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Abstract

This study analyzes the 3D (3D) strain on a pavement by using a model of a vehicle with seven degrees of freedom and
that of a road in elastic half-space by using the finite element software ANSYS. The results are as follows: The 3D strain
on the two wheels along the centerline was significantly influenced by the superposition of the wheel, and the 3D strain
under a single wheel was far higher than that along the centerline of two wheels, and represented the most unfavorable
position on the road. The vertical strain consisted mainly of compressive strain at different depths, and that at the bot-
tom of the pavement was slightly higher than that on top. The longitudinal and transverse strains were all compressive
strains on top of the pavement and tensile strains at the bottom, respectively. The longitudinal and transverse strains
both on top and at the bottom of the pavement were similar. The authors then analyzed the influence of the thickness
of the pavement, its modulus, and equivalent resilient modulus on the vertical compressive strain, longitudinal tensile
strain, and transverse tensile strain in case of a single wheel. Furthermore, a model to predict the 3D strain under the
comprehensive effect of the structural parameters of the road was established. It can provide the basis and a reference
for the design, construction, fault detection, and maintenance of roads.
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1 Introduction

Both the American pavement design code [1] and Chinese
specifications for the design of the asphalt pavements on
highways (JTG D50-2017) [2] use the strain at the bottom
of the pavement at the centerline of two wheels as an
important index to evaluate the fatigue-induced failure
of the asphalt pavements.

Three methods are mainly used in the literature to
examine the strain at the bottom of the surface layer: theo-
retical analysis, indoor and outdoor tests, and numerical
simulations. Theoretical analysis can be used to solve for

the strain through system dynamics theory by dividing the
pavement into a multi-layer elastic or viscoelastic system,
and expressing the dynamic load of the vehicle by using
a spatial distribution function or a change function over
time. The dynamic response of the road is typically not
analyzed by using such a method owing to the complex
theory and calculation involved [3-5]. Indoor and outdoor
tests generally include accelerated indoor loading tests
and outdoor field tests. The former cannot be carried out
efficiently and over a long distance due to limitations on
the mode of driving and the length of the equipment [6,
7]. Outdoor field tests are difficult to use to study a variety
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of structural combinations of the asphalt pavements due
to their disadvantages of high cost and a long cycle [8,
9]. Numerical simulations can be used to represent the
dynamic response of the asphalt pavement under differ-
ent dynamic loads of the vehicle by assigning different
properties to the materials of each structural layer of the
pavement, and by combining the settings of the boundary
constraints and the load conditions. They are widely used,
and are less complex than theoretical analysis, and shorter
and cheaper than indoor and outdoor tests [10-12].
Wang and Al-Qadi [13] established coupling response
models of wide-base tires and dual-tire assemblies on
asphalt pavements, respectively. They found that the
maximum longitudinal tensile strain at the bottom of the
pavement due to the by wide-base tire was higher than
that due to dual-tire assemblies, but the maximum trans-
verse strain at its bottom due to the former was smaller
than that due to the latter. Ozer [14] analyzed the influ-
ence of the boundary conditions on strain at the bottom
of an asphalt pavement based on a 3D finite element
model. Chen et al. [15] analyzed the responses of thick
and thin asphalt pavements to the longitudinal and the
vertical strains at the bottom of the surface layer through
a numerical model. Wang and Li [16] compared the lon-
gitudinal and transverse strains at the bottom of a layer
of the asphalt pavement under the action of loads due to
FWD and a moving vehicle through a numerical model,
and concluded that there were differences in the strain-
related response under the two types of loads. The FWD
load could not fully simulate the load due to the moving
vehicle. Based on a 3D numerical model of an asphalt
pavement under a moving load, Dong et al. [17] studied
the law of variation in 3D strain at the bottom of an asphalt
pavement using vehicle traveling at different speeds, dif-
ferent positions of lateral action of the load, and varying
acceleration and deceleration of the vehicle. Chen et al.
[18] established a response model of an asphalt pavement
under multi-wheel, random, dynamic load of vehicles, and
analyzed the laws of response of the vertical, longitudinal,
and transverse strains at the bottom of the asphalt pave-
ment when the front and rear axles of the vehicle passed
over it in succession. Pan et al. [19] analyzed the influence
of different temperatures and axial loads on strain at the
bottom of an asphalt pavement through a numerical
model, and established a model to predict it. Their results
showed that the error between the predictions of the
model and field measurements was not more than 10%. Lu
et al. [20] explored the influence of the loading time and
temperature of the pavement on strain at the bottom of
an asphalt pavement through a dynamic response model
of the pavement under half-sine load. Wang [21] analyzed
the effect of dynamic loading on flexible responses of
the pavement at different vehicle speeds and pavement
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roughnesses by using an integrated approach to vehi-
cle-tire—pavement interaction. The results indicated that
arougher pavement surface can yield higher responses of
the pavement and accelerate its failure at locations where
large dynamic loads are induced. Zhao [22] analyzed the
dynamic responses of the asphalt pavements induced by
random loads under the wheels of a moving truck owing
to surface roughness, and found that the surface rough-
ness of the pavement significantly affected the variation in
the dynamic load and responses of the pavement at differ-
ent locations. Recent studies have shown that the modulus
of the material of the pavement has a significant effect on
its dynamic response [23, 24].

