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Abstract: In order to investigate the fatigue behavior of asphalt
concrete, a new numerical approach based on a bi-linear
cohesive zone model (CZM) is developed. Integrated with the
CZM, a fatigue damage evolution model is established to
indicate the gradual degradation of cohesive properties of
asphalt concrete under cyclic loading. Then the model is
implemented in the finite element software ABAQUS through
a user-defined subroutine. Based on the proposed model, an
indirect tensile fatigue test is finally simulated. The fatigue
obtained

with
accumulates in a nonlinear manner during the cyclic loading
process and damage initiation phase is the major part of fatigue

lives through numerical

laboratory

analysis show good

agreement results.  Fatigue damage

failure. As the stress ratio increases, the time of the steady
damage growth stage decreases significantly. It is found that
the proposed fatigue damage evolution model can serve as an
accurate and efficient tool for the prediction of fatigue damage
of asphalt concrete.
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atigue is one of the most common and complicated

failures that can cause damage to engineering struc-
tures. Asphalt concrete as a type of widely used pavement
materials is not exempt from this deleterious phenomenon
and has to be assessed under fatigue loading. Traditional
numerical methods have difficulties in simulating the
damage initiation stage and crack propagation stage as a
continuous process'' ™.

The concept of the cohesive zone model (CZM), ini-
tially put forward by Barrenblatt et al.””', considers
fracture to be a gradual phenomenon in which separation
occurs between two adjacent virtual surfaces across an ex-
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tended crack tip ( cohesive zone) and is resisted by the
cohesive force. Compared with other methods describing
the fracture feature of materials, numerical analysis using
the CZM has several advantages: 1) Both the damage ini-
tiation stage and the crack propagation stage are consid-
ered; 2) The singularity of the crack tip appearing in
fracture mechanics can be eliminated; 3) Time and cost
efficiency is highly improved by conducting damage anal-
ysis in a local area to simulate the failure of the whole
structure.

Recently, the CZM has been gradually used in the frac-
ture analysis of asphalt concrete. Soares et al. '
ted the crack propagation of asphalt concrete in the indi-
rect tensile test using the CZM proposed by Tvergaard et
al. ' Song'"”" employed a power-law CZM to describe the
progressive softening and viscoelastic effects occurring in
the fracture of asphalt concrete. Kim et al. """ studied the
specimen size dependency on the fracture of asphalt con-
crete using a discrete element method coupled with a bi-
linear CZM. Caro et al. "' used the CZM technique to
simulate the moisture-induced fracture at the aggregate-
matrix interfaces. Yin et al. """ inserted cohesive elements
into both mastic and the aggregate-mastic interfaces to
simulate the fracture process in 2D and 3D specimens.

However, when it comes to the application of the CZM
in the fatigue analysis of asphalt concrete, there is little
work in this field, so more research should be made.
Kim et al. """ studied the fatigue cracking of asphalt con-
crete using a nonlinear viscoelastic CZM. A cohesive
zone damage evolution function is introduced into the
model based on the variation of fibril geometry.

The object of this study is to predict the fatigue failure
of asphalt concrete. Integrated with the CZM, a fatigue
damage evolution model is established to indicate the
gradual degradation of cohesive properties of asphalt con-
crete under cyclic loading. The model is then implemen-
ted in the finite element software ABAQUS through a us-
er-defined subroutine of material (UMAT). Based on the
proposed model, indirect tensile fatigue test is finally
simulated.

1 Cohesive Zone Model Under Cyclic Loading

simula-

A damage evolution model integrated with a bi-linear
CZM is employed to characterize the fatigue fracture fea-
ture of asphalt concrete. During the first cycle of the re-
petitive loading, the material’s constitutive relationship is
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defined by the bi-linear CZM. Once unloading occurs,
the damage evolution model is activated to describe con-
stitutive properties during the following process of fatigue
loading. As a result, the material’s constitutive relation-
ship can be divided into two forms: the bi-linear CZM in
the first cycle and the fatigue damage evolution model
during the following cyclic loading.

1.1 Bi-linear CZM

The bi-linear CZM under monotonic loading has been
widely used in many materials and it has been already im-
plemented in the finite element software ABAQUS. The
traction-separation constitutive equations in the bi-linear
CZM can be defined as
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where ¢, = /£ + £ is the effective stress; &, is the effec-
tive displacement; o, is the cohesive strength; §, is the
cohesive length where cohesive traction is maximal; ¢

(t,) is the normal( tangential) traction; §,(5,) is the nor-
mal( tangential) separation; 8. is the maximum effective
displacement during the loading process; §; denotes the
critical displacement where complete separation, i.e. ze-
ro traction, occurs.

