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Weaknesses of the subgrade structure induce the asphalt surface diseases and shorten the service life of flexible pavement.
However, the resilient modulus (Mr) of subgrade soils is difficult to be evaluated directly since the subgrade is hidden and covered
by the granular or asphalt layer. .is study aimed to establish a numerical approach to predict the dynamic behavior of flexible
pavements considering the stress sensitivity and moisture variation of subgrade soils. Firstly, 2D FEM simulations of flexible
pavements were performed with half-sine loadings. A constitutive model of subgrade soils was proposed to incorporate soil
suction and octahedral shear stress. It was validated using the laboratory triaxial test data of 3 selected soils. .en, the developed
model was programmed by the user-defined material subroutine (UMAT) in the software ABAQUS. Subsequently, the validity of
FEM model was verified by the laboratory tank model. Finally, the effect of moisture contents on the dynamic response of
pavement structures was studied by tensile stress and vertical compressive strain. Results show that the surface deflection of the
FEM model is similar to that of the actual pavement structure with the R2 of 98.44%. .e developed UMAT program is reliable
since the distribution of Mr in the FEM model is influenced by the stress and moisture condition of subgrade soils. When the
moisture content is increased by 63%, the averageMr of subgrade soils is decreased by 18.7%.Meanwhile, the stiffness softening of
subgrade soils increases vertical compressive strain at the top of the subgrade and the tensile stress at the bottom of the surface
layer. It is interesting that the developed model can be applied to analyze the fatigue cracking of both subgrade and surface layers
in the future.

1. Introduction

Flexible pavements are widely used in the world and in
general consist of three layers: subgrade soils, base course,
and asphalt surface [1]..e asphalt surface layer provides the
comfortable driving environment, and the subgrade layer
ensures the structural deformation stability. As time goes on,
as a result of long-term exposure to the external environ-
ment, the asphalt surface weakens gradually due to adverse
temperature and traffic loads. Also, a large number of studies
have been conducted to analyze the mechanism and causes
of the asphalt surface damage [2, 3]. However, dynamic
properties and permanent deformation of the subgrade
structure are difficult to be directly measured during the
service period, since subgrade soils are hidden and covered

by granular or asphalt base [4]. Few studies have been
proposed to describe the dynamic behavior of the subgrade
structure. Meanwhile, the entire section of the subgrade is
seriously wetted when the humidity of subgrade soils tends
to balance. .e balanced moisture content of the subgrade is
up to 71% higher than the maximummoisture content of the
initial design in the south China area [5]. .e stiffness of the
subgrade decreases significantly and the deformation in-
creases continuously due to the effect of humidity and
cumulative load [6]. .ese weaknesses of the subgrade
structure become major reasons for the failure of flexible
pavement, except for asphalt materials ageing.

Subgrade soils distribute nonuniform dynamic stresses
caused by the traffic loading, and both moisture content and
matric suction change continuously from top to bottom [7].
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Most flexible pavements are usually static designed by
treating the subgrade layer as a linear-elastic material with
constant mechanical parameters. However, the dynamic
response of flexible pavements is different from that of the
static design, since the tensile strain at the bottom of the
asphalt surface is 50% less than that of the static response
while the shear stress of base course and asphalt surface is
significantly increased [8]. Furthermore, several research
studies have concluded that the soil subgrade exhibits
nonlinear stress-dependent behavior related to soil physical
properties [9]. Recognizing these deficiencies, the Mecha-
nistic Empirical Pavement Design Guide (MEPDG) 2004
recommended the resilient modulus (Mr) of subgrade soils
as a basic input to calculate the dynamic response of flexible
pavements [10].

.e Mr describes the stress-dependent elastic behavior
of subgrade soils and is defined as the ratio of stress to strain
in cyclic loading under the elastic behavior phase of granular
materials [11]. Variations of the Mr often manifest as
multiple nonlinearities with the change of test conditions in
repeated triaxial tests. .e laboratory test is an accurate
approach to evaluate the Mr of soils in different conditions
of stresses and moisture [12]. In repeated load triaxial tests,
the confining stresses are applied to simulate the overburden
pressure and wheel load but it requires well-trained pro-
fessional and relatively expensive laboratory device. Con-
sidering the complexity and inconvenience of the laboratory
testing, many researchers attempted to build Mr-predicting
models [13]. .ey found the Mr of subgrade soils is obvi-
ously dependent on the stress and moisture status [14]. At
the same time, these physical characteristics of soils are easy
to be obtained and embedded in the predicting models.
.erefore, it is highly appropriate to employ aMr-predicting
model to characterize mechanical behaviors of subgrade
soils relating to physical properties.