Previous studies in the area that have used numerical
models have focused on the influence of strain at the bot-
tom of the asphalt pavement by using the parameters of
the load due to the vehicle (such as axle load, speed, loca-
tion, action time, and tire type), temperature, boundary
conditions, and thickness of the asphalt pavement. The law
of influence of parameters of the structure of the asphalt
pavement (such as its modulus and thickness, and equiva-
lent resilient modulus of the top of the base) on strain at its
bottom has not been systematically and comprehensively
analyzed. The model for predicting strain at the bottom of
the pavement has thus not been established. In addition,
current specifications do not compare strain at the bottom
on the centerline of two wheels with that of a single wheel
to identify the most unfavorable position of strain at the
bottom of the pavement.

This study establishes a model of a vehicle with seven
degrees of freedom and one of a road in elastic, layered
half-space. A vehicle-road coupling response model is
used to analyze the influence of the modulus of the pave-
ment, its thickness, and the equivalent resilient modulus of
the top of the base on the 3D strain (vertical, longitudinal,
and transverse strains) at the bottom of the asphalt pave-
ment. We identify the most unfavorable position of strain
at the bottom of the pavement as well. We used a numeri-
cal model of 252 sets of combinations of the structure of
the asphalt pavement to establish a 3D model to predict
strain. This model can provide a reference and a basis for
the design and detection of fatigue-induced damage to
asphalt pavements.

2 Establishing and verifying vehicle-road
coupling model

2.1 Field test

Three pavement structures of the Tongdan Expressway,

located in Tonghua County in China, were selected as
the test section [25]. The first structure was an asphalt
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Table 1 Structural parameters of layers of the asphalt pavement in
the field test

Road number Pavement Subgrade
Structure 1 Modulus (MPa) 1400 962.6
Thickness (m) 0.32 -
Structure 2 Modulus (MPa) 1400 744.60
Thickness (m) 0.26 -
Structure 3 Modulus (MPa) 1400 941.80

Thickness (m) 0.27 -

pavement with a graded gravel layer, cement-stabilizing
sand layer, and a gravel cushion. The second structure
was an asphalt pavement with a graded layer of crushed
stone and a gravel cushion, and the third structure was
an asphalt pavement with a graded layer of crushed
stone and a cement-stabilizing layer. The parameters of
each layer of the road structure were inversed from data
measured by a falling-weight deflectometer, as shown in
Table 1.

Strain sensors were embedded at the bottom of the
asphalt pavement of each road structure to measure the
maximum strain induced by a six-axle truck (axle loads:
1990 kg, 1840 kg, 5910 kg, 4530 kg, 4510 kg, 4830 kg) pass-
ing through the test section at the speed of 28 km/h.

