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Focused on the fatigue performance of the asphalt mortar, this study proposed an assessment model for fatigue damage evolution
based on the continuum mechanics. From the perspective of the material scale rather than the macrostructure, the proposed
damagemodel was set by concentrating on the stress-strain state of a tiny point which could characterize thematerial performance
accurately. By the mechanical formula derivation and based on the four-point bending fatigue tests, the damage evolution law was
determined and then the proposed model was verified. Based on the finite element method (FEM), a commercial software named
ABAQUS was utilized to develop the random mixtures consisting of coarse aggregates, mortar, and voids. Eventually, combined
with the damage model and virtual simulation of bending tests, the factors influencing the fatigue resistance of the whole asphalt
mixtures were analyzed further.

1. Introduction

Asphalt mixture is a three-phase structure consisting of
aggregate, void, andmortar [1–3].+e asphalt mortar, acting
as a bonding layer between adjacent particles, has been
highlighted by many researchers to play an important role in
the performance of the whole mixtures [4, 5]. Different form
the mixtures, the asphalt mortar consists of the binder,
mineral powder, and the fine aggregates only.

Tests conducted by Tan et al. [6] have pointed out that
the fine aggregate properties play an important role in the
viscoelastic performance of the asphalt mortar. To obtain
better viscous properties and low-temperature perfor-
mance, abundant angular fine aggregates are necessary.
Hasan et al. [7] designed and carried out the creep tests of
the asphalt mortar. In their tests, four kinds of binder were
used including one base binder and three modified ones. It
is found that the test environmental temperature along
with the binder types all affected the occurrence of the
mortar creep in porous asphalt. Permeability loss was more
significant when the base binder was used. Wang et al. [8]
utilized the rolling thin film oven to reveal the influence of
mineral powder on the aging characters of asphalt mortar.

+e results showed that when the mass ratio of mineral
powder to mortar was less than 1.5, the mineral powder
contents had a positive effect on asphalt aging; when the
mass ratio of mineral powder to mortar was more than 1.5,
increasing the contents of mineral powder could only
accelerate asphalt aging. +us, it is necessary to determine
the best ratio of mineral powder during pavement con-
struction. Similar findings have been put forward by many
others showing the mortar effects in the whole mixtures
[9–11].

Apart from the research studies based on the laboratory
tests, many numerical methods such as discrete element
method (DEM) and finite element method (FEM) were
introduced to illustrate the mechanical behavior of the as-
phalt mortar. +ese computational techniques accelerate the
related studies and reveal the materials’ mechanism from a
new perspective [12–15]. Based on these numerical methods,
many researchers have done virtual tests to evaluate the
performance of the asphalt mortar and concluded some
meaningful findings [16–18].

In the road engineering, the main concern is about how
to evaluate the fatigue properties of the materials and es-
tablish the corresponding mathematical model to predict the
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long-term performance of the pavement structure. +ese
fatigue damage evolution models were necessary guarantees
for the precise simulations. Only by importing the model
into numerical simulation firstly, the outputs from the
numerical software can be convinced and valuable. To reveal
the long-term behavior of pavements under cyclic vehicle
load, many researchers proposed their own damage models
[19–23]. However, most of the proposed damage evolution
models were developed from the macrostructure scale and
could only predict the behavior of the designed composition
and structures. +e methods characterizing the damage
evolution from the material scale still need to be further
studied, especially for the asphalt mortal in the road field.

2. Objective and Scope

+e objective of this study is to establish the fatigue damage
evolution model for the asphalt mortar. It is for the mortar
material rather than the test structures. To achieve this, the
four-point bending fatigue tests and the FEM simulation
were utilized together. Prior to processing, several as-
sumptions were made as follows:

(1) +e macrofracture of the aggregate, mortar, and
mixtures was not included here, and only the damage
evolution was taken into considerations.+e damage
and fracture are two different stages for the materials
[24]. +is helps to determine the study scope of this
paper, and the damage evolution of the materials was
concentrated on only here.

