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In order to comprehensively analyze the dynamic response of full-depth asphalt pavement under moving load, a three-di-
mensional model of pavement structure and dynamic load moving zone are established based on ABAQUS finite element
software. Based on the time history curves of different structures, the stress-strain states at the bottom of each structural layer in
different structures under moving load are analyzed./e results show that the stress, strain, and shear stress of the middle layer of
full-depth pavement are smaller than those of semirigid base pavement, and rutting is closely related to the deformation of this
layer. /e dynamic response results of the same structure at different speeds are similar, but the increase of the maximum speed
will increase the shear stress at the bottom of the layer, and the road is more prone to longitudinal crack.

1. Introduction

In recent years, in order to deal with various overload and
heavy load pavement conditions in the future, more and
more countries begin to study the design and use of asphalt
stabilized macadam flexible base in permanent roads, and
the full-depth pavement structure has attracted a lot of
attention. /is kind of pavement can deal with road cracks
and other problems depth by easily and quickly treating the
surface wearing course. It does not need large-scale repair in
the process of realizing the service function for a long time
[1–3] and has its unique advantages in combating the re-
duction of service life caused by fatigue [4, 5].

In the design method of semirigid base course pavement
based on classical pavement structure, the design method of
the static load instead of vehicle dynamic load cannot reflect
the real-time stress state of pavement structure, resulting in
cracks, pits, ruts, and other damage phenomena of semirigid
base course asphalt pavement before reaching the design
service life [6–9]. /erefore, whether for full-depth

pavement or semirigid base pavement, it is very necessary to
accurately analyze the dynamic response of pavement under
vehicle load.

Most of the early studies on the dynamic response of
pavement structure under the moving load of heavy vehicles
used analytical and experimental methods. In recent ten
years, with the advent of the high-performance computer,
various numerical methods have become a very effective tool
to simulate pavement dynamics and play a more and more
important role. /ere are two commonly used numerical
methods: one is to directly use the numerical method to
obtain the numerical solution of dynamic response, that is,
to directly discretize the difficult partial differential equa-
tions and boundary conditions into a series of algebraic
equations, and convert the mathematical analysis of con-
tinuous functions into a large number of normalized discrete
values for calculation. For example, Yang et al. [10] used the
Galerkin method to study the dynamic response of double-
layer plate on Kelvin foundation under the coupling of
vehicle and pavement and analyzed the influence of vehicle
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parameters on pavement vibration. /e second is the finite
element method. /e finite element method is a popular
numerical simulation method at home and abroad. Its ad-
vantage is that it can adapt to complex geometry and
boundary conditions and is suitable for solving linear and
nonlinear, homogeneous, and heterogeneous problems
[11, 12]. Siddharthan et al. [13] proposed a model for an-
alyzing the strain response of pavement under real wheel
load based on the finite layer theory./ismodel can consider
the dynamic change of tire grounding pressure, the complex
distribution form of grounding pressure, and vehicle speed
and viscoelastic properties of materials and compiled a 3D-
move finite element program on this basis.

Wu and Shen [14] combined the finite element method
with Newmark integral to gradually solve the motion
equation and studied the dynamic response of rigid pave-
ment under moving single degree of freedom vehicle load.
Yang et al. [15] studied the dynamic response of a three-
dimensional-layered foundation under train load by using
the combination of three-dimensional finite element and
infinite element. Hou et al. [16] applied the three-dimen-
sional finite element method to calculate the deformation
and stress of the plate on Winkler foundation under moving
point load, analyzed the natural frequency and critical speed
of the plate, and discussed the effects of load moving speed,
plate material parameters, and foundation parameters on the
deflection and stress of the plate. Li [17] established a layered
three-dimensional finite element model of semirigid pave-
ment with ANSYS as the calculation tool, studied the stress
and strain distribution characteristics of semirigid pavement
under vehicle moving load, and analyzed the effects of
driving speed, load, and wheel braking on pavement dy-
namic response. Shu and Qian [18] and Shan et al. [19]
studied the dynamic characteristics of pavement structure
based on ADINA and ABAQUS, respectively. Pei et al. [20]
established the three-dimensional finite element model of
asphalt pavement under different axle types through field
investigation and studied the dynamic response of asphalt
pavement under different axle load distribution conditions
such as single rear axle, double rear axle, and three rear axles,
respectively. Liu et al. [21] analyzed the dynamic response
law of asphalt pavement structure under moving load by
establishing the three-dimensional finite element model of
pavement structure and compiling DLOAD and UTRAC-
LOAD subroutines. Dong et al. [22] established the finite
element model of asphalt pavement based on the assumption
of transverse isotropy of materials and compared and an-
alyzed the dynamic responses of isotropic and transverse
isotropic models under moving load. Huang et al. [23]
analyzed the influence of structural parameters on the dy-
namic response of asphalt pavement and analyzed the
sensitivity of pavement structural parameters in combina-
tion with an orthogonal test. Considering the random
characteristics of pavement roughness, Li et al. [24] obtained
the random dynamic load sequence of four degrees of
freedom vehicles acting on the pavement, developed the
moving random load subroutine VDLOAD based on the
secondary development platform of ABAQUS finite element
software, and established the finite element dynamic analysis