2.2 Verifying vehicle-road coupling model
through field test

Finite element models were established using the finite
element software ANSYS to simulate the strain-induced
response under the above conditions. The vehicle load
was a dynamic load that was affected by the roughness of
the road [26]. Therefore, a model of the vehicle with seven
degrees of freedom that considered road roughness was
established [27]. In the model, the body of the car used
the MPC184 rigid beam element, which does not consider
elastic deformation of the elements. Each element has two
nodes, each of which has six degrees of freedom: three
translational and three rotational. The Mass21 element
was used to simulate the suspension of the vehicle and its
non-suspension mass as well as the pitching and tilting
moments of inertia. The spring and damping elements of
the vehicle were simulated by the Combine14 element,
and its dynamic load was solved by using the complete
method in structural transient analysis.

Considering the range of influence of vehicle load and
the accuracy of calculations, the dimensions of the sub-
grade were set to 23 m (X direction), 16 m (Z direction),
and 9 m (Y direction) in terms of length, width, and depth,
respectively, in the finite element model [28, 29]. The bot-
tom of the model was set to be completely fixed, and the

X and Z directions constrained only displacement. One of
the structural models of the pavement is shown in Fig. 1.

A comparison between the calculated maximum strain
of the three pavement structures under the above vehicle
load and the field test values is shown in Table 2.

Table 2 shows that the error between the calculated
value of the strain model and the measured value through
the field test was within 10%. The larger error in structure 1
might have been related to the accuracy of the measured
value, but the model generally met the application-related
requirements of road engineering.

3 Three-dimensional strain response

To study the 3D strain response of the asphalt pavement
under different dynamic loads of the vehicle, the struc-
tural model of the pavement was established as shown
in Fig. 1. The dimensions and boundary conditions of the
model were the same as described in Sect. 2.2. The sam-
pling points were selected according to the centerline of
the two wheels and the depth of the response to vehicle
load (as shown in Fig. 2). The specific sampling points were
arranged as follows: The centerline of the two wheels, the
center of the track line of the wheel, the top of the pave-
ment, and its bottom were 0.4 m and 1 m from the sub-
grade in the direction of road depth. To simulate the pro-
cess of pavement detection, we used a model where a 30
t vehicle moved along the centerline of the pavement at a
speed of 20 m/s. The roughness of the pavement was level
B based on the relevant specifications in China regarding
pavement inspection.

The relevant parameters of the vehicle model are shown
inTable 3.

The parameters of the structural layer were obtained
from Chinese specifications for the design of asphalt pave-
ments of highways, and the properties of the pavement
are shown in Tables 4 and 5.

Fig. 1 Model of pavement structure
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Table2 The maximum strain in Road number Structure 1 Structure 2 Structure 3
the field test
Longitudinal strain (pe) Field test (ue) 48.50 85.90 69.70
Calculated (ue) 52.41 87.87 71.07
Error(%) 8.06 2.29 1.37
Transverse strain (pe) Field test (pe) 36.00 90.70 55.80
Calculated (ue) 39.17 87.51 59.32
Error (%) 8.81 3.52 0.86

Driving direction }

Wheel Wheel

Q. 18m

Surface layer

e & —

0.4m away from the top of subgrade

0. 4m

e e —

" 1.0m away from the top of subgrade

0.Cm

e & —

e Sample point

(b)

Fig.2 Layout of sampling points layout of a planar graph and b
cross-sectional drawing

To further verify the correctness of the model, a numeri-
cal model was built to compare with it based on the Bouss-
inesq theory [30]. In the model, a circular uniform load
with a radius of 0.3 m and tire pressure of 0.7 MPa was
applied to the road structure to solve for stress at differ-
ent depths. The results of the numerical model and the
Boussinesq theory are compared in Table 6.
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Table 6 shows that the error between the numerical
obtained stress and the theoretical value was smaller
than 5%. This verified the correctness of the model, and
indicated that it could adequately reflect the mechanical
response of the road structure.

3.1 Response law of vertical strain

Figure 3 presents the laws of response of the vertical strain
along the depth of the centerline of the two wheels and in
case of a single wheel. The tensile strain was positive and
the compressive strain was negative.