(2) +e damage of the asphalt mortar dominated within
the whole mixtures while the coarse aggregates were
regarded as the variation of the boundary condi-
tions. It is believed that the damage mainly occurs
within the asphalt mortar rather than the aggre-
gates. Because the properties of aggregates are not
changed mostly under the cyclic loading, few of the
particles will break. Oppositely, the interfaces be-
tween aggregates and mortar and the inner area of
the mortar tend to generate microcracks more easily
which leads to a performance decline. And this is
the main cause of the fatigue damage. So, the
damage of the asphalt mortar rather than the
mixtures was studied here.

(3) Due to the low temperature of the designed tests,
the viscoelastic characteristics of asphalt mixtures
could be neglected temporary, and the mixtures
were regarded as elastic materials [25]. +us, the
fatigue damage evolution models of the asphalt
mortar could be derived based on the linear elastic
theory.

+e rest of this paper is organized as follows. Section 3
mainly introduces the materials, apparatus, simulation
methods, and the derivation of the fatigue damage
evolution formulas. In Section 4, the damage evolution
law and the major factors on the damage process are
analyzed based on the laboratory tests. Moreover, the
validation of the proposed model is verified and is applied

within the FEM simulation to predict structure perfor-
mance further. Finally, some research findings are
summarized in Section 5.

3. Methodology and Experimental

3.1. Materials. +e asphalt binder, mineral powder, and
aggregates were prepared for this study. Prior to laboratory
tests, the base properties of materials were measured firstly
to meet the requirements of the Chinese Technical Speci-
fication for Construction of Highway Asphalt Pavement
[26]. +e summaries of the material properties are shown in
Tables 1–3. Two types of the specimens are needed in the
following process: (a) asphalt mixtures consisting of asphalt
binder, mineral powder, and aggregates and (b) asphalt
mortar consisting of asphalt binder, mineral powder, and the
fine part of aggregates. +e testing gradation of the asphalt
mixture is shown in Figure 1(a) meeting the requirements of
Chinese standard [26]. Since the aggregates smaller than
2.36mm are regarded as part of asphalt mortar, the specific
content of the fine aggregates within mortar can be de-
termined based on the mixture gradation as shown in
Figure 1(b). +is recalculation of the mortar gradation is
necessary to keep the other compositions same as the
prepared mixtures. Only the coarse aggregates should be
extracted.

3.2. Laboratory Test. According to the Chinese specifica-
tion named Standard Test Methods of Bitumen and Bi-
tuminous Mixtures for Highway Engineering (T0739-
2011) [27], the four-point bending beam fatigue tests
based on the universal testing machine (UTM) were se-
lected to evaluate the fatigue performance of the asphalt
mortar and asphalt mixture. +e fatigue tests of asphalt
mortar were used to obtain model parameters and to study
the influencing factors of fatigue performance. +ree
major factors were taken into consideration and varied
during the test process, including the test temperature (5°C
and 10°C), loading strain (700 με and 1000 με), and the
asphalt content of mortar (4.3%, 4.8%, and 5.5%). Here-
after, in this study, the asphalt content of 4.3%, 4.8%, and
5.5% was referred to as low, moderate, and high contents,
respectively. One fatigue test of asphalt mixture under the
condition of 5°C, 700 με and moderate asphalt content was
conducted. +e test data were used to verify the FE model
of asphalt mixture. +e tests were conducted strictly
according to the Chinese standard [27], and the bending
stiffness modulus was calculated as shown in equations
(1)–(3). A load with haversine amplitude is applied to
simulate the strain-control loading condition (10 Hz). +e
fatigue life was defined as the load cycles when the bending
stiffness modulus decreased to 50% compared to the initial
one:

σt �
(L × P)

w × h2( )
, (1)

where σt is the maximum tensile stress of the centre bottom
of the test beam, Pa; L is the length of the test beam, m; P is
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peak load during test, N; w is the width of the test beam, m;
and h is the height of the test beam, m.

