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Predicting Fatigue Damage of Asphalt Concrete Using a
Cohesive Zone Model

Guanglai Jin'* and Xiaoming Huang"

Abstract: This paper describes a bi-linear cohesive zone model to simulate fatigue behavior of asphalt concrete. To demonstrate the
gradual degradation of cohesive properties of asphalt concrete under cyclic loading, a fatigue damage evolution law was integrated into
the cohesive zone model. The model was then implemented in commercial finite element software ABAQUS using a user-defined
subroutine. A damage extrapolation scheme was adopted to reduce computational cost for high-cycle fatigue applications. Based on the
proposed model, a flexural beam fatigue test was finally simulated. The fatigue lives and other features of damage evolution obtained
through numerical analysis are in consistence with experimental data, which indicates that the proposed cohesive zone model could be
applied to predict fatigue damage of asphalt concrete with good accuracy. During the fatigue loading process, stiffness decreases linearly
while damage accumulates non-linearly and grows faster with the increase of fatigue damage. The duration of crack propagation stage is
much shorter than the damage initiation stage. The tensile stress at the crack tip increases with the propagation of fatigue crack.
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Introduction

Fatigue failure of asphalt concrete is a significant cause of pavement
deterioration. Fatigue cracks can extend through the thickness of
pavement and reduce structural capacity. There have been various
efforts to investigate the fatigue mechanism of asphalt concrete
during the past several decades. Much work has been undertaken
based on experimental testing, which is often expensive and time
consuming [1-2]. Numerical methods have also been developed to
predict fatigue lives, such as the fracture mechanics approach [3-4]
and continuum damage mechanics approach [5-6]. However, the
numerical methods traditionally used have difficulty in integrating
the damage initiation stage and crack propagation stage into a
continuous process.

Cohesive zone model (CZM) uses a constitutive equation
connecting the crack surface tractions and material separations
across the crack, see Barrenblatt, Dugdale, and Rice [7-9]. By using
CZM, both the damage initiation stage and crack propagation stage
can be considered, and crack tip stress singularities can also be
eliminated. Until now, CZM has been employed for a wide variety
of problems and materials including metals, ceramics, polymers,
composites. Nguyen et al. [10] developed a CZM model
demonstrating unloading-loading hysteresis.  Siegmund  [11]
simulated fatigue crack growth using an irreversible CZM. The
models mentioned above were both flawed by providing no
parameters to characterize speed difference of damage accumulation
between materials. Maiti et al. [12] simulated fatigue crack
propagation in polymeric materials using a bi-linear CZM, which
was ruled by an evolution law relating cohesive stiffness, rate of
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crack opening displacement and loading cycles. Ura et al. [13]
proposed a damage-based CZM to simulate fatigue crack growth.
Khoramishad et al. [14] developed a bi-linear CZM integrated with
a strain-based fatigue damage model to simulate the fatigue failure
of adhesively bonded joints. The computational efficiency of the
model was improved by using cyclic increment (AN) instead of
cycle-by-cycle loading.

The CZM has found its way in fracture analysis of asphalt
concrete according to recent research materials. Crack propagation
of asphalt concrete in indirect tensile test was simulated using a
CZM proposed by Soares et al. [15-16]. A rate-dependent
power-law CZM was proposed by Song [17] to simulate fracture of
asphalt concrete under both mode | and mixed-mode, considering
viscoelastic effects. Kim et al. [18] studied the influence of
specimen size on fracture of asphalt concrete using a discrete
element-CZM coupled method. Caro et al. [19] developed a coupled
micromechanical model to study the moisture-induced damage of
asphalt concrete. CZM was employed to simulate the fracture
between aggregate-matrix interfaces. Fracture process in mastic and
aggregate-mastic interfaces of 2D/3D specimens was also
investigated by Yin et al. [20]. However, the application of CZM in
fatigue analysis of asphalt concrete is limited according to the
author’s literature review. Kim et al. [21] simulated the fatigue
damage and cracking of asphalt concrete using a nonlinear
viscoelastic CZM. Based on the variation of fibril geometry, an
effective but a little complicated damage evolution function was
proposed.