As shown in Fig. 3a, the vertical strain of the center-
line of the two wheels consisted of alternately changing
tensile and compressive strains at different depths of the
road. The vertical strains on the top and bottom of the
pavement had similar values, but with the opposite signs,
and the vertical strain decreased with an increase in the
distance from the subgrade. The vertical strain 0.4 m from
the top of base layer was the highest because this location
(0.4 m from the top of the base layer) was at the top of the
subgrade, where the modulus of the structural layer of the
pavement was larger than that of the subgrade, and the
effect of superposition of the wheels was remarkable.

Figure 3b shows that the vertical strain of the centerline
of the two wheels consisted of tensile and compressive
strains that changed alternately at different depths of the
road. The values of compressive strain were significantly
higher than that of the tensile strain. The alternation of
tensile and compressive strains on top of the pavement
and 0.4 m away from the top of the subgrade were sig-
nificant. The vertical strain at the bottom of the pavement
was mainly compressive strain, and the vertical strain T m
away from the subgrade was much lower than those at
other locations.

A comparison of Fig. 3a, b shows that the vertical strain
under a single wheel was about two to five times that at
the centerline of the two wheels. The vertical strain at the
centerline of the two wheels was significantly affected
by the superposition effect of the wheel. When the front
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Measurement Parameter
Overall mass (kg) M,=30,000
Mass of suspension system (kg) m,=27,000
Mass of front axle (kg) Mgz =600
Mass of rear axle (kg) myz=2,400

Mass moment of inertia (kg-m?)
Suspension stiffness (N/m)

Tire stiffness (N/m)

Suspension damping (N-s/m)
Tire damping (N-s/m)

Dimensions to determine mass center (m)

J,=1.0x10°%J,=3.6x10°
Kyoz=0.8x 108 K ,,=2.0x 10°
Kigz=1.2%10% K ,,,=4.8x10°
Ceaz=5.0%10% Cy,,=2.0x10*
Cloz=6.0x10% C;,=2.4x10*
Luz=09, Ly;=3.6,L,=0.9

Table 4 Parameters of the structural layer

Structural ~ Thickness  Modulus Poisson’s Density (kg/
layer (m) (MPa) ratio m?)
Pavement  0.18 2000 0.25 2400
Underthe 9 500 0.30 1850

pavement

and rear axles of the vehicle passed through the sampling
point, respectively, the vertical strain changed by little.
The vertical strain under a single wheel was less affected
by the superposition effect of the wheel, and changed

Table 6 Correlation between numerical and theoretical solutions

Distance fromthe  Numerical solu- Theoretical solu- Error (%)

significantly when the front and rear axles of the vehicle
passed the sampling point.

3.2 Response law of longitudinal strain

Figure 4 shows the laws of response of longitudinal strain
along the depth under the centerline of the two wheels
and under a single wheel. The tensile strain was positive
and the compressive strain negative.

Figure 4a shows that the response of longitudinal strain
along the driving direction was more significant than that
of the vertical strain when the depth of the road structure
was constant. The longitudinal strain of the pavement was
mainly compressive strain when the front and rear axles
of the vehicle passed through the sampling point. The
longitudinal strain at the bottom of the pavement varied
alternately over a small range of tension and compression,
and was mainly tensile strain. It was also tensile strain at
0.4 m and 1 m from the subgrade.

subgrade (m) tion (kPa) tion (kPa) Figure 4b shows that the longitudinal strain under a
03 —473.93 45251 473 single wheel was mainly compressive strain on top of the
0.9 ~105.73 ~10233 332 pavement. It also shows tensile strain at the bottom of the
15 —4134 ~39.99 337 pavement, and 0.4 m and 1 m from the subgrade. When
21 -21.10 ~20.89 0.98 the front and rear axles of the vehicle passed through the
27 —12.81 —12.77 035 sampling point, the compressive strain on top of the pave-
3 1043 ~1037 0.58 ment was close to the tensile strain at the bottom of the
33 -863 -859 0.48 pavement. The longitudinal strain decreased gradually
Table 5 Properties of the Layer Material Thickness (m) Modulus (MPa) Poisson’s Ratio Unit
pavement structure weight
(kg/m?3)
Surface layer Asphalt concrete 0.18 6000 0.25 2400
Base layer Cement-stabilized macadam 0.40 34000 0.35 2200
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Fig. 3 Vertical strain of a the centerline of the two wheels and b a
single wheel

with anincrease in the distance from the subgrade. When
this distance was 1 m, the longitudinal strain tended to
be stable.