εt �
(12 × δ × h)

3 × L2 − 4 × a2( )
, (2)

where εt is the maximum tensile strain of the centre bottom
of the test beam, m/m; δ is the maximum deflection of the
beam centre, m; and a is the spacing distance between two
adjacent chucks.

+e bending stiffness modulus was defined as follows:

S �
σt
εt

, (3)

where S is the bending stiffness modulus, Pa; σt is the
maximum tensile stress of the centre bottom of the test
beam, Pa; and εt is the maximum tensile strain of the centre
bottom of the test beam, m/m.

+e damage of the centre bottom of the test beam at the
Nth load cycle was calculated as follows:

DN � 1−
SN

S0
, (4)

where DN is the damage at the Nth load cycle; SN is the
bending stiffness modulus at the Nth load cycle, Pa; and S0 is
the initial bending stiffness modulus, which is the bending
stiffness modulus at the 50th load cycle according to the
Chinese specification [27].

3.3. Fatigue Damage Model Development for Asphalt Mortar.
As a design index according to the Chinese standard [26],
the requirement of the tensile strain in the layer bottom is
much more significant to ensure fatigue resistance. +us,
only focused on the tensile damage, which dominated
within the pavement structure under the cyclic load, the
tensile damage evolution model was proposed to charac-
terize the mixture performance. Since the bending stiffness
modulus (S) obtained from the tests can only represent the
structure performance, it is a macroindex characterizing
the whole beam rather than materials. +us, the fatigue
damage model was developed further. Based on the
principle of the continuum mechanics, when all the ex-
ternal load, boundary conditions, and structure size are

determined, the stress-strain state of point C can be ob-
tained obviously. By establishing the mathematic relation
of damage between the beam structure and centre bottom
point, the damage evolution model of a tiny point can be
obtained. And this point damage model is regarded as the
micromaterial properties under the cyclic load regardless of
the macrostructures. +e details of the fatigue damage
model are shown in Figure 2.

Dc, εc, and σc are defined as the damage, strain, and
stress of point C after N times cyclic load, while the D, ε,
and σ are the damage, strain, and stress of random points
in the cross section of the beam after N times cyclic load.
+e constitutive model and fatigue damage evolution
model are developed as an initial form as shown in
equations (5) and (6).

+e constitutive model:

σ � (1−D)Eε. (5)

+e fatigue damage evolution model:
dD

dN
� A[ε(1−D)]

p
, (6)

where E is the elastic modulus and A and p are the co-
efficients to be determined, related to the material
properties.

When derived the evolution formulas for mortar, the
mortar was assumed as an isotropic continuum medium. So
the four-point bending fatigue test for mortar could be
regarded as a plane stress problem. +e stress and strain
vertical to the cross section were selected for formula der-
ivation then. For random points in the cross section of the
beam, equilibrium condition should be reached at any time,
and then equations (8) and (9) can be obtained as follows:


1

0
σwhdλ � 0, (7)


1

0
σwh

2λdλ � M, (8)

λ �
y

h
, (9)

where λ is the relative position of random points along the
Y-coordinates direction; y is the Y-coordinates of the
random points; M is the bending moment of the cross
section of the beam, N·m; and the other parameters are the
same as the formers.

Since the cyclic load, more microcracks and microholes
will appear during the process especially in the centre
bottom area of the beam. +is causes damage and will make
the neutral axis move upwards gradually. +us, λN is pro-
posed and defined as the new position of the neutral axis
after N times cyclic load as follows:

λn �
yn

h
, (10)

where λn is the relative position of neutral axis along the
Y-coordinates direction after N times cyclic load; yn is the

Table 2: Base properties of mineral powder.