The objective of this study is to predict the fatigue failure of
asphalt concrete using a bi-linear CZM. A fatigue damage evolution
law recently developed by Jin and Huang [22] was integrated into
CZM to indicate the gradual degradation of cohesive properties of
asphalt concrete under cyclic loading. The model was then
implemented in the finite element software ABAQUS through
user-defined mechanical material behavior (UMAT) subroutine. For
high-cycle fatigue applications, a damage extrapolation scheme was
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adopted to reduce computational cost. The model proposed was then
used to simulate laboratory fatigue in this paper.

Cohesive Zone Model under Cyclic Loading

This study used a bi-linear cohesive zone model coupled with a
damage evolution law to characterize fatigue features of asphalt
concrete under cyclic loading. In the simulation, the constitutive
relationship of the material was pre-defined by the bi-linear CZM in
the first loading cycle, and the damage evolution law was not
activated until the unloading took place. As a result, the material
constitutive relationship was characterized by bi-linear CZM in the
first cycle and damage evolution law during the following cycles,
respectively.

Bi-linear Cohesive Zone Model

The bi-linear CZM under monotonic loading is widely used and
proved effective for asphalt concrete by Song [17] and Kim [18].
The traction-separation constitutive equations in bi-linear CZM can
be written as:

If t,<o, or 6,<0,

[oF O

t, =—%=9, tg =—5%6. 1
n 56 n S 5C S ( )

If 6,<6,<9;,

1_ é-;max l_ 5emax

_ f 5“ _ 5f 55

PO T e T T e @
5f 5f

where t, =4t denotes  the  effective  stress,

8, =82+ 5. denotes the effective displacement, o is the

cohesive strength, J; is the cohesive length where cohesive traction
is maximal, t, (t;) is the normal (tangential) traction, J, (Js) is the
normal(tangential) separation, J; denotes the critical displacement
where complete separation, i.e. zero traction, occurs. §5;"**is the

maximum effective displacement during the loading process.

Features of the bi-linear constitutive relation defined above are
demonstrated by curve OAB in Fig. 1. Under normal loading,
cohesive traction increases with separation before the characteristic
cohesive length is reached (shown by OA in Fig. 1), and decreases
until it approaches zero (shown by AB). Under pure shear loading,
the traction-separation curve is similar to that under pure normal
loading. The cohesive fracture energy (G.) is calculated by
equalizing the area under the displacement-traction curve (Fig. 1),
and can be expressed as

G, = %Gcaf (3)

Damage Evolution Law

For cyclic loading, the constitutive relationship must be modified
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Fig. 1. Traction-separation Relation under Pure Normal Loading
[22].

with a damage evolution law that characterizes the progressive
degradation of cohesive properties in the cohesive failure zone
under subcritical loading. The damage law should incorporate
well-known characteristics of continuum damage evolution and
these include the following: 1) The increment of damage is related
to the increment of deformation as weighted by the current load
level. 2) There exists an endurance limit which is a stress level
below which cyclic loading can proceed without failure [11].

A fatigue damage variable D, was used within the proposed

constitutive relations to define the degradation of stiffness as
follows:

max0
di = (1_ Dc) .[tnmm}
ds, s

dt tmaxO (4)
S s
ds ¢ a0

S

where D, is the fatigue damage accumulated in the current loading
cycle, dt,/dd, is the current normal stiffness of the loading stage,
120 7 sma0 s the normal stiffness of the unloading stage in the

previous cycle.

The feature of this stiffness reduction is shown in Fig. 1. The
curve OC represents the previous reloading/unloading cycle and
curve OD is the current cycle. Given the fatigue damage D, at a

certain time such as point F in the Fig. 1, the stiffness of the
subsequent increment is calculated by (1- D,) - (t,TaXO / 5,2“”0). Note

that during the unloading stage, no damage is accumulated and both
traction and separation return to zero.