.e numerical methods are regarded as a beneficial
supplement of the mechanistic empirical method [15]. Two
constitutive models were always used to describe the elastic
behavior of soils, such as the linear elastic model and
nonlinear elastic model [16]. Based on the linear elastic
model, the pavement structure is considered to be a mul-
tilayer elastic system, which provides a good analytic ap-
proach to explain its static mechanical behavior [17].
However, the model is not suitable for the pavement design
under high-speed heavy-duty traffic conditions. Under
dynamic loading, the theoretical response is smaller than the
realistic measure, since the nonlinear material properties of
subgrade soils are overlooked [18]. Recently, the finite el-
ement method (FEM) has been used widely to provide better
solutions for the pavement dynamic analysis [19]. More
specifically, the nonlinear behaviors of subgrade soils can be
simulated through a user-defined material subroutine
(UMAT), which is programmed according to the user-
defined modulus and stress iterative process [20]. In addi-
tion, the modulus of a nonlinear UMAT can be calculated
using a Mr-predicting model developed by repeated load
triaxial tests. .erefore, to further understand the actual
response of subgrade soils under traffic loads, a FEM model
with the UMAT of subgrade soils should be established

through a Mr-predicting model that is based on easily ob-
tained parameters and that could adequately quantify the
effect of the stress and moisture on the Mr of soils.

.e objective of this study is to establish a numerical
approach to predict the dynamic behavior of flexible
pavements considering the stress sensitivity and moisture
variation of subgrade soils. Specifically, a constitutive model
of subgrade soils considering moisture variation was de-
veloped by the UMAT program. .e predicting result for
constitutive model was fitted and verified with laboratory
results of repeated load triaxial tests. .en, the difference of
surface deflection between FEM model and laboratory tank
model was also discussed. Subsequently, the stress sensitivity
of subgrade soils was analyzed by calculating the distribution
of Mr and stress state in the subgrade layer. Finally, the effect
of moisture contents on the dynamic response of pavement
structures was studied by tensile stress and vertical com-
pressive strain.

2. FEM Simulation for Dynamic Response of
Flexible Pavement

2.1. FEM Model of Flexible Pavement. 2D FEM simulations
were performed on a flexible pavement under dynamic
loadings. In general, the size of the finite domain should be
greater than 20 times the width of the loading range (0.15m)
[21]. .e axisymmetric model is used to simplify the flexible
pavement structure. Preliminary trials indicated that the
road vertical deformation error was less than 0.45, if the
calculation depth was more than 3m. Considering the
validity and accuracy of the computational resources, the
size of the finite element model is set to be 5m× 3m (in
width and height), as shown in Figure 1(a).

.e pavement structure consists of asphalt mixture layer,
unsaturated granular base course, and soil subgrade from
top to bottom [22]. Meanwhile, the interfaces between each
layer are assumed to be fully bonded. .e FEM model was
meshed with different section and material properties. .e
size and mesh of pavement model are shown in Figure 1(b).
.e model mesh and nodes are defined as a series of 8-node
biquadratic axisymmetric elements. .e element mesh is
first divided by global coefficients, and then the mesh density
is increased in the load action area to ensure that the dy-
namic response calculation is accurate and precise. .e
subsidence of the simulated surface of the road was caused
by the vehicle’s axial load, without considering the influence
of self-gravity. .e bottom and the side of the model were
applied to the constraints, respectively.

2.2. Material Parameters and Models. All the input pa-
rameters of pavement materials are displayed in Table 1. .e
mechanical behavior of the asphalt layer and the base layer
(unsaturated granular material) is characterized by the linear
elastic model [23]. Linear elastic moduli of all mentioned
materials were derived from design parameters by the
Specifications for Design of Highway Asphalt Pavement in
China [24] in order to ensure that the FEM model is typical
and accurate. In addition, the linear elastic modulus of
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subgrade soils is usually applied to response analysis of
flexible pavements as a constant parameter. However, this
research noticed that the influence of humidity and stress on
subgrade soils is important, but its behavior is not described
clearly by the linear elastic model..erefore, the constitutive
model of subgrade soils needs to be developed by the UMAT
program.

