix-C4 0.133±0.004 MI-C4 0.184± 0.016 Mix-A4 0.14±0.015 MI-A4 0.111±0.029
Mix-C5 0.151±0.003 MI-C5 0.123± 0.007 Mix-A5 0.227± 0.032 MI-A5 0.111±0.008
Mix-C6 0.2± 0.01 MI-C6 0.126± 0.028 Mix-A6 0.172± 0.019 MI-A6 0.104±0.008
Mean 0.167±0.036 0.151± 0.037 0.19±0.072 0.165±0.083
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Fig. 7. The simulation predicted load-displacement curves of four loading-delamination-unloading cycles are compared with the experimentally measured curves, (a) cycle 2 and (b)
cycle 3 of mixed-mode delamination; (c) cycle 2 and (d) cycle 3 of “T”-shaped delamination.
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Fig. 8. Comparison of predicted and measured delamination front profiles: (a) mixed-mode experiment; (b) “T”-shaped experiment.

Fig. 9. Predicted ratios of (δ /δ)n 2 and (δ /δ)s1 2; the definition of delamination fronts (where damage parameter equals one) for (a) mixed mode and (b) “T”-shaped delamination; ratios of
(δ /δ)n 2 and (δ /δ)s1 2 of delamination experiments for mixed mode (c) at the outside surface and (d) at the mid-plane as well as for “T”-shaped experiment (e) at the outside surface and (f)
at the center plane, respectively.
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load per unit width that causes the movement of the load point during
delamination, which is resisted mainly by the collagen fibers. However,
this value does not provide a criterion for determining the delamination
mode.

The energy release rate represents the delamination toughness of a
material when delamination failure initiates and propagates in the
material, and is often taken as a critical parameter in establishing a
delamination criterion. A number of studies have quantified the critical
energy release rates for arterial material separation processes. In par-
ticular, the dissection energy per unit separation area for upper des-
cending thoracic porcine aorta is 0.159±0.009 N/mm (Carson and
Roach, 1990), the energy/area for porcine abdominal aorta has a range
from 0.019± 0.009 N/mm to 0.113± 0.004 N/mm (Roach and Song,
1994), and the dissection energies per area are 0.051±0.006 N/mm
and 0.076± 0.003 N/mm for circumferential and axial specimens of
human aortic media (Sommer et al., 2008), respectively. The values of
the critical energy release rate from the current porcine media dela-
mination experiments (Table 3) are larger than many of those reported
in the literature, but they are still within the range described above
(Carson and Roach, 1990; Roach and Song, 1994; Sommer et al., 2008).

For the loading-delamination-unloading cycles of the load-dis-
placement curves from the current delamination experiments that were
used in the validation simulations, the comparisons between simulation
predictions and experimental measurements show overall good agree-
ment (see Fig. 7), though some differences in the comparisons are seen.
in two regions. One region where there are slight differences is in the
unloading phase of the load-displacement curve for the mixed-mode
delamination experiment (see Fig. 7a and b), when the load is small.
The other is in the delamination phase of the load-displacement curve.

There are two main factors that are expected to contribute to the
observed differences between simulation predictions and experimental
measurements. First, the specimen geometry is not regular and is re-
constructed from images of the specimen, which involves approxima-
tions. In particular, approximations for the geometries of the specimen
thickness and width (which are not uniform and vary with position in
the specimen) will affect the accuracy of the predicted reaction load,
especially at small loads. Regarding this effect, it is noted that the
material model parameter values were identified from the cycle 1 load-
displacement data and were applied in simulations to subsequent cy-
cles. These loading cycles occur at different locations along the dela-
mination path, which means that errors in the thickness approximations
at different locations will affect the stress-strain response at these lo-
cations, leading to errors in the load-displacement predictions.

Secondly, the heterogeneous distribution of strong tissue compo-
nents (e.g., collagen fibers) and relatively weak tissue components (e.g.,
elastin) is expected to lead to material property variations throughout
the specimen, which can largely influence the local mechanical

response and hence alter the load-displacement curve. However, in the
simulations, a constant set of material model parameter values were
used, which is expected to result in differences between simulation
predictions and experimental measurements. In particular, the local
composition of the aortic media, especially the extent of fiber bridging
along the delamination path, plays an essential role in determining the
local energy release rate. As a result, the critical energy release rate
varies along the delamination path (see Table 3). In the current study,
however, for either the mixed-mode or “T”-shaped delamination ex-
periments, the simulations employed a constant input data for the cri-
tical energy release rate, which was the average of the measured energy
release rates over all 3 cycles in each experiment.

To the authors’ knowledge, the current study provides the first
predictions of the delamination front in arterial tissue delamination.
These predictions compare well with experimental measurements al-
though some differences are observed (see Fig. 8). Reasons for the ob-
served differences are believed to be the same as those discussed above
for the load-displacement curve predictions.

The ratios of (δ /δ)s1
2 and (δ /δ)n

2 shown in Figs. 9 and 10 reveal that
the “T”-shaped delamination experiment is an opening-mode (mode I)
dominated failure process, and that the mixed-mode delamination ex-
periment is a shearing-mode (mode II) dominated failure process when
the loading angle is less than 28° at the middle plane and less than 41°
at the outside surface of the specimen.

7. Conclusions

For both basic science and clinical studies, including those focused
on disease diagnosis and risk evaluation, it is advantageous to under-
stand the arterial delamination process under various loading condi-
tions. A major goal of vascular biomechanics is to determine appro-
priate mathematical frameworks to describe tissue mechanical
properties and interfacial strength, which allow for the solutions of
boundary value problems with predictive power and high clinical re-
levance.

In the current study, two types of porcine aortic media delamination
experiments were performed, the mixed-mode and “T”-shaped dela-
mination experiments. A continuum mechanics modeling approach to
simulate and understand these experiments was developed and vali-
dated. In particular, the use of the HGO model for arterial bulk material
behavior and an exponential cohesive zone model for arterial interfacial
behavior enabled the simulations of the aortic media delamination
experiments by utilizing measured critical energy release rate values
from the experiments. This integrated experimental-computational ap-
proach was validated by comparisons between simulation predicted
and experimentally measured load-displacement response and delami-
nation front shapes for the two types of experiments, which show good

Fig. 10. (a) Loading angles at middle plane θmid and outside surface θout ; (b) predicted ratios of (δ /δ)s1 2 and (δ /δ)n 2 related to loading angles for mixed-mode experiment.
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agreement.
Delamination experiments and simulations facilitate quantification

of the mechanical response of arterial walls and their behavior during
various modes of delamination, leading to improved understanding of
the patho-physiological mechanical performance of these tissues.
Results of these efforts can shed light on the genesis and progression of
pathological aortic dissections.
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