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In order to study the damage of a semirigid pavement under vehicle loads with varied parameters, the random dynamic loads
applied on the pavement by a running vehicle were computed with two degrees of freedom, quarter-vehicle model, and then a
three-dimensional finite element analysis model of semirigid asphalt pavement was established. With the peak stress index of each
pavement layer, the effect of varied vehicle parameters on pavement response was studied. The results indicated that the stress
wave frequency of each pavement layer was similar to that of the dynamic random load, and, with increased pavement depth, the
wave effect decreased. The pavement response increased with increased suspension stiffness and tire stiffness and decreased with
increased suspension damping and tire damping. Furthermore, compared to the stiffness, the response variation induced by the
damping was orders of magnitude lower. Compared with the traditional time response analysis method, the peak response analysis
of the pavement structure was more scientific, rational, and intuitive, which could be useful for the study of vehicle-pavement
interaction and road damage.

1. Introduction

Heavy traffic and overloaded transportation systems have
accelerated road damage. In order to reduce the damage
caused by vehicles, the study of vehicle dynamic loads and
pavement response has become a major interest to auto-
motive designers and highway management departments,
particularly with regard to the impact of different vehicle
types, suspension systems, speed, road surface roughness,
pavement structure parameters, and so forth.

In order to analyze the effect of vehicle system param-
eters on the pavement dynamic response, it is necessary
to combine the vehicle subsystem and pavement subsystem
into a single parameter. At present, there are two major
research methodologies in this field. One is the coupling
method, which considers the vehicle subsystem and road
subsystem to be a coupled system based on the hypothesis
of locomotion and the track coupling effect. The other
methodology is the decoupling method, which constructs

the vehicle and pavement models separately, obtains the
vehicle dynamic loads induced by road surface roughness,
and then investigates the pavement dynamic response under
vehicle loads. In the vehicle-pavement coupling method, the
road surface roughness is usually simplified as a harmonic
wave function because of the complexity of the model [1–3].
In the vehicle-pavement decoupling method, the vehicle load
is simplified either as a harmonic load or as amoving constant
load [4–6]. Neither of these methodologies fully represents
the actual vehicle-pavement system.

Recent research [7, 8] shows that because of the differ-
ences between the vibration modes of the vehicle and pave-
ment systems, as well as the differences between the velocities
of the vehicle and pavement elastic waves, the coupling effect
between the vehicle and pavement is very weak. Considering
the random features of the road surface roughness and the
weak coupling characteristics of the vehicle and pavement
systems [9–11], a systematic analysis method for studying
vehicle and pavement interaction is described in this paper,
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Figure 1: Analysis method.

as shown in Figure 1. This includes simulations of actual
dynamic load characteristics and analyses of the dynamic
response of pavement under random loading. The basic
steps of this analysis method are as follows. First, the road
irregularity excitation model and vehicle vibration model are
established, allowing for the determination of the random
dynamic vehicle loading. Second, the semirigid asphalt pave-
ment three-dimensional finite element (FE) analysis model
is constructed based on the theory of layered elastic systems.
Third, considering the mobility and dynamic characteristic
of the random vehicle load, the loading is applied to the
pavement surface. The distribution law of pavement extreme
value nodal response for each layer is analyzed. Finally,
taking the peak value on the extreme value distribution
curve of response parameters, such as stress, strain, and the
comparison index, the impact of vehicle parameters on the
pavement is compared and analyzed.

2. Vehicle Random Dynamic Load Simulation

Several vehicle dynamics models exist, such as the single
wheel model with two degrees of freedom, the half vehicle
model with four degrees of freedom, the whole vehicle model
with seven degrees of freedom, and the virtual prototype
vehicle model. The relevant studies [10, 12, 13] have shown
that the single wheel model is powerful in simulating vehicle
dynamic load in the vehicle-pavement interaction field. This
model is used without the loss of generality as shown in
Figure 2. In this figure, 𝑚

𝑠
is the sprung mass, 𝑚
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is the

unsprung mass, 𝑘
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is the spring stiffness coefficient, 𝑘
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is the shock absorber damping

coefficient, 𝑐
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and 𝑥
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are

the vertical displacements of the sprung and unsprung pave-
ment masses, respectively, and 𝑥
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is the vertical pavement

roughness. In the following analysis, the vehicle parameters
are based on the right side rear axle of a Yellow River JN150
heavy truck with full loading. In this case, the vehicle system
parameters are as follows: 𝑚