2.3. Load History of Traffic Loading. .e pavement structure
is subjected to dynamic loading cycles, which is always
assumed to be uniformly distributed on the contact area..e
position of the load is shown in Figure 1(a). To simulate the
double circular loading, the loading area is simplified to be a
circular rigid plate with a radius of 15 cm [18]. For the BZZ-
100 standard axle load in China, axle load is 100 kN and
contact pressure is 0.7MPa. .e dynamic loading sequence
uses a half-sinusoidal loading waveform to simulate the
traffic loads acting on the road surface. Both the load time
and the unloading time are 0.1 s. .e rest period for each
loading cycle is 0.8 s.

3. Development of Constitutive Model of
Subgrade Soils

3.1. Strain-Stress Relationship of Materials. .e relationship
between the stress matrix and the corresponding strainmatrix
is still a function, although the elastic behavior of subgrade

soils is nonlinear. .e stress-strain relationship of elastic
materials on an axisymmetric plane can be described by
generalized Hooke’s law, as shown in the following equation:
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, (1)

where E is the Mr, G is the shear modulus, and μ is Poisson’s
ratio.

In ABAQUS, the Jacobian matrix of the UMATprogram
is defined by elastic increment matrix, which is used to solve
the unknown stress increments with the stress and dis-
placement increments at the beginning of an analysis step.
.e constitutive relation in equation (1) needs to transform
the position of the elastic matrix, as shown in equation (2), to
obtain a new corresponding matrix. .is Jacobian matrix
simplifies the complex mechanical behavior of materials to
the iterative approximation of the Mr with time steps.
.erefore, the stress-strain relationship of subgrade soils will
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Figure 1: Simulated pavement structure and input parameters.

Table 1: Parameters and model of pavement materials.

Layer Constitutive model Density (kg/m3) Elasticity modulus (MPa) Poisson’s ratio
Asphalt mixture Linear 2400 1200 0.25
Base course Linear 2300 500 0.2
Roadbed Nonlinear 1991 UMAT 0.35
Upper embankment Nonlinear 1971 UMAT 0.35
Lower embankment Nonlinear 1884 UMAT 0.35
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be equivalent to the nonlinear characterization of the Mr
with stress and moisture conditions, if Poisson’s ratio re-
mains constant.
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3.2.MaterialModel considering Stress State. .e strain-stress
relationship, especially the Mr, is a key parameter to compute
the incremental elastic stress for a given node displacement.
Over the years, many material models have been established
to obtain the Mr of granular materials at different stress levels
[25]. .ese generalized models were all validated by fitting
well the experimental data from the repeated load triaxial tests
under various levels of confining pressures. It is favorable
evidence that the mechanical behavior of subgrade soils is
nonlinear and stress-dependent..e K-θmodel has been well
documented as a commonly used nonlinear model of soils
(equation (3)) [26]. A three-parameter model evolved from
the K-θ model, since the octahedral shear stress is another
factor that affects the triaxial test results (equation (4)) [27].
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FIGURE 2: Comparison of predicted and measured Mr for different soils: (a) low plasticity clay (from Guangdong, China); (b) low plasticity
clay (A-4 from the United States [28]); and (c) low plasticity clay (A-6 from the United States [28]).
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.en, the MEPDG model was adopted widely since it is
consistent with the actual stress situation by bringing in the
shear stress (equation (5)) [7, 10].

E � k1θ
k2 , (3)

E � k1pa
θ
pa

 

k2 τoct
pa

 

k3

, (4)

E � k1pa
θ
pa

 

k2 τoct
pa

+ 1 

k3

, (5)

where θ is the bulk stress; τoct is the octahedral shear stress;
pa is the atmospheric pressure, assumed to be 100 kPa; and
k1, k2, and k3 are the regression coefficients.

3.3. Developed Model considering Moisture Variation. In the
MEPDG model, the confining effect is characterized by the
bulk stress, which is calculated by adding together confining
pressure and deviator stress. However, results of triaxial tests
in different stress levels show that the confining pressure is
positively correlated with the Mr, while the deviator stress is
negatively correlated with the Mr, reported by Yao et al. [5].
As a result, with the variation of the bulk stress, the
evolvement rule of the Mr is not clear.

To avoid no convergence when the deviator stress is
dynamic, the minimum bulk stress was proposed as the
factor in characterizing the confining effect and defined as
the bulk stress under no deviator stress [5, 25]. Meanwhile,
to integrate the moisture-dependent factor, a developed
predicted model of the Mr is displayed in equation (6),
which incorporates the soil suction and minimum bulk
stress into the MEPDG model.