Index Results Requirements

Granularity (%)
＜0.6mm 100 100
＜0.15mm 96.5 90–100
＜0.075mm 85.3 75–100

Table 1: Base properties of asphalt binder.

Index Results Requirements
Penetration (25°C, 100 g, 5s)/0.1mm 71 60–80
Ductility (10°C)/cm 31.3 ≥20
Softening point (°C) 48.2 ≥46
Flash point (°C) 287 260
Density (g/cm3) 1.031 —
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Y- coordinates of the neutral axis after N times cyclic load,
m; and the other parameters are the same as the formers.

Substituting equation (5) into equations (8) and (9), we
obtain


λn

0
whE(1−D)εdλ + 

1

λn

whEεdλ � 0,


λn

0
wh

2
E(1−D)ελdλ + 

1

λn

wh
2
Eελdλ � M,

(11)

where the parameters are the same as the formers.
In the strain control mode, the strain of the centre

bottom of the beam remains the same; thus, we obtain

ε �
y

ρ
, (12)

where ρ is the curvature of the beam.
Defining η � (λn − λ)/λn and substituting it into equa-

tion (12), the strain of random points can be obtained as
follows:

ε � εcη, (13)

dλ � −λndη. (14)

Substituting equations (13) and (14) into (9), we obtain


1

0
ηDdη �

1
λn

−
1
2λ2n

, (15)


1

0
η 

N

0

dD

dN
 dN dη �

1
λn

−
1
2λ2n

. (16)

Point C x MM

Neutral axis

y

Figure 2: Fatigue damage of the point C.

Table 3: Base properties of aggregates.
Coarse part
Size (mm) 16–13.2 13.2–9.5 9.5–4.75 4.75–2.36
Density (g/cm3) 2.771 2.791 2.688 2.735
Fine part
Size (mm) 2.36–1.18 1.18–0.6 0.6–0.3 0.3–0.15 0.15–0.075 <0.075
Density (g/cm3) 2.715 2.718 2.716 2.717 2.720 2.752
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Figure 1: Testing gradations: (a) gradations for the asphalt mixtures; (b) gradations for the asphalt mortar.
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Taking equation (6) into (16), we obtain


N

0
A[ε(1−D)]

p
dN � 2

1
λn

−
1
2λ2n

 . (17)

To the point C, λ � 0, combined with the equation (6),
we obtain


N

0
A εc 1−Dc(  

p
dN � Dc. (18)

+e damage of the point C can be determined through
equations (17) and (18) as follows:

Dc � 2
1
λn

−
1
2λ2n

 . (19)

+e unknown parameter λn can be solved through
equation (19) as follows:

λn �
1

1 +
������
1−Dc

 . (20)

Apply the integral operation on both sides of equation
(6), the fatigue damage evolution model for each point can
be developed as shown in equation (21), and the Point C is
shown in equation (22):

D � 1− 1−(−p + 1)Aεp
N 

(1/(−p+1))
, (21)

Dc � 1− 1−(−p + 1)Aεp
c N 

(1/(−p+1))
. (22)

3.4. FEMModelling of AsphaltMixture. Virtual models were
developed based on the FEM software named ABAQUS.
Two model forms were taken into consideration. One is the
virtual asphalt mortar and another is the asphalt mixtures.
+e virtual four-point bending fatigue tests for mortar were
carried out to verify the FEM implementation of the pro-
posed fatigue damage model. After that, the precise damage
model of the mortar was imported into the virtual mixtures,
and the virtual four-point bending fatigue tests for mixture
were conducted. +e simulation results were compared with
the laboratory results of asphalt mixture to verify the
mesostructure FE model. More simulations were conducted
to analyze the effect of air void on damage evolution.