𝑠
= 4450 kg, 𝑚
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= 550 kg,
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Figure 2: Two degrees of freedom vehicle model.
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Based on automobile theory, the vehicle randomdynamic
load 𝐹

𝑡
is expressed as

𝐹
𝑡
= 𝐹
𝑑
+𝐺, (2)

where 𝐹
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is the additional dynamic load of the tire, 𝐹
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=

𝑘
𝑡
(𝑥
𝑡
− 𝑥
𝑔
) + 𝑐
𝑡
(�̇�
𝑡
− �̇�
𝑔
), and 𝐺 is the vehicle static load,

𝐺 = (𝑚
𝑠
+ 𝑚
𝑡
)𝑔.

There are several methods formodeling pavement rough-
ness, such as the harmonic superposition method, taking
the integral of white noise, filtering white noise, and the AR
method [12]. Because the method of filtering white noise is
well understood and has a wide application range, we selected
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Figure 3: Generation and verification of random road surface.
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Figure 4: Random dynamic load of vehicle with original parameters.

it to simulate irregularity excitation of the road. Its differential
equation is as follows:

�̇�
𝑔
(𝑡) = − 2𝜋𝑓0𝑥𝑔 (𝑡) + 2𝜋√𝐺0V0𝑤 (𝑡) , (3)

where 𝑥
𝑔
is the road roughness displacement, 𝑓0 is the cut-

off frequency, 𝐺0 is the road roughness coefficient, V0 is the
vehicle speed, and 𝑤(𝑡) is the Gauss white noise with zero
mean.

MATLAB/Simulink software was used to model both the
road excitation and the vehicle random dynamic load. In
view of the convergence, the vehicle speed is 10m/s and the
time step is 0.01 s in performed simulation throughout this
study. Figure 3(a) shows the time domain simulation curves
forA andB grade road roughness. Figure 3(b) provides a road
surface roughness spectral analysis for standard grade road
at a random surface elevation and GB7307-87. Based on the
spectral density contrast curve as shown in Figure 3(b), it can
be seen that generated pavement can be used as a random
dynamic input loading analysis.

Figure 4(a) displays the random dynamic load curve
used to obtain the original vehicle parameters of the 20m
space range. The dynamic tire loads 6m before and after
the load peak (pavement model in this paper is about 6m
long) selected from Figure 4(a) were used to generate the
vehicle random loads for the pavement loading (B grade road
surface), as shown in Figure 4(b).

3. Finite Element Model of Pavement Structure

According to the mechanical characteristics, the pavement
structure can be divided into flexible, rigid, and semirigid
pavement. The semirigid asphalt pavement comprises the
largest proportion of the high-grade highway in China.
According to the elastic layered system theory, we have
developed a FEmodel for semirigid pavement.The pavement
includes four layers: surface course, base course, subbase
course, and soil base course, as shown in Table 1.Thematerial
parameters are based on an actual pavement structure as
described in the Expressway of Jinan-Qingdao [4].

For convenience of analysis, the pavement FE model is
based on four hypotheses. (1) Each course has homogeneous,
isotropic linear elastic/viscoelasticmaterials. (2)Thehorizon-
tal size and depth of soil base course are infinite, while the
thickness of each course above the soil base course is limited,
with infinite horizontal size. (3) The traffic load is applied on
the road surface; and the resulting stress and strain in the
pavement of infinite distance in the vertical direction and in
the horizontal direction are zero. (4) The interface between
the pavement layers, as well as the interface displacement
under vehicle loading, is completely continuous.

For simplicity, the length, width, and height of the pave-
ment FE model are 6.02m, 4.08m, and 1.58m, respectively.
The Solid185 element (an 8-node solid element) was used as
the mesh element for the model. Considering the computa-
tional efficiency and accuracy, a fine mesh was applied in the
vehicle running area in the center of the road (𝑥-direction
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Table 1: Parameters of semirigid asphalt pavement.