model of the asphalt pavement structure. Based on the
model, the dynamic response of asphalt pavement structure
under vehicle pavement interaction is studied. Peng et al.
[25] imported the humidity field values into ABAQUS
through MATLAB, indicating that the distribution of
moisture content of subgrade significantly affects the re-
silient modulus distribution of subgrade and critical re-
sponse of pavement structures. Li et al. [26] proposed a
constitutive model of subgrade soils to incorporate soil
suction and octahedral shear stress, and the model can be
applied to analyze the fatigue cracking of both subgrade and
surface layers.

/e objective of this research is to reveal the dynamic
response law of full-depth asphalt pavement under moving
load and compare it with the performance of the traditional
semirigid base pavement. Five typical pavement structures
are selected, including full-depth asphalt pavement and
semirigid base asphalt pavement. /e three-dimensional
model and dynamic load model are constructed based on
ABAQUS. /rough the setting of the load moving belt, the
subroutine is written to realize the application of moving
load, and the differences of the dynamic response of different
structures are analyzed. Finally, by changing the parameters
of the load-related subroutine and changing the loadmoving
speed, the variation laws of the dynamic response of five
structures under different speeds are studied.

2. Establishment of the Dynamic
Response Model

2.1.Pavement Structures. In order to analyze the influence of
pavement structure on dynamic response, comparing the
performance difference between full-depth asphalt pave-
ment and general semirigid base asphalt pavement, five
different pavement structure types are selected [27], as
shown in Table 1. Structures I, II, and III in the foundation
are full-depth asphalt pavement, and structures IV and V are
semirigid base asphalt pavement. /e thickness and mate-
rials of each structural layer of the five pavement structures
are shown in Figure 1 [27], and the values of material pa-
rameters are shown in Table 1.

2.2. Finite Element Model. In ABAQUS software, dynamic
load simulation can be realized by setting load steps and load
conditions, so as to be closer to the situation when the
structure is used on the real road. With the development of
finite element technology, the research community has done
some research on the dynamic response of multilayer
pavement under moving load, but most of them focus on the
research of two-dimensional models [28–30].

In the static load analysis, the two-dimensional model
can reduce the model scale and reduce the grid elements to
improve the operation speed and save time. However, in the
dynamic load analysis, because the vehicle driving is a dy-
namic process, the mechanical response at a certain position
of the pavement structure changes with time, so the three-
dimensional modeling analysis is needed. /e current road
design method generally simplifies the vehicle load into the
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static load. In fact, when the car is driving on the road, the
road surface is affected by complex vertical and horizontal
forces [31–33]. In order to simplify the problem, it is as-
sumed that the vehicle wheel load is a vertically uniformly
distributed rectangular load when the vehicle is running
normally. In the braking section, it is assumed that the
vehicle wheel load is uniformly distributed vertical and
horizontal rectangular load.

In the calculation process, in order to realize the
movement of the load, first set the loadmoving belt along the
load moving direction. /e transverse width of the moving
belt along the road is the same as the applied uniformly
distributed load width, and the longitudinal length of the
moving belt along the road is the driving distance of the
wheel load. /en, the load moving belt is subdivided into
many small rectangles. As shown in Figure 2, the length of

Table 1: Relevant parameters of various pavement materials.