The features of the bi-linear constitutive relationship de-
fined above are shown as segments OA and AB in Fig. 1.
Under pure normal loading, cohesive traction increases
with the increasing separation before the characteristic co-
hesive length is reached (shown by OA), and decreases
subsequently until it approaches the zero traction line
(shown by AB). Under pure shear loading, the traction-
separation relationship is similar to that under pure normal
loading. The cohesive fracture energy G, is computed
by equating the area under the displacement-traction curve
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Fig.1 Traction-separation relationship under pure
normal loading

(see Fig. 1), namely

1
G. =08 (3)

1.2 Fatigue damage evolution model

For the condition of cyclic loading, the constitutive re-
lationship must be modified with a damage evolution
model that characterizes the progressive degradation of
cohesive properties in the cohesive failure zone under sub-
critical loading. The fatigue damage model should incor-
porate the following characteristics of continuum damage
evolution: 1) Damage accumulation starts if a deforma-
tion measure, accumulated or current is greater than a
critical magnitude. 2) The increment of damage is related
to the increment of deformation as weighted by the cur-
rent load level. 3) There exists an endurance limit which
is a stress level below which cyclic loading can proceed
without failure.

A fatigue damage variable D, is introduced into the fa-
tigue model to define the degradation of stiffness as
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where D_ is the damage accumulated in the current load-
ing cycle; dt,/d§, is the current normal stiffness of the
loading stage; /6™ is the normal stiffness of the un-
loading stage in the previous cycle.

The feature of this stiffness reduction is shown in Fig.
1. The curve OC represents the previous reloading/unloa-
ding cycle and the curve OD is the current cycle. Given
the fatigue damage at a certain time, such as point F in
Fig. 1, the stiffness of the subsequent increment is calcu-
lated by(1 = D,) (£™°/8"). Note that during the unloa-
ding 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
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where a, b, c¢ are three material parameters; a, c are
used for describing the speed of damage accumulation and

max

b for endurance limit; #;" is the maximum effective stress

during the whole loading process, and ™
mum effective stress in the previous loading cycle.

Eq. (5) indicates that during the process of any loading
cycle, damage increases in the loading stage and resets to
zero when the unloading begins. The speed of damage ac-

cumulation is related to the maximum stress level, the

is the maxi-

current stress level and separation increment. Parameters
a, b and c are employed to describe different fatigue fea-
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tures between different types of asphalt concrete, among
which parameter ¢ is used to characterize the high sensi-
tivity of fatigue failure to stress level.

The fatigue CZM is implemented in the finite element
code ABAQUS through UMAT subroutine. The location
of D, =1 is used to define the crack extension.

2 Experimental Test and Finite Element Model

2.1 Experimental test

Before the simulation, a laboratory fatigue test is con-

ducted to obtain experimental records of the fatigue fail-
ure. A load-controlled mode is adopted in the test. The
asphalt used here can be categorized as Shell AH-70. The
aggregate gradation is listed in Tab. 1. The semi-sinusoid-
al waveform is applied to the specimen with a loading fre-
quency of 10 Hz. The temperature during the test is con-
trolled at — 10 C. A material testing machine, namely
MTS 810, is used here to conduct the fatigue test. Tests
are taken under four different stress ratios, 0.5, 0.6, 0.7
and 0. 8.

Tab.1 Gradation used in experimental test

Sieve size/mm 16 13.2 9.5 4.75

2.36 1.18 0.60 0.30 0.15 0.075

Passing percent/ % 100 97.5 82.5 68

41 29.5 22 16 11 6

2.2 Finite element model

Indirect tensile test (IDT) is a common method to in-
vestigate the fatigue properties of asphalt concrete. There-
fore, fatigue failure in the IDT specimen is simulated
here. The radius of the specimen is 50. 8 mm. In the fi-
nite element model, a row of cohesive elements with zero
initial thickness is laid along the centerline of the speci-
men, where fatigue crack is initiated under cyclic load-
ing. The constitutive response of the cohesive element is
defined by the UMAT subroutine. For the rest of the
specimen area, traditional plane strain elements are laid
and the material’s constitutive response is defined as line-
ar elasticity. Fig. 2 shows the in-plane finite element
mesh, in which a higher mesh density is used near the co-
Because
the load-controlled mode is usually applied to the IDT,

hesive elements to obtain more accurate results.

only fatigue failure under this mode is investigated in this
paper.
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Fig.2 Finite element mesh

There are eight parameters in total needed to be deter-
mined (see Tab.2). The elastic modulus E is easy to be
obtained by the IDT fracture test. Cohesive strength is the
tensile strength which can be determined by the IDT and
fracture energy G, can be determined by the single-edge
notched beam test (SEB)''"”". Cohesive length §, is incor-
porated to reduce the elastic compliance by adjusting the
pre-peak slope of the cohesive law. In other words, as
the value of §, decreases, the pre-peak slope increases and
as a result, artificial compliance can be reduced. In this
paper, 6, =0. 018, is used for asphalt concrete based on

previous work by Song!”.