+e coarse aggregates were regarded as pure elastomer
without any damage evolution. When conducted the virtual
tests, Young’s modulus and Poisson’s ratio of the coarse
aggregates were set as 5.55GPa and 0.15, respectively. +e
virtual specimens were developed with a 377mm length and
50mmheight in two dimensions, which were identical to the
realistic. +e final virtual specimens for asphalt mixture are
shown in Figure 3(a). Free meshing algorithm with quad-
dominated element shape was used. And the type is CPS8R
(an 8-node biquadratic plane stress quadrilateral, reduced
integration). +e green, white, and red areas represent ag-
gregates, asphalt mortar, and air voids, respectively. Asphalt
mortar was considered as an isotropic material, and its FE
model is shown in Figure 3(b). Structured meshing

algorithm with quad element shape was used. And the el-
ement type is also CPS8R.

As shown in Figure 3(c), the position of four virtual
clamps was the same as the real test. Clamp C was fixed in all
degrees of freedom. A vertical displacement boundary con-
dition with haversine amplitude was applied to clamp A to
simulate the strain-control loading condition (10Hz, 700 με,
and 1000με). +e horizontal displacement and rotation of
clamp A were constrained. +e clamps were connected to the
sample using surface-to-surface contact with geometric
properties. +e clamps were considered as pure elastomer
with Young’s modulus far greater than that of the sample.

+e virtual mixtures including the asphalt mortar,
irregular shape voids, and coarse aggregates were also
developed in ABAQUS. Prior to FEM modelling, pre-
processing for the random composition generations was
completed based on Matlab. A user-defined routine was
coded in Matlab to help develop the irregular shapes of
particles and finally form the total mixtures as shown in
Figures 4 and 5. As shown in Figure 4, polar coordinates
were utilized in the irregular shapes plotting. Several groups
of coordinate values were determined randomly within a
designed range firstly and then a circumscribing polygon
was plotted to form the final shapes. When developed the
mixtures, particles of different grades were generated in
turns based on their sizes. As shown in Figure 5, the rect-
angle was plotted as a virtual container, and then particles of
16mm size were plotted firstly followed by 13.2mm,
9.5mm, 4.75mm, etc. After the particle generations were
completed, the voids were plotted in the same way. As
shown, three kinds of mixtures were developed randomly.
+e blue lines represented the coarse aggregates while the
red ones are the voids. +e percent air voids in bituminous
mixtures (VV) were 0%, 4%, and 8%, and the percent voids
in mineral aggregate in bituminous mixtures (VCA) were
32.3%, 32.1%, and 30.7%, respectively. It should be noted
that when plotted the irregular shapes of particles and voids,
a judgment routine was conducted in Matlab to avoid the
shape overlaps. If there existed a particle or void already, the
next particle or void generation would not be permitted here
until another available location was found. After the mixture
images were generated successfully finally, they were im-
ported to ABAQUS for structure and mesh generations as
shown in Figure 6.

3.5. Model Parameter Determination of the Asphalt Mortar.
Since the damage evolution of the asphalt mortar dominates
within the whole mixtures, its model should be further
specified by determining the related parameters. As illus-
trated in equation (22), the fatigue damage variable is related
to two material parameters (A and p). A nonlinear mini-
mization algorithm using differential evolution method is
performed on the target error function F as

minF(A, p) �
1
N

������������



N

i�1
1−

Dc,i

Dt,i
 

2



, (23)
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where Dc,i is the calculated damage and Dt,i is the damage
obtained from laboratory results using equation (4).

By fitting the laboratory results, these undetermined
parameters could be confirmed. Figures 7 and 8 are the
fitting results of the proposed fatigue damage evolution
models. Different conditions including the temperature,
loading strain, and asphalt content were taken into con-
siderations. +e values of A and p applied for these con-
ditions are all calibrated and summarized in Table 4. As
shown in Figures 7 and 8, it is concluded that the proposed
damage model could well characterize the fatigue perfor-
mance of the asphalt mortar in the first two stages. In the
third stage, the damage evolved rapidly converting the inner
microcracks into macrofracture. In this stage, the macro-
cracks dominated, and therefore the modulus of the
structure decreased sharply. +us, focusing on the damage

evolution only without the macrofracture mechanism, the
fitting lines could only characterize the first two stages. And
it has been verified in Figures 7 and 8 that the proposed
damage evolution models could well predict the perfor-
mance of asphalt mortar before fracture.