Material name Elastic modulus (MPa) Poisson’s ratio
SMA-13 1500 0.25
AC-13 1450 0.25
AC-20 1400 0.25
AC-25 1350 0.25
ATB-25 1200 0.40
Lime-ash soil 800 0.35
Cement-stabilized macadam 1600 0.25
Low content cement-stabilized macadam 1300 0.25
Modified soil 400 0.40
Soil 50 0.40
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Figure 1: Pavement structure and materials.
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the small rectangle depends on the calculation accuracy and
can be one third of the wheel load length.

In the initial state of wheel load, it occupies the area of
three small rectangles 1, 2, and 3 in the figure. In the moving
process, the load moves forward gradually along the moving
belt. By setting multiple load steps, at the end of each load
step, the load moves forward by a small rectangular area as a
whole. For example, at the end of the first load step, the load
occupies 2, 3, and 4. At the same time, in order to improve
the calculation accuracy, multiple load substeps are set in
each load step. For example, the middle load substep of the
first load step gradually reduces the load on area 1, while the
load on area 4 gradually increases, which develops in turn to
achieve the effect of load movement. /e moving speed of
the load can be achieved by setting the time size of each load
step. Since the ABAQUS foundation load setting is difficult
to meet the above requirements, it is proposed to use the
loading subroutine to realize the moving load. /e user
subroutine is written by the user according to the corre-
sponding interface provided by ABAQUS and FORTRAN
syntax. According to the needs of the problem studied, this
paper compiles the subroutine VDLOAD for applying
moving load. /e moving speed of the load can be realized
by the time of the load step in the subroutine.

/e realization of dynamic load requires the establish-
ment of a three-dimensional finite element model of the
pavement structure. /e cross section of the model pave-
ment is 4m in the transverse direction, 3m in the depth, and
6m in the moving direction of the load. /e pavement
structure is completely continuous with the five structures
mentioned above. In order to reduce the influence of
boundary conditions on the internal mechanical response
law of pavement structure during loading, the load is applied
at 1.5m–4.5m in the Z direction of the upper surface of the
model. /e boundary condition is that the bottom is
completely fixed, the displacement in the X direction is
constrained on both sides of the pavement section structure,
and the displacement in the Z direction is constrained before
and after. /e model and boundary conditions are shown in
Figure 3./e upper surface of the model is the application of
the load moving belt. /e small rectangle on the moving belt
is divided directly on the model, and then, the mesh is
divided [34]. In order to facilitate calculation convergence,
the grid is set more densely at the surface layer and load
moving zone, while the grid at the lower soil foundation is
larger. /e element type adopts c3d8r, namely, eight-node
linear hexahedron element, reduced integral, and hourglass
control./ere are 56160 units in the model, and the meshing
results are shown in Figure 4.

3. Results and Discussion

3.1. Time History Curve of Each Structure. Considering the
vertical uniformly distributed load, the selected calculation
point of stress is the special center point directly below the
wheel load. /e road surface, the bottom of upper layer, the
bottom of middle layer, the bottom of lower layer, the
bottom of ATB layer, the bottom of AC-13 layer, and the
bottom of the modified soil layer are selected, respectively, to
obtain the time history curves of vertical displacement,
stress, strain, and shear stress of five structures, as shown in
Figure 5. Among them, due to the setting of the load step,
when the load moves to the center of the model, the time is
about 0.0475 s, and there are slight differences before and
after different structures, which can be seen in the resulting
diagram.

/rough the above curve, the changes of various indexes
of the selected pavement structure in the process of dynamic
load can be analyzed. According to the curve change, when
the time history curve time reaches about 0.04 s, the slope in
the time history curve increases significantly. /e reason is
that the load enters the area near the center point of the
model at about 0.04 s, and the load in this area has a more
direct influence on the internal mechanical changes of each
structural layer.

For vertical displacement, the displacement value of the
road surface is the largest in each time period, and the
subsequent curves of each layer gradually decrease with the
increase of layer depth.

/e change of vertical stress is similar to vertical dis-
placement. When the load moves to the center, the value of
vertical stress gradually increases, the change value increases
near 0.04∼0.06 s, and the vertical stress of each layer reaches
the maximum at 0.05 s.

/e variation law of vertical micro strain in each layer is
slightly different. With the increase of time, the vertical
micro strain at the road surface, upper layer bottom, and
middle layer bottom first increases positively, decreases
rapidly, and becomes negative when it reaches 0.04 s, and the
image is symmetrical about the time median./e other four-
layer curves first increase in the negative direction to the
peak value and then decrease with the increase of time.