A comparison of Fig. 4a, b shows that the longitudinal
strain directly below a single wheel was about three to
five times that at the centerline of the two wheels. The
longitudinal strain at the centerline of the two wheels was
significantly affected by the superposition effect of the
wheel. And when the front and rear axles passed through
the sampling point, there was little difference in the lon-
gitudinal strain. However, the longitudinal strain directly
under a single wheel was less affected by the superposi-
tion effect of the wheel, and differences in it were clear
when the front and rear axles passed through the sam-
pling point, respectively.
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Fig.4 Longitudinal strains of a the centerline of the two wheels
and b under a single wheel

3.3 Response law of transverse strain

Figure 5 shows the law of responses of the transverse
strain along the depth of the centerline of two wheels and
under a single wheel, respectively. The tensile strain was
positive and the compressive strain negative.

Figure 5a shows that when the front and rear axles of
the vehicle passed through the sampling point, respec-
tively, the transverse strain on top of the pavement was
mainly tensile strain, and was mainly compressive strain
at the bottom of the pavement, and 0.4 m and 1 m from
the subgrade. The transverse strain occurred only between
—12 and 14 pe 1 m from the subgrade. At the same time,
the transverse strain decreased with an increase in depth
away from the subgrade.
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Fig. 5 Transverse strains at a the centerline of the two wheels and
b under a single wheel

Figure 5b shows that when the front and rear axles of
the vehicle passed through the sampling point, respec-
tively, the main form of transverse strain under a single
wheel was opposite in direction to that of the centerlines
of the two wheels at different depths, and transverse com-
pressive strain on top of the pavement was close in value
to transverse tensile strain at the bottom of the pavement.
At the same time, transverse strains at different distances
from the subgrade were far lower than those at different
depths of the pavement, and the transverse strain fluctu-
ated between —9 and 10 p € 1 m away from the subgrade.

A comparison between Fig. 5a, b shows that the trans-
verse strain under a single wheel was about two to four
times that at the centerline of the two wheels. The trans-
verse strain at the centerline of the two wheels was sig-
nificantly affected by the effect of superposition of the
wheel, and the difference in it was not significant when

the front and rear axles of the vehicle passed through the
sampling point, respectively. However, the longitudinal
strain under a single wheel was less affected by the effect
of superposition of the wheel, and the difference in trans-
verse strain was significant when the front and rear axles
passed through the sampling point, respectively.

4 Three-dimensional strain response
analysis under different working
conditions

The 3D strain response of the asphalt pavement is affected
by many factors, of which the most important are the
parameters of its structural layer. Therefore, the influence
of thickness of the pavement, modulus, and equivalent
resilient modulus on top of the base on the 3D strain of
the asphalt pavement was analyzed. The thickness of the
pavement was 0.14-0.38 m, at intervals of 0.04 m. Its mod-
ulus was 1000-6000 MPa at intervals of 1000 MPa, and the
equivalent resilient modulus of the top of the subgrade
was 500-5500 MPa at intervals of 1000 MPa. Given that the
3D strain under a single wheel was higher than that at the
centerline of two wheels, and was the most unfavorable
position for 3D strain response, the vertical compressive
strain, longitudinal tensile strain, and transverse tensile
strain under a single wheel were selected for subsequent
analysis.

4.1 Analysis of vertical compressive strain response

Figure 6 shows the influence of the thickness of the pave-
ment, its modulus, and equivalent resilient modulus of the
top of the base on vertical compressive strain. The tensile
strain was positive and the compressive strain negative.
In the figures, E, is the equivalent resilient modulus of the
top of the base and E_ is the modulus of the pavement.

According to Fig. 6a, when the equivalent resilient mod-
ulus on top of the base was 500 MPa and the thickness
of the pavement was constant, the vertical compressive
strain decreased with an increase in the modulus of the
pavement, and the amplitude decreased gradually. When
the modulus of the pavement was constant, the vertical
compressive strain decreased with an increase in the thick-
ness of the pavement.