E � k0pa
ψ
pa

+ 1 

k1 θm
pa

 

k2 τoct
pa

+ 1 

k3

, (6)

where ψ is the soil suction; θm is the minimum bulk stress;
and k0, k1, k2, and k3 are the regression coefficients.

.is equation contains three stress terms, which reflect
the moisture state, the confinement effect, and the shear
effect, to consider the influencing factors of the Mr [25]. In
order to validate the developed model, the predicted values
of equation (3) and the measured values of the three selected
soils are shown in Figure 2. Among them, the soil suction of
the same soil is the same, and the soil suction of different
soils is different. With the change of stress level, the pre-
diction results obtained in a certain soil suction condition
agree well with the result of repeated load triaxial tests. .e
result shows that thematerial model can predict the dynamic
characteristics of subgrade soils correlated with stress and
moisture, since the statistical R2 between predicted and
measured values is up to 90%.

.e low plasticity clay from Guangdong, China, was
selected to determine the Mr of subgrade soils with different
compaction degrees. .e optimum moisture content of low
plasticity clay from Guangdong, China, is 12.5%, and the
saturated moisture content is 22.02%. According to the

developed model considering moisture variation (equation
(5)), fitting parameters were calculated and are shown in
Table 2. It is noticed that the degree of compaction in this
research is slightly different from the status of subgrade soils
in field construction for the convenience and distinction of
the repeated load triaxial test.

4. User-Defined Material Subroutine for
Subgrade Soils

.e moisture-dependent behavior of subgrade soils was
defined by a UMAT subroutine. .e flowchart of the user-
defined material subroutine for subgrade soils is shown in
Figure 3. .e moisture of subgrade was added as a custom
variable, and the different layers have different regression
coefficients (k0, k1, k2, and k3). During the loading process,
the distribution of the Mr is a function of the strain state, so
the finite element calculation is performed using the tan-
gential stiffness method [29].

.e tangent stiffness method solves the nonlinear stress-
strain behavior by updating the tangent stiffness at each
iteration until the stress increment converges. When the
subgrade structure is subjected to a dynamic load, the cal-
culated stress of each unit node changes with the loading
time history, and the total stress state of themodel is updated
by the Euler (display integral) method through the stiffness
Jacobian matrix. In order to improve the convergence of the
iteration, the Mr in each iteration is calculated by the fol-
lowing equation [18]:

E
i

� (1− λ)E
i−1

+ λE
i
c, (7)

where Ei is the Mr output from the ith iteration; Ei−1 is the
Mr output from the (i−1)th iteration; λ is the damping factor
(e.g., initial λ is 0.95); and Ei

c is the computed modulus from
equation (3) in the ith iteration.

In the subgrade model, the computed stresses of element
nodes are different along with different dynamic loading.
.e Mohr–Coulomb failure theory is applied to adjust the
initially stresses of model, and the cumulative error for the
entire model is controlled to be less than 0.5%.Moreover, the
individual convergence criterion for each node is shown in
the following equation:

Errori
�

Ei −Ei−1




Ei
≤ 5%, (8)

where Errori is the iteration error.

5. Results and Discussion

5.1. Model Validation by Laboratory-Measured Deflection.
.e critical pavement responses were commonly de-
scribed by the surface deflection. Figure 4 compares the
surface deflection of the developed pavement model and
the laboratory tank test when they are subjected to a
565 kPa load on a circular area with a radius of 15 cm [20].
.e size of circular tank model in laboratory is 2.4 m in
diameter and 1.8m in height, including 0.15m asphalt
mixture layer, 0.25 m base course layer, and 1.40m
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subgrade layer with 95% degree of compaction.
Figure 4(a) illustrates the location of the sensors within
the tank model, where “S1–S5” represent the linear dis-
placement sensors.

In Figure 4(b), it is seen that as the distance to the center
of the load increases, the measured and predicted road
surface de ection gradually decreases. Meanwhile, the result
of this model is similar to the actual measured response of
pavement structure with the R2 of 98.44%.�emain cause of
measurement error is that the strengths of pavement ma-
terials are enhanced by the cyclohoop e�ect of the steel tank.
In addition, the good agreements indicate the feasibility and
correctness of the developed UMAT subroutine.