/e longitudinal shear stress of each layer first increases
with time, rapidly increases to the peak near 0.04 s, decreases
to 0 at 0.05 s, and then rapidly increases to the peak in the
opposite direction. /e curve trend is symmetrical about the
midpoint of time.

For the transverse shear stress, the change trend of time
history curve of each layer is the same, which first increases
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Figure 2: Load moving belt.
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to the peak and then decreases, and the transverse shear
stress at the bottom of the lower layer is the largest.

According to the above conclusions, the same analysis is
made for the remaining four structures, and the data are
extracted to obtain the time history curves of each index of
the other four structures at the above positions, as shown in
Figures 6–9, which are analyzed, respectively.

Comparing the time history curves of structure I and
structure II, the overall law is roughly similar, but the values
of each index are quite different. Compared with structure I,
the maximum value of vertical displacement, vertical strain,
and transverse shear stress of structure II increases, while the
maximum value of vertical stress decreases, and the longi-
tudinal shear stress changes little.

It can be seen that, compared with the first two struc-
tures, the vertical displacement time history curve of
structure III has better symmetry. /e vertical displacement
value is also small, and the mechanical response under

dynamic load is more stable. In general, the distribution of
the selected indexes of the first three structures is similar,
and the time history curves of the three full-depth structures
have little difference.

Structure IV and structure V are two traditional semi-
rigid structures used as the control group. /eir structures
are different from the first three. Cement-stabilized mac-
adam semirigid structure layers are set at the bottom of the
ATB layer. Different structures make the internal index
values of the five structures have great differences. /e
vertical displacement value of the latter two semirigid
structures decreases obviously, and the fluctuation of stress
and strain also decreases. However, for structure IV and
structure V, the indexes of the bottom of the middle surface
layer are larger than the first three full-depth structures.
Among the selected structural layers, the upper layer of each
structure is quite different from the middle layer. According
to other studies, the stress state of these two structural layers
is relatively severe, which is the main embodiment of
structural change. Because the road surface bears load di-
rectly, the values of other indicators are generally large
except shear stress. /rough the above analysis, it can be
found that although the time history curve law of each index
of each structure is different, it is not intuitive. /e nu-
merical differences need to be more intuitive compared in
the follow-up research.

3.2. Numerical Comparison of Time History Curves of
Various Structures. In order to study the different dynamic
response laws among the five structures, it is necessary to
compare the time history curves and index variation curves
with the depth of different structures to study their variation
laws. /e analysis of the variation law of time history curves
of different structures is reflected in the previous section.
/is section mainly analyzes the above results from the
numerical point of view. According to the time history curve
in the previous section, the maximum values of vertical
displacement, vertical stress, strain, and longitudinal shear
stress inside the structure appear on the road surface, and the
maximum value of transverse shear stress generally appears
at the bottom of the lower layer. /erefore, the time history
curves of the five structures are compared according to the
location of the maximum index, and the time history curves
of each index on the same layer of the five structures are
obtained as shown in Figure 10.

In order to more intuitively compare the different index
values of the five structures in the same layer, the five
pavement structures are now sorted according to different
indexes. /e smaller the serial number, the smaller the index
value, as shown in Table 2.

In general, the semirigid base pavement has better
bearing capacity under dynamic load. For the vertical dis-
placement of road surface, the performance of full-depth
asphalt pavement is worse than that of semirigid base
pavement, which will be reflected as a rutting problem in
practical engineering. /erefore, for full-depth pavement, a
high modulus asphalt mixture should be used to reduce this
adverse effect. In addition, the full-depth asphalt pavement
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Figure 3: 3D model and boundary conditions.
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Figure 4: Grid division of the 3D model.
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produces greater transverse shear stress under dynamic load,
which means that the bottom of the lower layer is more
prone to cracking./erefore, it is necessary to set up a stress-
absorbing layer to dissipate the internal stress in the design
of full-depth asphalt pavement.