Figure 6b shows that when the modulus of the pave-
ment was 2000 MPa and its thickness was constant, the
vertical compressive strain decreased with an increase
in the equivalent resilient modulus on top of the base.
When the latter was higher than 2500 MPa, the amplitude
of vertical compressive strain decreased sharply. When
the modulus of the pavement was constant, the vertical
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Fig.6 Response of vertical compressive strain under the influence
of a the thickness and modulus of the pavement (equivalent resil-
ient modulus on top of the base was 500 MPa), and b the thickness
of the pavement and equivalent resilient modulus on top of the
base (modulus of the pavement was 2000 MPa)

compressive strain decreased with an increase in the thick-
ness of the pavement.

4.2 Analysis of longitudinal tensile strain response

Figure 7 shows the influence of the thickness of the pave-
ment, its modulus, and the equivalent resilient modulus on
top of the base on longitudinal tensile strain. The tensile
strain was positive and the compressive strain negative.
According to Fig. 7a, when the equivalent resilient mod-
ulus on top of the base was 500 MPa and the thickness of
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Surface layer thickness/m

(b)

Fig.7 Response of longitudinal tensile strain under the influence
of a the thickness and modulus of the pavement (equivalent resil-
ient modulus on top of the base was 500 MPa), and b the thickness
of the pavement and the equivalent resilient modulus on top of the
base (modulus of the pavement was 2000 MPa)

the pavement was constant, the longitudinal tensile strain
decreased with an increase in the modulus of the pave-
ment, and the amplitude decreased gradually. When the
modulus of the pavement was constant, the longitudinal
tensile strain decreased with an increase in the thickness
of the pavement.

Figure 7b shows that when the modulus of the pave-
ment was 2000 MPa and its thickness was constant, the
longitudinal tensile strain decreased with an increase in
the equivalent resilient modulus on top of the base. When
the latter exceeded 2500 MPa, the amplitude of growth in
the longitudinal tensile strain decreased sharply. When the
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Fig. 8 Response of transverse tensile strain under the influence of a
the thickness of the pavement and its modulus (equivalent resilient
modulus on top of the base was 500 MPa), and b the thickness of
the pavement and the equivalent resilient modulus on top of the
base (modulus of the pavement was 2000 MPa)

modulus of the pavement was constant, the longitudinal
tensile strain decreased with an increase in the thickness
of the pavement.

4.3 Analysis of transverse tensile strain response

Figure 8 shows the influence of the thickness of the pave-
ment, its modulus, and the equivalent resilient modulus
on top of the base on transverse tensile strain. The tensile
strain was positive and the compressive strain negative.
According to Fig. 8a, when the equivalent resilient modulus
on top of the base was 500 MPa and the thickness of the pave-
ment was constant, the transverse tensile strain decreased
with an increase in the modulus of the pavement, and the
decreasing amplitude decreased gradually. When the modu-
lus of the pavement was constant, the transverse tensile strain
decreased with an increase in the thickness of the pavement.
Figure 8b shows that when the modulus of the pave-
ment was 2000 MPa and its thickness was constant, the
transverse tensile strain decreased with an increase in the
equivalent resilient modulus on top of the base. When the
latter exceeded 2500 MPa, the increasing amplitude of trans-
verse tensile strain decreased sharply. When the modulus
of the pavement was constant, the transverse tensile strain
decreased with an increase in the thickness of the pavement.
A comparison of Figs. 6, 7, 8 shows that the values and
range of values of vertical compressive strain were greater
than those of longitudinal and transverse tensile strains.