5.2. E�ect of Stress Distribution on Resilient Modulus. �e
distribution of Mr within the subgrade is plotted in
Figure 5(a). �e subgrade soils were considered as a stress-
dependent material. Along with the depth, the bulk stress of
soils increases and the shear stress is weakened. Under the
center of dynamic loading, the Mr of the surface is the
smallest, while the Mr at the bottom of the subgrade is the
largest away from the surface. �e distribution of the
modulus is nonuniform in the vertical and horizontal di-
rections because the internal stress state of the subgrade
changes.

�e vertical stress is a signi�cant factor a�ecting the
response of pavement structures under tra�c load [30].

Table 2: Fitting parameters for Mr of subgrade soils.

Layer Degree of compaction (%) k0 k1 k2 k3 R2

Roadbed 100 1.2062 0.2665 0.2178 −1.6481 0.9415
Upper embankment 95 1.5475 0.2164 0.2034 −2.3614 0.9845
Lower embankment 90 1.9365 0.1580 0.2198 −2.6943 0.9287

Get the node coordinates (x, y),
the preset Mr E0, the moisture s, and

the model parameters
(k1, k2, k3, k4, and so on)

Calculate the minimum bulk stress θm
and the soil suction ψ

Calculate the octahedral shear stress
τoct

Calculate Mr Ei
c by using equation (6)

Obtain Mr of every node with the 
above steps 

Check the 
iteration error

Get the output 
Mr Ei

FEM analysis

No

Yes

Check the
convergence of

the model

Update the Jacobian matrix and return to 
the main program

Adjust the preset
Mr E0 and
recalculate 

No

Yes

Figure 3: Flowchart of the user-de�ned material subroutine.
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Figure 5(b) shows the distribution of vertical stresses within
the subgrade layer. .is is consistent with the state of the
predicted modulus, i.e., the vertical stress near the load
center changes drastically. .e horizontal distribution of
stress is limited, and the bulk stress of soils becomes the
major factor influencing the variation of the modulus.

5.3. Effect of Moisture Content on Dynamic Responses.
Soil suction is an input parameter in the user-defined
material model of subgrade soils (equation (5)). In order
to study the effect of soil moisture content on the rebound
modulus and road surface response, the influence law was
analyzed by changing the soil suction of the model. In this
study, three different moisture states of subgrade soils are
9.5%, 12.5%, and 15.5%, corresponding to low moisture
content, optimum moisture content, and high moisture
content. .e soil water characteristic curve (SWCC) depicts

the relationship between matric suction and water content,
as shown in Figure 6. .e modified Fredlund and Xing
model was applied to describe the SWCC of the low plas-
ticity clay, in equation (9) [31]. .e soil suction can be back-
calculated by the corresponding moisture content through
the Fredlund and Xing model:

θw � 1−
ln 1 + ψ/106( ( 

ln 2
 

θs
ln e +(ψ/a)n

  
m, (9)

where θw is the volume moisture content; θs is the saturated
volume moisture content; ψ is the soil suction; and a, n, and
m are the fitting parameters; the result is shown in Table 3.

Figure 7 compares the average modulus of three sublayers
at different moisture conditions. .e result shows that the Mr
of soils increases layer by layer of the subgrade. Moisture
content is an important factor affecting the Mr of subgrade,
since the increase of the moisture content significantly
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Figure 4: Laboratory tank test and FEM model of the flexible pavement: (a) size of the laboratory tank model; (b) results between
measurement and FEM calculation.
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Figure 5: Distribution of calculated parameters in subgrade: (a) stress-dependent modulus (MPa) and (b) vertical pressure stress (kPa).
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reduces the Mr of each subgrade layer. From low moisture to
high moisture, the moisture content is increased by 63%, the
average Mr of subgrade soils is decreased by 18.7%.

.e variations of Mr in turn change the dynamic re-
sponse of the pavement construction. As shown in Figure 8,
the moisture condition of subgrade soils affects the tensile
stress at the bottom of the surface layer. Peaks of time history
curves of tensile stress appear near 0.1 s, since the response of
the asphalt surface layer is directly affected by the traffic
loading in terms of waveform and period. Meanwhile, as the
moisture content increases, the tensile stress of the surface
layer increases from 451.46 kPa to 499.72 kPa. It indicates
that the increase in the moisture content of soils will ac-
celerate the damage of the road surface, since the change
makes a difference in the stiffness softening of subgrade soils

and the increase of the tensile stress at the bottom of the
surface layer.