Failure displacement is ob-
tained according to cohesive strength and fracture energy.
Endurance limit is assumed to be 0. 15. An informed iter-
ative approach is adopted to determine appropriate fatigue
model parameters a and c. Note that the laboratory test is

conducted at — 10 C.
3 Discussion

The most important information of a material’s fatigue
property is the fatigue life under certain conditions. Using
current CZM, the numerical results of fatigue lives are
calculated and compared with the experimental results
(see Fig. 3). It can be observed that the predicted and
measured fatigue lives agree very well, which demon-
strates the effectiveness of the proposed model in predic-
ting fatigue lives.

The fatigue damage that varies along the centerline of
the IDT specimen at different loading cycles is shown in
Fig. 4 (stress ratio r =0. 6). It can be seen that the fa-
tigue damage shows accurate symmetry about the center
of the specimen, which is caused by the stress or strain
symmetry of the specimen. At the specimen’s center, the
maximum value of damage is obtained. But at the two ends

Tab.2 Mechanical properties and CZM parameters of asphalt concrete

Cohesive Cobhesive Failure Elastic Poisson b
a c
strength/MPa length/ um displacement/ pum modulus/GPa ratio
3.53 0.248 24.8 14.1 0.35 1.5x10° 0.15 2.7
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Fig.3 Comparison of the predicted and measured fatigue lives
(log-log plot)

of the centerline, no damage exists because asphalt con-
crete in these areas is under compression. The three
curves in Fig. 4 are obtained at every 150 cycles. It can
be seen that damage increases faster in the latter 150 cy-
cles than in the former 150 cycles. When N =2 500, fa-
tigue damage reaches 1 near the center, which indicates
that there is a macrocrack with a length of 3 mm. Consid-
ering that fatigue failure occurs at N =2 550, it can be
concluded that the time of crack propagation phase is
much shorter than that of the damage initiation phase.

N:
—A—2 200
—u—2 350
—e—12 500

Faitgue damage

0 10 20 30 40 50 60 70 80 90 100
Length along the centerline/ mm

Fig.4 Distribution of fatigue damage along the centerline at
three loading cycles

Fig. 5 shows the fatigue damage variations during the
cyclic loading process at the center of the specimen. In
the whole process, damage accumulates in a nonlinear
manner, which can be divided into steady growth stage
and rapid growth stage. Note that when the damage rea-
ches 0. 3, the speed of damage growth increases signifi-
cantly and an initial crack occurs soon in the specimen.
For the specimen under a higher stress ratio (i.e. r =0.
8), damage growth maintains a high speed in the whole
process and the time of the steady growth stage is much
shorter than that of specimen under lower stress ratio.

Because fatigue damage is coupled with the material’s
mechanic properties, the constitutive response of asphalt
concrete changes from cycle to cycle. As shown in Fig. 6,
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Fig.5 Damage growth at the center of IDT specimen

material stiffness gradually reduces and strain increases
rapidly. Moreover, strain also increases in a nonlinear
manner like the variation of damage, which can be ex-
plained by the damage evolution model where damage is
directly proportional to the increment of strain. The fa-
tigue test is simulated under the load-controlled mode, so
the stress at the center decreases very slowly and mechani-
cal equilibrium is mainly maintained by the increase in
deformation or separation.

2.4r

Normal traction/MPa

1
5 10 15 20
Normal separation/10 ~’m

Fig.6 Constitutive relationship of asphalt concrete at the cen-
ter (r=0.6)

4 Conclusions

1) A fatigue damage evolution model integrated with a
bi-linear CZM is employed in this paper to investigate the
fatigue properties of asphalt concrete. The model is im-
plemented in the finite element software and then the indi-
rect tensile fatigue test is simulated.

2) Fatigue lives obtained by numerical analysis show
good agreement with the laboratory results. It can be con-
cluded that the numerical model developed in this paper
can predict the fatigue damage of asphalt concrete.

3) The features of damage accumulation and the
process of fatigue failure in IDT are discussed. The re-
sults are matched qualitatively with the laboratory results.
Fatigue damage accumulates in a nonlinear manner and
damage initiation phase is the major part of fatigue failure

in IDT. As the stress ratio is increased, the time of
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steady damage growth stage decreases significantly.
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