To obtain the current state of damage, the derivation of fatigue
damage in the current cycle is defined as

. gmax ¢ t . .
— € €
Dc=a| =0 i % 5, >0

[

(5)
D, =0 5, <0

[

where D, is the accumulation rate of fatigue damage, &, is the
increment of effective separation, a, b and ¢ are three material
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parameters, a and c are used for describing the speed of damage
accumulation and b for fatigue endurance limit, t"* is the

maximum effective stress during the whole loading process, tM®<°

is the maximum effective stress in the previous loading cycle.

Eq. (5) indicates that during the process of any loading cycle,
damage is increasing in the loading stage and reset to zero after the
unloading begins. The speed of damage accumulation is related to
maximum stress level, current stress level, and separation increment.
Parameters a, b, and ¢ are employed to describe the different fatigue
features of different types of asphalt concrete, among which
parameter ¢ is used to characterize the high sensitivity of fatigue life
to stress level.

Experimental Test and Finite Element Modeling
Experimental Test

The flexural beam test is often used to investigate the fatigue
properties of asphalt concrete. Therefore, fatigue failure of beam
specimen was simulated in this study using the CZM presented
above. Before the simulation, experimental data was obtained from
laboratory fatigue test using flexural beam specimen. The
equipment used was MTS810, and the testing condition was
stress-controlled mode in three point loading system, under
temperature 15°C. The asphalt used was Shell AH-70 with a
penetration of 67.8 (0.1 mm) and softening point 49.5°C. The
aggregate gradation is listed in Table 1. Semi-sinusoidal loading was
applied to the specimen with a frequency of 10Hz. Four stress ratios
(0.3, 0.4, 0.5 and 0.6) were used in the test and the experimental
data was used to verify the numerical results. Moreover, the indirect
tensile test and single-edge notched beam test (SEB) were
conducted to determine cohesive strength and fracture energy,
respectively. Note that the dimensions of SEB were the same as
shown in Fig. 2(a) with an initial crack of 10 mm. The indirect
tensile test was conducted according to Chinese Standard Test
Methods of Bitumen and Bituminous Mixtures for Highway
Engineering (JTG E20-2011). The specimen was a cylinder with a
101.6 mm diameter and a 63.5 mm height, which was fabricated
through Marshall Compaction Method. The loading rate of 50
mm/min was used at 15°C and at least three replicates were needed
to calculate the cohesive strength.

Finite Element Modeling

The geometry model of the beam specimen is shown in Fig. 2(a). A
row of cohesive elements with zero initial thickness was laid along
the mid-span section in the finite element model, where fatigue
crack would be able to initiate and propagate under cyclic loading.
The constitutive response of cohesive element was defined by the
damage evolution law through UMAT subroutine as discussed in the
Damage Evolution Law section. For bulk material, plane strain
elements were laid and the material constitutive relationship was

Table 1. Aggregate Gradation of Specimen
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defined as linear elasticity. Fig. 2(b) shows the generated in-plane
mesh, in which a higher mesh density was used near the cohesive
elements (20 mm in length on both sides) for accuracy
consideration.

The mechanical property parameters of asphalt concrete were
determined in linear elasticity and CZM. There were eight
parameters in total needing to be determined (summarized in Table
2). The elastic modulus E was the flexural modulus obtained by
flexural beam test. Cohesive strength o, was the tensile strength
which was determined by indirect tensile test. Fracture energy G
was determined by single-edge notched beam test. Failure
displacement J; was calculated using Eq. (3). Cohesive length J;
was incorporated to reduce the elastic compliance by adjusting the
pre-peak slope of the cohesive law. In other words, as the value of J;
decreases, the pre-peak slope increases and, as a result, artificial
compliance could be reduced. In this paper, d. = 0.016; was used for
asphalt concrete based on previous work by Song [17].