4. Results and Discussion

4.1.Analysis of the Laboratory FatigueTests. +e results of the
four-point bending fatigue tests in laboratory are summarized
in Figures 9 and 10. Figure 9 illustrates the influences of the
temperatures and strain levels on the fatigue performance of
asphalt mortar. As shown in Figure 9, when compared the
curves of 5°C, 700 μεwith the 5°C, 1000με in Figures 9(a)–9(c),
it is concluded that the strain level has a negative effect on the
changes of the bending stiffness modulus (S). When comes to
the curves of 5°C, 1000με and 10°C, 1000με, it is found that as
the temperature increases, the asphalt mortar will have better
fatigue resistances. Moreover, the strain level plays a much
more important role than temperature in affecting the fatigue
performance of asphalt mortar which can be obviously
summarized from Figure 9. +e fatigue lives of 5°C, 700 με
are much more than the 10°C, 1000 με despite the asphalt
content. It is believed that the load strain decreased by
300 με has a more positive effect than increasing the
temperature by 5°C. +us, avoiding the heavy traffic is
significant to maintain the pavement permanent perfor-
mance. As for Figure 9(c), different trends could be also
found that the bending stiffness modulus (S) of the 5°C,
1000 με was a litter larger than the other two at high asphalt
contents. +is is because of the lowest temperature and
largest strain level which are the worst conditions for the
mortar. When the asphalt content is high, the lower

(a)

(b)

(c)

Figure 3: FEM modelling: (a) asphalt mixture sample; (b) asphalt mortar; (c) clamps.

(r4, θ4)

(r5, θ5)

(r6, θ6)

(r7, θ7) (r8, θ8)

(r9, θ9)

(r2, θ2)

(r1, θ1)

(r3, θ3)

(2, 2π)(–2, 2π)

Figure 4: Irregular shape modelling for particles.
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(a)

(b)

(c)

Figure 5: Irregular shape modelling for mixtures: (a) VCA � 32.3%, VV � 0%; (b) VCA � 32.1%, VV � 4%; (c) VCA � 30.7%, VV � 8%.

Figure 6: Final FEM modelling for the asphalt mixtures.
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Figure 7: Continued.
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temperature means the beam structure is more similar to
the elastic solid. So, the performance of the mortar at the
high asphalt content was slightly different from the low and

moderate ones. With the worst conditions (highest asphalt
content at the lowest temperature), the mortar would
become stiffer than others. So, the bending stiffness
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Figure 7: Fatigue performance prediction of the asphalt mortar at 5°C: (a) low asphalt content; (b) moderate asphalt content; (c) high
asphalt content.
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Figure 8: Fatigue performance prediction of the asphalt mortar at 10°C: (a) low asphalt content; (b) moderate asphalt content; (c) high
asphalt content.
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Figure 9: Influences of the temperatures and strain levels on the fatigue performance of asphalt mortar: (a) low asphalt content;
(b) moderate asphalt content; (c) high asphalt content.

Table 4: Fitting parameters of the proposed damage evolution model under different conditions.

Asphalt content (%) Temperature (°C) Loading strain (με) A p

Low
5 700 6.1e − 5 9
5 1000 6.1e − 5 9
10 1000 6e − 5 7

Moderate
5 700 4.7e − 5 6.1
5 1000 4.7e − 5 6.1
10 1000 4.6e − 5 15.7

High
5 700 9.3e − 5 13
5 1000 9.3e − 5 13
10 1000 2.3e − 6 3
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modulus (S) of the 5°C, 1000 με was a litter larger than the
other two at the beginning. Under the largest strain level of
1000 με, it would decline sharply at the fastest speed which
could be seen in Figure 9(c).