.e vertical compressive strain at the top of subgrade is
an important performance indicator of subgrade. As shown
in Figure 9, time-history curves of vertical strain on the top
surface of the subgrade at the load centerline were displayed
with different moisture content. .e plus sign (+) represents
the tensile strain and the minus sign (−) represents the
compressive strain in the FEM calculation. .e compressive
stress firstly increases and then decreases with the increase of
the loading time. .e dynamic deformation within subgrade
soils is nonlinear since the curve peak is delayed by about
0.05 s and the residual strain cannot be neglected after
stopping the loading. Meanwhile, as the moisture content
increases, the compressive strain increases remarkably from
19.50×10−5 to 22.51× 10−5.

6. Conclusions

.is study proposed a numerical approach to predict the
dynamic response of flexible pavements by considering the
stress sensitivity and moisture variation of subgrade soils.
.e constitutive equation of subgrade soils was verified by
repeated triaxial test results of three soils. Meanwhile, the
proposed stress-strain relationship was embedded in the
finite element model to characterize the nonlinear behavior
of subgrade soils. .e validity of the FEMmodel was verified
by the laboratory tank model. .en, the stress sensitivity of
subgrade soils was analyzed by calculating the distribution of
Mr and stress state in the subgrade layer. Finally, the in-
fluence of moisture condition of subgrade soils on dynamic
responses of flexible pavements was analyzed. .e main
contributions and conclusions are as follows:

(1) .e constitutive model of subgrade soils was
established by transition of the Jacobian matrix and
iteration of the Mr. A material model of subgrade
soils was developed by incorporating the soil suction
andminimum bulk stress into theMEPDGmodel, to

0.1 1 10 100 1000
8

10

12

14

16

18

20

22

M
oi

stu
re

 co
nt

en
t (

%
)

Soil suction (kPa)

Measurement
Fredlund and Xing model

Figure 6: SWCC test and fitting curve of subgrade soils.

Table 3: Fitting parameters for SWCC test.
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take into account the moisture variation. .e result
shows that predicted values have a good agreement
with results of repeated load triaxial tests, since R2 of
the fitting result is greater than 90%.

(2) A convergence principle for the UMATprogram was
presented by the tangent stiffness method and
Mohr–Coulomb failure theory. .e surface deflection
of the FEM model is similar to that of the actual
pavement structure with R2 of 98.44%. It was also
found that the distribution ofMr is nonuniform in the
vertical and horizontal directions because the internal
stress state of the subgrade changes. It indicates that
the FEM model embedded by the developed UMAT
program is accurate and reliable.

(3) .e moisture content of subgrade soils is charac-
terized by the matric suction based on the modified
Fredlund and Xing model. From low moisture to
high moisture, the moisture content is increased by
63% and the average Mr of subgrade soils is de-
creased by 18.7%. .e stiffness softening of subgrade
soils increases vertical compressive strain at the top
of the subgrade and then increases the tensile stress
at the bottom of the surface layer.

(4) According the pavement design theory, these changes
of design indicators with the rise of moisture content
lead to the shorter serve life of flexible pavements. It is
interesting that the pavement life can be accurately
estimated by taking into account the stress and
moisture condition of subgrade soils. .e research
will be carried out in the future by the developed
model to analyze the fatigue cracking of both sub-
grade and surface layers.

Data Availability

.e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

.e authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

.e authors gratefully acknowledge the financial support of
the National Key Research and Development Program of
China (2017YFC0805307), National Natural Science
Foundation of China (51478054, 51878078, 51608057, and
5181102194), Excellent Youth Foundation of Natural Science
Foundation of Hunan Province (2018JJ1026), Key Project of
Education Department of Hunan Province (17A008), Hunan
Provincial Innovation Foundation for Postgraduate
(CX2018B521), and Open Research Fund of Science and
Technology Innovation Platform of State Engineering
Laboratory of Highway Maintenance Technology, Changsha
University of Science & Technology (kfj150103). .is re-
search was also supported by the Youth Scientific Research
Foundation, Central South University of Forestry and
Technology (QJ2018008B), and Open Fund of Engineering
Research Center of Catastrophic Prophylaxis and Treatment
of Road & Traffic Safety of Ministry of Education (Changsha
University of Science & Technology) (kfj170405).