Parameters a and ¢ were used to characterize the fatigue damage
evolution behavior of asphalt. Because of the complexity of fatigue
behavior, it is usually difficult to determine these parameters
directly through test results. Herein an iterative approach was
employed, which used an initial guess to generate
successive approximations. This approach was also used by
Khoramishad et al. [14] to predict fatigue damage in adhesively
bonded joints. Note that parameter c indicates the influence of stress
level on fatigue lives. Parameter ¢ can be determined first by this
iterative approach to match the variance of fatigue lives between
any two different stress levels. Then parameter a was determined to
obtain accurate fatigue lives.

Parameter b can be calculated by the ratio of fatigue endurance
limit (FEL) to the tensile failure strain under which tensile strength
is obtained. FEL can be determined through fatigue test under low
strain level. In this paper, FEL was assumed based on the research
work by Monismith and McLean [23], Thompson and Carpenter
[24]. It can be concluded that FEL could vary from 70 to 500 u&
through their work. Assume failure strain equals 4000 u &, the range
of parameter b is from 0.018 to 0.125. In order to emphasize the
influence of FEL, a relatively large value of 0.15 was used in the
simulation.

Damage Extrapolation Scheme for High-cycle Loading

Loading cycles of laboratory fatigue test of asphalt concrete vary
from hundreds to thousands. As a result, the cycle-by-cycle iterative
calculation can be time-consuming or even computationally
prohibitive. In order to reduce the computational cost, a damage
extrapolation scheme was employed in the proposed model. Fatigue
failure is caused by a large number of loading cycles; thus, the
amount of damage accumulated in each cycle is very small. The
concept of damage extrapolation is to speed up damage
accumulation so that a smaller number of cycles will need to be

Sieve Size/mm 16 13.2 9.5 4,75

2.36 1.18 0.6 0.3 0.15 0.075

Passing Percent/% 100 95 70 415

28.5 20 145 11 8.5 6
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Fig. 2. (a) Dimensions of the Beam Specimen (Unit of Length: mm); (b) Finite Element Mesh.

Table 2. Mechanical Properties and CZM Parameters of Asphalt Concrete

Cohesive Strength Cohesive Length Failure Displacement Flexural Modulus  Poisson Ratio
o, (MPa) 5, (m) ¢ (m) E (MPa) r b ¢
0.798 1.6x10° 1.6x107 496 0.35 4000  0.15 2.6
calculated [13-14_]. This pape_r adopted an ef_fective extrapolation 5. _—:—_ Efzgline
scheme as stated in the following: In order to simulate N cycles of a +k;100
material with model parameters (a ,b, c) where N is relatively large,
suppose there exists a damage accumulation scaling function f (k) to 40
convert the model parameters into ( f(k) a,b,c), thus only N /k g
cycles will need to be calculated explicitly to reach the same amount 5 07
of fatigue damage. Based on the research of Ural [13], a linear %
scaling f (K) =k gives good results. The effectiveness of this linear g2 207
scaling approach was validated in the following paragraph. §
" 104

Fig. 3 shows the curve of stiffness at the bottom of the mid-span
section vs. loading cycles where k = 1, 50, and 100, respectively.
The stiffness here is normal stiffness M /5m° = which is

calculated at the end of loading stage in cycle n. For k = 1, every
parameter in the model was determined following Table 2. For k =
50 and 100, only parameter a needed to be changed into 50 X a and
100 X a, respectively. After completing the simulation, fatigue lives
N and loading cycles n under k = 50, 100 were multiplied by 50,
100 and then shown together with fatigue lives under k = 1. It is
observed that the discrepancy between stiffnesses at different
extrapolation speeds is small and acceptable with a small k. For k =
50, stiffness decreases to zero almost at the same time as the case of
baseline, which indicates that this extrapolation speed has little
influence on the time when crack initiation occurs. In the following
research in this paper, the value of k is determined as 50.