5 Three-dimensional strain analysis model

The above analysis shows that 3D strain at the bottom
of the asphalt pavement was related to its thickness,
modulus, and the equivalent resilient modulus on top of
the base under a constant vehicle load and traffic speed.
Therefore, a 3D model to predict strain in the asphalt
pavement was established using the parameters. It was
used to predict the 3D strain at the bottom of the asphalt
pavement to evaluate its structural performance using
data from nondestructive road testing. Based on 252 sets
of combinations of road structure, models to predict the
vertical compressive strain, longitudinal tensile strain, and
transverse tensile strain were established as below. h_is
the thickness of the pavement.
Vertical compressive strain, 500 < E, < 1500 MPa:

e7 = [(-2x 107°E? + 0.017E, = 118.2) In (E.) + (3 X 107°E} — 0.2264F, + 1233)|
xIn (h) + (—0.0022E, — 7.7368) In(E,) + (5 X 107°E7 — 0.037E, + 215.76)

Vertical compressive strain, 1500 < £, <5500 MPa:

e = [(—0.0012E, —83.94) In (E.) + (2% 107°E7 — 0.0173E, + 847.05)] In (h,)
+ (—8.832In(E,) + 56.387) In(E,) + (49.063 In(E,) — 245.27)
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Longitudinal tensile strain, 500 < £, < 1500 MPa:

ex = [(2% 107°E, — 0.0089)E, + (125.89In(E,) — 1073.8) | h,

+ (—0.0016 In(E,) + 0.4515) In(E,) + (1 X 107°E? — 0.0985E, + 232.99)

Longitudinal tensile strain, 1500 < E;< 5500 MPa:

ex = [(0.0074In(E,) — 0.0604)E, + (=5 x 107°F7 + 0.044F, — 121.27) | h,
+ (—4.433In(E,) + 30.66) In(E,) + (4 X 107°E7 — 0.0257E, + 109.72)

Transverse tensile strain, 500 < £, < 1500 MPa:

ey = [(2x 107°E, — 0.0085)E, + (177.69 In(E,) — 1507.1) | h +
(6x 1077 In(E,) — 4 x 107®)E? + (=3 x 107°E7 + 2 X 107°E, — 0.0297)E, + 53957E %8>

Transverse tensile strain, 1500 < E£,< 5500 MPa:

ey = [(1 X 107°E, — 0.0094)E, + (-8 X 107°E} + 0.0732E, — 201.44) | h +
(1x107°In(E,) — 8 x 107°)E2 + (=3 X 107°E, + 0.0067)E, + (4 x 107°E? — 0.0382F, + 126.14)

6 Conclusions

This study analyzed a 3D strain-induced dynamic response
model of a pavement based on a model of a vehicle and
one of a road. The following conclusions can be drawn:

(1) The vertical, longitudinal, and transverse strains of
the centerline of two wheels and a single wheel were
alternating. However, the 3D strain at the centerline
of the two wheels was affected by the effect of super-
position of the wheel, and the difference in the values
of 3D strain were not prominent when the front and
rear axles of the vehicle passed through the sampling
point, respectively. The 3D strain under a single wheel
was more prominent when the front and rear axles of
the vehicle passed through the sampling point. The
3D strain under a single wheel was about two to five
times that at the centerline of two wheels, and was
the most unfavorable location of the road structure.

(2) The vertical strain under a single wheel was mainly
compressive strain at different depths of the road
structure, and compressive strain at the bottom of
the pavement was slightly higher than that on top of
it. The longitudinal strain and transverse strain under
a single wheel was mainly compressive strain on top
of the pavement and tensile strain at its bottom. The
values of longitudinal and transverse strains on the
top and bottom of the pavement were similar.
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(3) The vertical, longitudinal, and transverse strains
under a single wheel decreased with an increase in
the distance from the subgrade. When the distance
from the subgrade was 1 m, the 3D strain tended to
be stable and fluctuated in a small range.

(4) The 3D strain under a single wheel decreased with an
increase in the thickness of the pavement, its modu-
lus, and the equivalent resilient modulus on top of
the base. The influence of the latter on the 3D strain
was the most significant. When it exceeded 2500 MPa,
the 3D strain decreased sharply.

(5) Based on 252 sets of combinations of road structures,
models to predict the vertical compressive strain, lon-
gitudinal tensile strain, and transverse tensile strain
were established. They can provide a reference for
the detection and evaluation of asphalt pavements.
However, these models have yet to be verified by field
tests. The authors plan to undertake this work in a
future study.
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