Layer Thickness/m Modulus of elasticity/MPa Poisson’s ratio/𝜇 Density/kg⋅m−3 Damping rate/%
Surface course 0.18 1200 0.25 2600 0.05
Base course 0.2 2000 0.25 2300 0.05
Subbase course 0.2 800 0.25 1932 0.05
Soil course 1 50 0.4 1926 0.05

of each grid is 0.07m; 𝑦-direction is 0.08m), while a coarser
mesh was applied to the remaining sections. The pavement
layers were merged together to satisfy the assumption of
continuity between layers.Therewere 30450 nodes and 26832
elements in the model. The pavement FE model is shown in
Figure 5.

When the vehicle is running in the center of the pavement
surface, there is no response at either end of the pavement
(far from the vehicle), so a fixed constraint is applied at
each end. Because the two transverse sides and the bot-
tom side have a certain viscoelasticity, they are simulated
and constrained by three-dimensional spring elements with
ANSYS software. The contact imprint between the tire and
pavement is the key portion of the FE analysis. In current
Chinese pavement design codes, the circular uniform imprint
model is recommended. However, the tire contact pressure
distribution on the road is not circular and the tire footprint
is closer to rectangular [11]. There are two wheels on the
truck rear axle and the tire type is 11.00R20. Based on the
method proposed in [11], the tire imprint is approximated as a
uniform distribution rectangle with the size 0.21m × 0.32m.
The imprint includes 12 cells in the FE pavement model.

When applying the random dynamic load, the ANSYS/
APDL programming language was used. The loading pro-
gram consists of the following steps: (1) sampling and edit-
ing the random dynamic load data extracted from MAT-
LAB/Simulink and saving the data as a text file in order to
facilitate the reading and writing operations using ANSYS;
(2) defining the load array in ANSYS in accordance with
the specified format; (3) reading the defined loading data
file in the defined load array using the ∗TREAD command
in ANSYS; (4) determining the loading position for the tire
randomdynamic load in thewheel region of the FE pavement
model and applying the load on the pavement unit using the
step loading method to simulate the motion of the vehicle.

4. Pavement Response Analysis

In traditional pavement FE analysis, the stress time course
changes of a certain node in the pavement model is observed
which does not reflect the random characteristics of the
vehicle load and the stress distribution of the entire pavement
structure [12]. Thus, the extreme value response analysis
method realized byANSYS/APDLprogramming is presented
in this paper to analyze the pavement random response. In
order to express the dynamic volatility of pavement structure
more clearly, the surface course was divided into three layers
further, surface layer, middle layer, and bottom layer, and the
thickness of each layer is 0.06m.

12
3
4

5 Z

Y
X

(1) Surface course
(2) Base course

(3) Subbase course
(4) Soil course (5) Loading zone

Figure 5: Three-dimensional FE model of pavement structure.

Figure 6 shows the extreme value distribution situation
for the vertical stress, horizontal stress, transverse stress,
and shear stress of each node of each pavement layer under
the wheel track centerline. (Note that two extreme values
could occur at a given node in the simulation: the maximum
value and the minimum value. The larger absolute value was
selected and recorded.)

It can be seen from Figure 6(a) that the vertical normal
stress decreases with increases in the depth of the pavement
structure. This data also indicates that the asphalt surface
mainly supports compressive stress and that the maximum
vertical compressive stress is in the 0–6 cm range layer from
the asphalt surface. Below the pavement surface, the stress
decreases rapidly, reaching a minimum at the top of the soil
course (subbase and soil base course interface).Therefore, the
asphalt surface layer should have sufficient bearing capacity
to reduce the vertical pressure on the soil base course for
preventing undesirable deformation.

In Figure 6(b), the maximum horizontal compressive
stress occurs on the road surface and then decreases with
increasing depth of pavement. The maximum tensile stress
occurs at the junction of the base and subbase course, which
indicates that this location is most vulnerable to horizontal
stress failure under vehicle load. Under dynamic vehicle
load, the ultimate tensile stress will cause the pavement to
crack from the junction of the base and subbase course and
then gradually spread to the upper structure where reflection
cracks form in the asphalt surface layer, causing damage to
the whole pavement structure.

It can be seen from Figure 6(c) that, similar to the hori-
zontal stress, themaximum transverse compressive stress also
lies on the asphalt surface layer with themaximum transverse
tensile stress appearing in the junction of the semirigid
base and subbase course. Obviously, the transverse stress
comprises both compressive and tensile stress, changing
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Figure 6: Peak stress distribution of each pavement layer.

alternately, and when compared to the horizontal stress, the
transverse dynamic stress is slightly larger. The pavement
damage generated by the transverse dynamic stress cannot be
ignored.