Discussion
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Fig. 3. Stiffness Variations at Different Damage Extrapolation

Speeds.

Comparison with Experiments

Fatigue life under a certain stress or strain ratio is one of the main
concerns of researchers. Using the presented CZM, fatigue life was
predicted and compared with the experimental results (shown as Fig.
4). It can be observed that the predicted fatigue lives are in
consistency with measured lives. Moreover, damage extrapolation
scheme introduces bigger error for larger fatigue life. However, the
maximum error calculated is 11.5% under stress ratio of 0.3, which
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Fig. 4. Comparison of the Predicted and Measured Fatigue Life
(log-log Plot).

is acceptable for fatigue life prediction. This proves that the
proposed model could be safely used to predict the fatigue life of
asphalt concrete. It should be noted that the experimental data does
not strictly follow a linear distribution in the double logarithmic plot
due to the random error under stress ratio of 0.5. However, this error
can be mitigated by numerical method.

Characteristics of Fatigue Damage Evolution

Fig. 5 shows the variation of element stiffness and fatigue damage at
the bottom of the mid-span section in terms of cycles (stress ratio =
0.5). In the loading process, stiffness decreases at constant speed.
Damage accumulates non-linearly and grows faster with the
increase of fatigue damage. Laboratory results indicate the two
phases of stiffness variation of asphalt concrete under
stress-controlled mode: 1) First, stiffness decreases rapidly during
the first few cycles. The number of cycles in this phase is relatively
small and has little effect on the entire fatigue life, hence this phase
will not be taken into consideration. 2) A constant reduction of
stiffness takes place in the second phase until destruction of the
beam occurs. As a result, it can be concluded that the stiffness
variation obtained in the numerical simulation is qualitatively
consistent with the experimental result.

The discrepancy between the linear stiffness reduction and the
non-linear damage accumulation could be explained by the
constitutive relations demonstrated as Eq. (4). Based on the
constitutive relationship, the reduction of stiffness in each loading
cycle can be given as follows:

AS=D,(n)-S,=D,(n+1)-(S, —AS) (6)

where AS denotes the reduction of stiffness in each cycle, D,(n)
and D,(n+1)is the fatigue damage caused in loading step n and

n+1, respectively. S, is the material stiffness at the beginning of
loading step n . Note that this equation is based on the assumption
that reduction of stiffness in each loading cycle is constant.

Eqg. (6) can also be written as
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Fig. 5. Variation of Stiffness and Fatigue Damage at the Bottom of
the Mid-span Section.

(1]

D.(n+1)~D,(m) = D,(M)- () 0

In the loading process, D¢(n) keeps increasing and S, keeps
decreasing, hence the right side of the Eq. (7) will keep increasing
and the damage increment between two consecutive loading steps
will become larger and larger. In other words, the fatigue damage
will accumulate faster, leading to a non-linear pattern.

Mechanical Response and Fatigue Crack Growth

Since fatigue damage is related to the constitutive relationship of
material to indicate the loss of stiffness, the mechanical response of
asphalt concrete changes from cycle to cycle. As shown in Fig. 6
(stress ratio = 0.5), loss of material stiffness leads to significant
growth of normal separation and decrease of traction. In fact, stress
at the bottom of the mid-span section is decreasing under
stress-controlled mode, and the bottom part of the specimen will
become softer than other parts due to loss of stiffness, thus it will
bear less and less force during the loading process. However,
normal traction decreases only from 0.39 to 0.3 in the first 82
percent of fatigue loading cycles, whereas separation increases as
much as 6 times. It can be concluded that loss of material stiffness
will mainly cause the growth of separation or deformation under
stress-controlled mode. In the last 18 percent of fatigue loading
cycles, stress decreases rapidly and separation increases
significantly until the material loses its load-carrying capacity
completely.