Figure 10 shows the influences of the asphalt content on
the fatigue performance of asphalt mortar. As shown, the
asphalt content has a positive effect on the fatigue perfor-
mance of the asphalt mortar despite the loading conditions.
Compared to the asphalt mixtures, although there is no
coarse aggregate skeleton, the curve trends of the mortar
also go through three stages known as starting stage, stable
stage, and unstable stage. It is a rough verification of the

assumption that the damage evolution mainly processed
within the mortar and the aggregates only form the skeleton
in mixtures. From the perspective of mechanical calculation,
these coarse aggregates can be regarded as boundary con-
ditions directly.

4.2. Verification of the FEM Implementation of the Fatigue
Damage Model. +e proposed fatigue damage model was
implemented into the ABAQUS software via UMAT user
subroutine. +e FE model of the asphalt mortar was con-
structed as described in Section 3.4. In the real test,
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Figure 10: Influences of the asphalt content on the fatigue performance of asphalt mortar: (a) 5°C, 700 με; (b) 5°C, 1000 με; (c) 10°C, 1000 με.
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maximum deflection and peak load of each cycle were
recorded. Correspondingly, vertical displacement of the
beam centre and the contact force between clamp A and the
sample were recorded in the simulations. Additionally, the
damage variable in the UMAT subroutine was also
outputted.

+e four-point bending beam fatigue tests of the asphalt
mortar specimens with different asphalt contents, different
temperatures, and different loading strains as described
previously were simulated. +e simulation results of the
sample with moderate asphalt content under test condition
of 5°C and 700 με are shown in Figure 11.

It can be seen from Figure 11 that in the whole fatigue
evolution process of the asphalt mortar sample, the damaged
area slightly increased, showing an upward expansion trend.
+e main damage area was concentrated between clamp A

on the bottom of the sample, and the damage variables were
substantially the same at the same height. +is is because the
middle part of the sample was in a purely bending state and
the tensile strain of the sample was the same at the same
height. In other parts of the sample, the specimen was
subjected to compressive stress, or the tensile strain gen-
erated was very small, which was negligible compared with
the area where the damage had occurred. +e damage area
was relatively small, which accounted for about 1/30 of the
area of the sample.

+e load cycles of the simulations were recorded, and the
calculated damage variables at the end of simulations were
compared with those of the tests.+e results are summarized
in Table 5. It indicated that the FE implementation can
accurately characterize the mechanical behavior of the
proposed fatigue model.

(a)

(b)

(c)

(d)

(e)

(f )

Figure 11: Damage evolution of asphalt mortar with load cycles. (a) Load cyclesN � 200,Dmax � 2.041e − 4; (b) load cyclesN � 2000, Dmax �

5.492e − 3; (c) load cycles N � 20000, Dmax � 5.278e − 2; (c) load cycles N � 40000, Dmax � 8.840e − 2; (e) load cycles N � 60000, Dmax �

1.137e − 1; (f ) load cycles N � 77600, Dmax � 1.422e − 1.
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4.3. Fatigue Performance Predictions of the Asphalt Mixture.
+e fatigue damage evolution of the asphalt mixtures was
analyzed further based on the verified FE implementation of
the proposed fatigue model.

A four-point bending fatigue test for asphalt mixture was
conducted under the condition of 5°C, 700 με and moderate
asphalt content. +e void ratio of the sample is 4%. A virtual
test with the same void ratio was constructed using random
packing method described in Section 3.4. A fatigue test was
simulated under the same test condition. +e peak load and
maximum deflection were outputted, and the bending
stiffness modulus was calculated using equations (1)–(3). As
shown in Figure 12, the proposed FE model can well
characterize the fatigue performance of the asphalt mixture
in the first two stages.