3.3. Dynamic Response of Full-Depth Pavement at Different
Moving Load Speeds. In the actual use of pavement struc-
ture, the vehicle speed is often different, so it is necessary to
analyze the dynamic response of pavement structure at
different speeds. Structure I is selected for corresponding
research. Referring to the current regulations of speed limit
on expressways, it is assumed that cars are traveling at a
uniform speed of 60 km/h, 72 km/h, 84 km/h, 96 km/h,
108 km/h, and 120 km/h, respectively, and then, the corre-
sponding loads advance 1.67m, 2m, 2.33m, 2.67m, 3m,

and 3.33m, respectively, within 0.1 s. According to the grid
size, the number of grids occupied by the load within 0.1 s is
10, 12, 14, 16, 18, and 20, respectively. /e simulation
calculation is carried out for structure I, and the time history
curves at different speeds and the curves with depth are
obtained, as shown in Figures 11 and 12.

According to Figure 11, the vertical displacement of the
road surface in the structure decreases with the increase of
speed. When the speed is low, the vertical displacement of
the road surface is large, which is also in line with the law of
practical experience. As the load moves to the center, the
vertical displacement of the selected point first increases,
decreases near the center, and then increases; after selecting
the position, the vertical displacement decreases slightly and
then increases, and finally, the load moves back to the se-
lected point, and the vertical displacement also decreases.
/e change of load speed basically has no effect on the
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Figure 5: Time history curve of (a) vertical displacement, (b) vertical stress, (c) vertical micro strain, (d) longitudinal shear stress, and (e)
transverse shear stress at each layer of structure I.
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vertical stress and vertical strain of the road surface. /e
curve heights of different speeds coincide, and the values are
similar, but the time to reach the maximum value is slightly
different. /is is the reason for the analysis step, not the
effect of speed. /e regularity of the longitudinal shear stress
time history curve of road surface under different speeds is
not obvious. Due to the large fluctuation of shear stress, the
maximum value changes little with the speed, and the shear
stress value is large at 72 km/h, 96 km/h, and 108 km/h. For
the longitudinal shear stress, the value increases with the
increase of speed. When the speed is 120 km/h, the longi-
tudinal shear stress reaches 120 kPa.

Figure 12 shows the change of each index with depth on
the taken path at different speeds. It can be seen from the
figure that on the selected path, the vertical displacement
increases with the increase of load speed, and the variation

laws of different speed curves are basically the same. When
the depth reaches 3m, the vertical displacement of each
curve is 0. /e coincidence degree of vertical stress curve
with depth under different speeds is higher, and the stress
with high speed is slightly larger. /e vertical micro strain
increases with depth in the upper layer, then decreases with
depth, and fluctuates after entering the base layer, which is
consistent with the above law. With the increase of velocity,
the maximum value of vertical micro strain decreases
slightly, but the difference between the maximum value and
the minimum value is less than 5%. Because the longitudinal
shear stress fluctuates with depth at the selected position, it is
difficult to compare its maximum value, but the overall law is
similar. /e variation law of transverse shear stress with
depth under different speeds is the same, which increases
with depth in the upper layer, and then decreases with depth.
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Figure 6: Time history curve of (a) vertical displacement, (b) vertical stress, (c) vertical micro strain, (d) longitudinal shear stress, and (e)
transverse shear stress at each layer of structure II.
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When the depth is 3m, the value of each curve is 0.
According to the maximum value at the bottom of the upper
layer, the value of transverse shear stress increases with the
increase of velocity.

According to the above conclusions, the increase of
speed will increase the vertical displacement at the wheel

load action point, but for the whole structure, the increase of
speed will reduce the vertical displacement at other positions
in the process. /e vertical stress-strain and longitudinal
shear stress change little and can be ignored. However, the
increase of speed increases the transverse shear stress of the
pavement. It can be considered that the transverse tensile
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Figure 7: Time history curve of (a) vertical displacement, (b) vertical stress, (c) vertical micro strain, (d) longitudinal shear stress, and (e)
transverse shear stress at each layer of structure III.
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Figure 8: Time history curve of (a) vertical displacement, (b) vertical stress, (c) vertical micro strain, (d) longitudinal shear stress, and (e)
transverse shear stress at each layer of structure IV.
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Figure 9: Continued.
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Figure 9: Time history curve of (a) vertical displacement, (b) vertical stress, (c) vertical micro strain, (d) longitudinal shear stress, and (e)
transverse shear stress at each layer of structure V.