The previous analysis of fatigue damage and mechanical response
emphasized the bottom of the mid-span section, where the crack
initiates and fatigue damage grows fastest. To investigate the
damage growth and crack propagation in the whole mid-span
section, contour plots are extracted in Fig. 7 to show fatigue damage
growth at three loading cycles (N = 3300, 3500, and 3700). The red
line represents the locations where fatigue damage reaches 1 and
crack propagation occurs. It can be seen that automatic fatigue crack
growth in the specimen is well simulated and becomes a natural
result of the numerical analysis by use of the proposed CZM. With
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Fig. 6. Mechanical Response of Asphalt Concrete at the Bottom of
the Mid-span Section.

this numerical model, the damage initiation stage and crack
propagation stage can be investigated as a continuous process
without any complicated finite element remeshing.

Because fatigue behavior is simulated cycle by cycle and no
crack tip stress singularity exists in the CZM, the present model
enables us to capture the transient mechanical response during the
fatigue crack propagation stage. Fatigue damage and normal stress
along the mid-span section are shown in Figs. 8 and 9, respectively.
In the area above the neutral surface of the beam, asphalt concrete is
under compression, and fatigue damage will not accumulate. For the
area under tension, tensile stress and fatigue damage are becoming
larger and larger from the neutral surface to the bottom of the beam.
For the area where fatigue damage reaches 1, asphalt concrete has
no load-carrying capacity; therefore, tensile stress becomes zero.
For N = 3300, damage at the bottom equals 1 and fatigue crack
begins. Crack length reaches 5.5 mm in the next 200 cycles (N =
3500) and 19.3 mm in another 200 cycles (N = 3700). Therefore, it
can be concluded that the crack length grows rapidly once the initial
crack occurs, and the time of crack propagation stage is much
shorter than the damage initiation stage. It can also be observed in
Fig. 9 that the neutral surface of the beam is moving upwards during
the fatigue loading. The locations where tensile stress reaches
maximum levels indicate crack tips. Moreover, the tensile stress at
the crack tip is increasing when the fatigue crack grows. This is
because load-carrying area of the mid-span section is decreasing
with the crack propagation, and stress will therefore increase in
order to balance the constant fatigue load.

Conclusions

A bi-linear cohesive zone model integrated with a damage evolution
law was employed in this paper to investigate the fatigue properties
of asphalt concrete. The damage evolution law is related to the
stress level and increment of strain. Difference of fatigue
characteristics between different types of asphalt concrete were
taken into consideration by using three material parameters. A
dynamic constitutional relationship was defined based on this
damage evolution law. The flexural beam fatigue test was simulated,
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and a damage extrapolation scheme was proposed to improve the
computational efficiency. Conclusions of this study could be
summarized as following.

Fatigue life obtained by numerical modeling in this study is
consistent with experimental data, which indicates the numerical
method developed is sufficient in predicting fatigue lives of asphalt
concrete.

Characteristics of damage accumulation and mechanical response
in the beam were discussed to investigate the mechanism of fatigue
failure. The results qualitatively match the experimental data.
Stiffness decreases linearly while damage accumulates non-linearly
and grows faster with the increase of fatigue damage. Despite the
slow decrease of the stress, loss of material stiffness mainly causes
growth of material’s separation or deformation under
stress-controlled mode.

According to the study of fatigue crack growth, damage initiation
stage and crack propagation stage can be investigated as a
continuous process with the proposed CZM. The duration of crack
propagation stage is much shorter than the damage initiation stage
in the whole fatigue loading process. The tensile stress at the crack
tip increases with the propagation of fatigue crack. However, only
plane strain analysis was reported in this paper, and a
three-dimensional model should be developed in the future. When it
comes to arbitrary crack growth such as mixed-mode cracking, the
current model needs to be optimized since the crack propagation
path must be predefined in CZM. This problem can also be solved
using other approaches such as extended finite element model
(XFEM), which will be considered in the future.
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