References

[1] C. Caliendo, “Local calibration and implementation of the
mechanistic-empirical pavement design guide for flexible
pavement design,” Journal of Transportation Engineering,
vol. 138, no. 3, pp. 348–360, 2012.

[2] J. Li, J. Zhang, G. Qian, J. Zheng, and Y. Zhang, “.ree-
dimensional simulation of aggregate and asphalt mixture
using parameterized shape and size gradation,” Journal of
Materials in Civil Engineering, vol. 31, no. 3, article 04019004,
2019.

[3] F. Gu, W. Ma, R. C. West, A. J. Taylor, and Y. Zhang,
“Structural performance and sustainability assessment of cold
central-plant and in-place recycled asphalt pavements: a case
study,” Journal of Cleaner Production, vol. 208, pp. 1513–1523,
2019.

[4] H. M. Park, M. K. Chung, Y. A. Lee, and B. I. Kim, “A study on
the correlation between soil properties and subgrade stiffness
using the long-term pavement performance data,” In-
ternational Journal of Pavement Engineering, vol. 14, no. 2,
pp. 146–153, 2013.

[5] Y. Yao, J. Zheng, J. Zhang, J. Peng, and J. Li, “Model for
predicting resilient modulus of unsaturated subgrade soils in
south China,”KSCE Journal of Civil Engineering, vol. 22, no. 6,
pp. 2089–2098, 2018.

[6] X. Liu, X. Zhang, H. Wang, and B. Jiang, “Laboratory testing
and analysis of dynamic and static resilient modulus of
subgrade soil under various influencing factors,” Construction
and Building Materials, vol. 195, pp. 178–186, 2019.

[7] Z. Han, S. K. Vanapalli, J.-P. Ren, and W.-L. Zou, “Char-
acterizing cyclic and static moduli and strength of compacted
pavement subgrade soils considering moisture variation,”
Soils and Foundations, vol. 58, no. 5, pp. 1187–1199, 2018.

[8] A. Hamim, N. I. M. Yusoff, H. Ceylan, S. A. P. Rosyidi, and
A. El-Shafie, “Comparative study on using static and dynamic
finite element models to develop FWD measurement on

Low moisture
Optimum moisture
High moisture

0.00 0.05 0.10 0.15 0.20 0.25 0.30
–25

–20

–15

–10

–5

0

5
V

er
tic

al
 co

m
pr

es
siv

e s
tr

ai
n 

(1
0–5

)

Loading time (s)

Figure 9: Effect on vertical compressive strain at the top of
subgrade.

Advances in Civil Engineering 9



flexible pavement structures,” Construction and Building
Materials, vol. 176, pp. 583–592, 2018.

[9] C. Zhou, B. Huang, E. Drumm, X. Shu, Q. Dong, and S. Udeh,
“Soil resilient modulus regressed from physical properties and
influence of seasonal variation on asphalt pavement perfor-
mance,” Journal of Transportation Engineering, vol. 141, no. 1,
article 04014069, 2015.

[10] ARA, “Guide for mechanistic-empirical design of new and
rehabilitated pavement structures,” Final Rep. No. NCHRP 1-
37A, National Research Council, Transportation Research
Board, Washington, DC, USA, 2004.

[11] H. B. Seed, C. Chan, and C. E. Lee, “Resilience characteristics
of subgrade soils and their relation to fatigue failures in as-
phalt pavements,” in Proceedings of International Conference
on the Structural Design of Asphalt Pavements, pp. 611–636,
Supplement University of Michigan, Ann Arbor, MI, USA,
August 1962.

[12] E. Sadrossadat, A. Heidaripanah, and S. Osouli, “Prediction of
the resilient modulus of flexible pavement subgrade soils
using adaptive neuro-fuzzy inference systems,” Construction
and Building Materials, vol. 123, pp. 235–247, 2016.

[13] J. Zhang, J. Peng, J. Zheng, L. Dai, and Y. Yao, “Prediction of
resilient modulus of compacted cohesive soils in south
China,” International Journal of Geomechanics, vol. 19, no. 7,
article 04019068, 2019.

[14] F. Salour, S. Erlingsson, and C. E. Zapata, “Modelling resilient
modulus seasonal variation of silty sand subgrade soils with
matric suction control,” Canadian Geotechnical Journal,
vol. 51, no. 12, pp. 1413–1422, 2014.