It can be seen from Figure 6(d) that the horizontal shear
stress changes with pavement depth in the asphalt surface
layer. That is, the shear stress of the surface layer (0–6 cm)
is relatively small and then increases rapidly near the middle
layer (6–12 cm) where it reaches a maximum at the bottom
of the middle layer. The shear stress gradually decreases with
increasing pavement depth, reaching the minimum value in
soil base. By improving the antishear capacity of the asphalt
surface layer, we can effectively reduce pavement failure from
wave, slip, shear, and so forth.

All conclusions are consistent with the results of tradi-
tional time history analysis of specific pavement nodes [4, 5].
In addition, Figure 6 indicates that the dynamic response
of the pavement structure is fluctuant, with a vibration
frequency similar to that of the tire random dynamic load
(shown in Figure 4). With increases in pavement depth,

the volatility decreases; that is, the farther away it is from the
pavement loading region, the weaker the stress fluctuation
characteristics are. Thus, the random feature of vehicle loads
has a strong influence on the upper pavement structure.

5. Effects of Vehicle Parameters on Pavement

Based on vehicle system dynamics theory, the tire dynamic
load changes with vehicle system parameters indicated that
the pavement dynamic responsemust be different. To analyze
the effect of vehicle parameters on the random dynamic
response of pavement, we varied the suspension and tire
parameters of the original vehicle to obtain the tire random
dynamic simulation loads and then computed the pavement
response using the FE method. With this information, the
different stress extreme values of each pavement layer could
be obtained.

5.1. Effects of Suspension Stiffness. Figure 7 shows the extreme
stress distribution at the bottom of the asphalt surface layer
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Figure 7: Extreme stress change at the bottom of the surface layer with suspension stiffness.

for different suspension stiffness coefficients. As can be seen
from Figure 7, with different suspension stiffness coefficients,
the stress extreme curves at the bottom of the surface layer
overlap, so these curves lack consistency.The stress curves are
similar for tire stiffness coefficients of 400 kN/m, 1000 kN/m,
1300 kN/m, and 1600 kN/m; however, the curve for a tire
stiffness coefficient of 700 kN/m has a different shape. The
interaction mechanism of the vehicle and pavement is very
complicated, and the pavement dynamic response caused by
the changing vehicle parameters is highly nonlinear. Neither
the simplified methods which consider the vehicle load to be
a harmonic load or moving fixed load nor taking the vehicle-
pavement-foundation system as a simple linear structure is
consistent with the actual situation.

Cole and Cebon at the University of Cambridge have
pointed out that the degree of damage of the road is deter-
mined by the node with the greatest stress and not by the
mean destruction of road nodes [13, 14]. By comparing the
peak values in the extreme stress curves for one pavement
layer, the influence of different vehicle parameters on pave-
ment response could be obtained. In addition, the vertical

deflection and tensile stress of the bottom asphalt layer or
semirigid material layer are used as the design criteria in
the current specifications of asphalt pavement in China [15].
Furthermore, a standard in the design of city roads should
include the calculation of the shear stress of the surface layer
materials. So the tensile stress at the bottom of base course
and the shear stress at the bottom of surface layer were
selected as an index for comparison.

Table 2 shows the effect of suspension stiffness coefficient
on the pavement response. It can be seen from Table 2 that
the pavement dynamic stress increases with increases in
suspension stiffness. When the suspension stiffness increases
60% from 1000 kN/m to 1600 kN/m, the peak horizontal
tensile stress at the bottom of base course and the shear
stress at bottom of surface layer increase 10.91% and 11.55%,
respectively. Compared with the tire stiffness, the effect of
suspension stiffness on the pavement dynamic stress response
is significant.

5.2. Effect of Suspension Damping. Table 3 shows the effect
of the suspension damping coefficient on the pavement
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Table 2: Pavement peak stress with suspension stiffness coefficient.

Suspension stiffness coefficient/kN/m 400 700 1000 1300 1600
Tensile stress/Kpa 47.501 48.113 51.244 52.840 56.834
Horizontal shear stress/Kpa 57.7 58.5 61.111 63.8 68.2

Table 3: Pavement peak stress with suspension damping coefficient.