+ree virtual mixture samples with 0% VV, 4% VV, and
8% VV were constructed. Fatigue test simulations were
conducted. Figure 13 shows the details of the virtual
simulations at the 100000th loading cycle. As shown, the
voids content plays a negative role in the fatigue perfor-
mance of the asphalt mixtures. +e maximum damage
variables are 0.2042, 0.2232, and 0.2755 for the 0% VV, 4%
VV, and 8% VV, respectively. Since there are no voids in
Figure 13(a), the maximum damage occurred in the par-
ticles’ edge. Differently, when comes to Figure 13(b) and
13(c), it is found that the boundary of the voids tend to
cause damage more easily. +e maximum damage always
arose from the void edges. Comparing the simulation re-
sults of Figures 13(a)–13(c), it is concluded that as the void
content increased, the damage evolved more sharply and
the damage tended to arose from the void edges due to a
stress concentration.

+e reduction of the bending stiffness modulus of three
virtual fatigue tests is shown in Figure 14. It can be seen that as
the void ratio increased, the decay rate of the stiffness
modulus increased. +e difference between curves of samples
with 4% VV and 8% VV was much larger than that between
curves of samples with 0% VV and 4% VV. It indicated that
the damage accumulation increased nonlinearly when the
void ratio increased linearly. +e void ratio had a significant
influence on the fatigue performance of asphalt mixture.

5. Conclusions

+is paper proposed a fatigue damage evolution model
of the asphalt mortar based on the four-point fatigue

bending tests. By fitting the laboratory results, the proposed
model was verified, and the related parameters were de-
termined under different loading conditions. By importing
the damage model into FEM simulation, the major in-
fluences on the fatigue damage of the asphalt mixtures were
analyzed further. +e main conclusions drawn from the
study are as follows.

+e load strain has a negative effect on the bending
stiffness modulus of asphalt mortar while the temperature
and asphalt content have a positive one. When the asphalt
content is fixed, decreasing the load strain is more effective
than increasing the temperatures in improving the fatigue
life of the mortar. Since the environmental temperature is
uncontrollable during the pavement usage, avoiding the
heavy traffic is an effective means to maintain the pavement
permanent performance.

+e proposed damage model was established based on
the continuum mechanics. It characterized the performance
of the tiny point within the whole structure which can
represent the micromaterial property rather than the
macrostructure. By fitting the model curves with the re-
alistic, it has been validated that the proposed methods can
well characterize the fatigue life of the asphalt mortar in the
first two stages.

+e damage evolution curves of the mortar are similar
with the asphalt mixtures. It is a rough verification of the
assumption that the damage evolution mainly processed
within the mortar and the coarse aggregates only form the

5000

6000

7000

8000

9000

10000

11000

0 20000 40000 60000 80000 100000 120000

S 
(M

Pa
)

Loading cycles

Laboratory test data
Simulation result

Figure 12: Comparison between simulated damage variable and
measured damage variable of asphalt mixture.

Table 5: Comparison between simulated damage variable and measured damage variable under different test conditions.

Asphalt content (%) Temperature (°C) Loading strain (με) Simulated damage Measured damage

4.3
5 700 0.13 0.132
5 1000 0.31 0.307
10 1000 0.42 0.39

4.8
5 700 0.23 0.282
5 1000 0.38 0.357
10 1000 0.23 0.24

5.5
5 700 0.09 0.098
5 1000 0.18 0.173
10 1000 0.27 0.22

12 Advances in Materials Science and Engineering



skeleton in mixtures serving as boundary conditions.
+rough the FEM simulation, it shows that the damage
always arose from the void edges firstly, and as the void

contents increased, the damage grew more sharply. By
comparing the simulation results of virtual samples with
different void ratios, it indicates that the damage accu-
mulation increased nonlinearly when the void ratio in-
creased linearly. +e void ratio had a significant negative
influence on the fatigue performance of asphalt mixture.
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