[15] X. Ding, T. Ma, and X. Huang, “Discrete-element contour-
filling modeling method for micro-and macro- mechanical
analysis of aggregate skeleton of asphalt mixture,” Journal of
Transportation Engineering, Part B: Pavements, vol. 145, no. 1,
article 04018056, 2019.

[16] M. Li, H. Wang, G. Xu, and P. Xie, “Finite element modeling
and parametric analysis of viscoelastic and nonlinear pave-
ment responses under dynamic FWD loading,” Construction
and Building Materials, vol. 141, pp. 23–35, 2017.

[17] J. Chen, X. Yin, H. Wang, X. Ma, Y. Ding, and G. Liao,
“Directional distribution of three-dimensional connected
voids in porous asphalt mixture and flow simulation of
permeability anisotropy,” International Journal of Pavement
Engineering, vol. 13, pp. 1–13, 2019.

[18] H. Wang and I. L. Al-Qadi, “Importance of nonlinear an-
isotropic modeling of granular base for predicting maximum
viscoelastic pavement responses under moving vehicular
loading,” Journal of Engineering Mechanics, vol. 139, no. 1,
pp. 29–38, 2013.

[19] T. Bai, X. Hu, and F. Gu, “Practice of searching a noncircular
critical slip surface in a slope with soil variability,” In-
ternational Journal of Geomechanics, vol. 19, no. 3, article
04018199, 2019.

[20] F. Gu, X. Luo, R. Luo, R. L. Lytton, E. Y. Hajj, and
R. V. Siddharthan, “Numerical modeling of geogrid-
reinforced flexible pavement and corresponding validation
using large-scale tank test,” Construction and Building Ma-
terials, vol. 122, pp. 214–230, 2016.

[21] I. L. Al-Qadi, H. Wang, and E. Tutumluer, “Dynamic analysis
of thin asphalt pavements by using cross-anisotropic stress-
dependent properties for granular layer,” Transportation
Research Record: Journal of the Transportation Research
Board, vol. 2154, no. 1, pp. 156–163, 2010.

[22] S. Lv, C. Xia, C. Liu, J. Zheng, and F. Zhang, “Fatigue equation
for asphalt mixture under low temperature and low loading

frequency conditions,” Construction and Building Materials,
vol. 211, pp. 1085–1093, 2019.

[23] J. Zhang, J. Li, Y. Yao, J. Zheng, and F. Gu, “Geometric
anisotropy modeling and shear behavior evaluation of graded
crushed rocks,” Construction and Building Materials, vol. 183,
pp. 346–355, 2018.

[24] CIMGC Ltd, Specifications for Design of Highway Asphalt
Pavement JTG D50-2017, China Communications Press,
Beijing, China, 2017.

[25] J. Zhang, F. Gu, and Y. Zhang, “Use of building-related
construction and demolition wastes in highway embankment:
laboratory and field evaluations,” Journal of Cleaner Pro-
duction, vol. 230, pp. 1051–1060, 2019.

[26] H. Seed, F. Mitry, and C. Monosmith, “Prediction of pave-
ment deflection from laboratory repeated load tests,” NCHRP
Report No. 35, National Cooperative Highway Research
Program, Washington, DC, USA, 1967.

[27] J. Uzan, “Characterization of granular material,” Trans-
portation Research Record, vol. 1022, pp. 52–59, 1985.

[28] R. Y. Liang, S. Rabab’ah, and M. Khasawneh, “Predicting
moisture-dependent resilient modulus of cohesive soils using
soil suction concept,” Journal of Transportation Engineering,
vol. 134, no. 1, pp. 34–40, 2008.

[29] M. Kim, E. Tutumluer, and J. Kwon, “Nonlinear pavement
foundation modeling for three-dimensional finite-element
analysis of flexible pavements,” International Journal of
Geomechanics, vol. 9, no. 5, pp. 195–208, 2009.

[30] J. Zhang, X. Li, W. Ma, and J. Pei, “Characterizing hetero-
geneity of asphalt mixture based on aggregate particles
movements,” Iranian Journal of Science and Technology,
Transactions of Civil Engineering, vol. 43, no. 1, pp. 81–91,
2019.

[31] S. Rajesh, S. Roy, and S. Madhav, “Study of measured and
fitted SWCC accounting the irregularity in the measured
dataset,” International Journal of Geotechnical Engineering,
vol. 11, no. 4, pp. 321–331, 2017.

10 Advances in Civil Engineering



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