Suspension damping coefficient/kNs/m 6 10.5 15 19.5 24
Tensile stress/Kpa 51.692 51.543 51.244 50.894 50.361
Horizontal shear stress/Kpa 62.118 62.016 61.111 61.105 59.861

Table 4: Pavement peak stress with tire stiffness coefficient.

Tire stiffness coefficient/kN/m 1225 1750 1925 2275 2800
Tensile stress/Kpa 49.692 51.244 51.553 52.175 54.999
Horizontal shear stress/Kpa 59.609 61.111 61.728 63.196 65.581

Table 5: Pavement peak stress with tire damping coefficient.

Tire damping coefficient/kNs/m 1.4 2 2.2 2.6 3.2
Tensile stress/Kpa 51.505 51.244 51.047 50.919 50.859
Horizontal shear stress/Kpa 61.165 61.111 61.093 61.054 60.993

response. It can be seen from Table 3 that the pavement
dynamic stress decreases with increases in the suspension
damping coefficient. When the suspension damping coeffi-
cient increases 60%, from 15 kNs/m to 24 kNs/m, the peak
horizontal tensile stress at the bottom of base course and the
shear stress at bottom of surface layer decrease 1.72% and
2.05%, respectively. Compared with the suspension stiffness,
the effect of suspension damping on the pavement dynamic
stress response is relatively small, almost differing by ten
orders of magnitude.

5.3. Effects of Tire Stiffness. Table 4 shows the effect of the
tire stiffness coefficient on the pavement response. It can be
seen fromTable 4 that the pavement dynamic stress increases
with an increase in the tire stiffness coefficient. When the tire
stiffness increases 60%, from 1750 kN/m to 2800 kN/m, the
peak horizontal tensile stress at the bottom of base course
and the shear stress at bottom of surface layer increase
7.33% and 7.31%, respectively. Based on vehicle dynamics,
a similar conclusion can also be drawn; that is, if the tire
stiffness increases, the vehicle vibrations increase, and the
tire dynamic load increase, causing more pavement damage.
Compared with the suspension stiffness, the effect of tire
stiffness on the pavement dynamic stress response is relatively
small.

5.4. Effects of Tire Damping. Table 5 shows the effect of the
tire damping coefficient on the pavement response. It can be
seen fromTable 5 that the pavement dynamic stress decreases
with an increase in the tire damping coefficient. When the
tire damping increases 60%, from 2.0 kNs/m to 3.2 kNs/m,

the peak horizontal tensile stress at the bottom of base course
and the shear stress at bottom of surface layer decrease 0.73%
and 0.19%, respectively. Compared with the tire stiffness,
the effect of tire damping on the pavement dynamic stress
response is relatively small, differing by ten orders of mag-
nitude. And the effect of tire damping is on the same order
of magnitude as suspension damping, when compared to
suspension stiffness, is not significant.

6. Conclusions

We have presented a study of pavement response under vehi-
cle random dynamic load. The effect of vehicle parameters
on the dynamic response of the pavement structure was
documented along with the analysis and comparison of the
maximum stress distribution of each pavement layer. The
main conclusions are as follows:

(1) Under the random dynamic load of a vehicle, the
extreme value distributions of vertical stress, hori-
zontal stress, transverse stress, and horizontal shear
stress, under the wheel track centerline layers, change
with the vehicle driving distance. Their fluctuation
frequencies are similar to those of the tire random
dynamic load. With increases in pavement depth, the
fluctuation strength decreases.

(2) When vehicle parameters vary, the stress extreme
distribution curves are inconsistent. By comparing
the peak value of each extreme curve, we were able
to study the pavement response induced by a vehicle
dynamic load with different parameters. Similarly, we
were able to analyze the pavement response induced
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by road surface roughness, vehicle speed, pavement
structure parameters, and so forth.

(3) For the vehicle parameter investigated in this paper,
the pavement dynamic stresses increase with in-
creases in suspension stiffness and tire stiffness but
decrease with increases in suspension damping and
tire damping. Compared to the stiffness, tire and sus-
pension damping have less of an impact on pavement
dynamic load response. When designing a vehicle
that would cause less road damage from its random
dynamic load, it is necessary to consider and match
suspension and tire parameters comprehensively.
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