Structure I
Structure II
Structure III

Structure IV
Structure V

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

V
er

tic
al

 d
isp

la
ce

m
en

t (
m

m
)

0.02 0.04 0.06 0.08 0.100.00
Time (s)

(a)

Structure I
Structure II
Structure III

Structure IV
Structure V

-800

-600

-400

-200

0

200

V
er

tic
al

 st
re

ss
 (k

Pa
)

0.02 0.04 0.06 0.08 0.100.00
Time (s)

(b)

Structure I
Structure II
Structure III

Structure IV
Structure V

-0.35
-0.30
-0.25
-0.20
-0.15
-0.10
-0.05
0.00
0.05
0.10

V
er

tic
al

 m
ic

ro
str

ai
n

0.02 0.04 0.06 0.08 0.100.00
Time (s)

(c)

Structure I
Structure II
Structure III

Structure IV
Structure V

-100

-75

-50

-25

0

25

50

75

100

Sh
ea

r s
tr

es
s (

kP
a)

0.02 0.04 0.06 0.08 0.100.00
Time (s)

(d)

Figure 10: Continued.
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Figure 10: Time history curve of each index of five structures. (a) Time history curve of vertical displacement of the road surface. (b) Time
history curve of vertical stress of road surface. (c) Time history curve of the vertical micro strain of road surface. (d) Time history curve of
longitudinal shear stress of road surface. (e) Time history curve of transverse shear stress at the bottom of the lower surface layer.

Table 2: Ranking of indicators of five structures.

Full-depth asphalt pavement Semirigid base pavement
I II III IV V

Vertical displacement 4 5 3 1 2
Vertical micro strain 4 1 3 5 2
Longitudinal shear stress 3 4 2 5 1
Transverse shear stress 4 5 3 2 1
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Figure 11: Continued.
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Figure 11: Time history curve of each index of structure I. (a) Time history curve of vertical displacement of road meter at different speeds.
(b) Time history curve of vertical stress of road surface at different speeds. (c) Vertical micro strain time history curves of road meters at
different speeds. (d) Time history curve of longitudinal shear stress of road surface at different speeds. (e) Time history curve of transverse
shear stress at layer under different speeds.
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Figure 12: Continued.
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stress at the bottom of each layer increases, whichmeans that
the pavement is more prone to longitudinal cracks.

4. Conclusion

(1) In the time history curve analysis of different posi-
tions of each structural layer, compared with full-
depth asphalt pavement, the vertical displacement of
the road surface of the semirigid base pavement is
significantly reduced, and the stress-strain fluctua-
tion is also small. However, for the middle surface
layer, the displacement, vertical stress, and shear
stress of semirigid base pavement are greater than
those of full-depth pavement, which is also the

embodiment of full-depth pavement in reducing
rutting disease in dynamic response.

(2) In the comparison of time history curves of different
structures, the vertical stress and strain of the five
structures have little difference, and the transverse
shear stress at bottom of the upper layer of full-depth
pavement is greater than that of semirigid base
pavement. Full-depth asphalt pavement should pay
more attention to the cracking resistance of the
upper layer mixture, which will directly affect the
pavement performance and surface life.

(3) In the dynamic response analysis under different
vehicle speeds, the vertical displacement of the road
surface is large when the speed is low, which is
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Figure 12: (a) Variation of vertical displacement with depth at different speeds. (b) Variation of vertical stress with depth at different speeds.
(c) Variation of vertical micro strain with depth at different speeds. (d) Variation of longitudinal shear stress with depth at different speeds.
(e) Variation of transverse shear stress with depth at different speeds.
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related to the load action time. /e increase of speed
will be accompanied by the increase of transverse
shear stress at the bottom of the structural layer, and
the pavement is more prone to longitudinal crack.
/e crack development can be restrained by setting a
stress-absorbing layer in the pavement structure.

(4) /e bearing capacity of semirigid base pavement is
better, but the longitudinal shear stress in structure
IV is the worst, which also indicates that the bottom
of the pavement is prone to cracking. Combined with
the shrinkage cracking of the base layer, it is detri-
mental to the pavement life./e full-depth pavement
needs to consider the thickness and material design
of each structural layer to make up for the bearing
capacity defects and obtain longer service life. In
practical application, the selection of pavement
structure should take traffic conditions and service
life into consideration.
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