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Abstract. Compared with pavement structures of ordinary road sections, pavement structures in the
intersection are exposed to more complex traffic characteristics which may exacerbates pavement distresses
such as fatigue-cracking, shoving, shear deformation and rutting. Based on a field survey about traffic
characteristics in the intersection conducted in Shanghai China, a three dimensional dynamic finite-element
model was developed for evaluating the mechanistic responses in the pavement structures under different
traffic characteristics, namely uniform speed, acceleration and deceleration. The results from this study
indicated that : (1) traffic characteristics have significant effects on the distributions of the maximum
principal strain (MPS) and the maximum shear stress (MSS) at the pavement surface; (2) vehicle
acceleration or deceleration substantially impact the MPS and MSS at pavement surface and could increase
the magnitude of them by 20 percent to 260 percent; (3) in the vertical direction, with the increase of vehicle
deceleration rate, the location of the MPS peak value and the MSS peak value changes from the sub-surface
layer to the pavement surface.

Keywords: intersection area; traffic characteristic; dynamic finite element; maximum principal strain;
maximum shear stress

1. Introduction

Road intersection is the hub of urban transportation where vehicles and pedestrians merge into
each other, making the traffic characteristics very complex in this area. With vehicles braking and
starting frequently, more serious distresses appear in pavement structures of the intersection
compared with ordinary road sections. In recent years, the increase of traffic volume, axle load and
tyre pressure has been causing more serious pavement distresses (shoving, rutting, fatigue cracks,
etc.) in some metropolises of China. According to a field investigation conducted by Ma (2009),
surface layer in the intersection should be rebuilt every two years. To improve the road conditions
in the intersection, the mechanistic responses in pavement structures considering different traffic
characteristics need to be evaluated.

Methods to evaluate pavement mechanistic responses can be grouped into two categories
namely elastic dynamic method and numerical method. In the 1950s, some researchers in the
elastic dynamics field evaluated road dynamics considering elastic homogeneous space,
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semi-space or single plate (Sneddon 1952, Fuhon et al. 1956, Mandel et al. 1961). With the
development of numerical method and the improvement of computer capacity, researchers
converted to explain pavement distresses by developing analytical models. Different assumptions
could be applied in the model such as that asphalt materials might be elastic or viscoelastic and
load could be static or dynamic. Siddharthan et al. (1998) developed an analytical model to
evaluate the responses of asphalt pavement under moving load assuming that the pavement
structure consisted of a serious of elastic layers of the same nature. Numerical models, developed
with the help of finite element softwares, are able to analyze the mechanistic responses in
pavement structure more efficiently and make it possible to take more flexible conditions into
account. Wang and Al-Qadi (2009) evaluated the influence of 3-D contact stress and dynamic
loading on the mechanistic responses in pavement structures. They took the viscoelastic feature of
asphalt concrete into account. Hernandez (2010) compared the results of finite element analyses
with those calculated by the MEPDG (Mechanistic-Empirical Pavement Design Guide) method
and the experimental data. Hu (2011) achieved to model the pavement mechanistic responses in
the AC layers by simulating different layer interfacial bonding conditions (namely fully bonded
and debonded). The applied load was based on the actual measured tyre-pavement contact
pressure.

Existing analytical models based on finite element method have achieved to evaluate pavement
mechanistic responses accurately. Nevertheless, different loading scenarios are presumed: one is
the change in the vehicle speed leading to different loading time and the other is the change of
horizontal pressure due to vehicle acceleration. Actually when non-uniform speed is considered,
both of the above scenarios should be considered. However few literatures considered loading time
as well as horizontal pressure.

The objective of the present study is to evaluate the pavement mechanistic responses and to
reveal the intrinsic mechanism of pavement distresses at the road intersection. Based on the field
survey about driving characteristic in Shanghai China, a dynamic finite element model is
developed. Both loading time and horizontal contact pressure are considered. By comparing the
MPS and MSS considering different traffic characteristics, this paper achieves to explain about
pavement distresses at the road intersection.

2. Three-dimensional dynamic finite element model

This paper focuses on pavement structures with semi-rigid base layer, which is recommended
by the specifications for asphalt pavement design of China. Vehicle load is assumed as moving
surface load. A three-dimensional finite element model is developed to analyze the mechanistic
responses in pavement structures considering different loading scenarios.

2.1 Parameters of the model
Parameters of the finite element model conclude the modulus of each material, driving
characteristics at the intersection, tyre-pavement contact pressures etc. The parameters were

determined based on field surveys and related literatures.

2.1.1 Traffic characteristics in the intersection
Parameters about traffic characteristics mainly conclude the typical speed and acceleration of
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Fig. 2 Deceleration distribution for the entrance lane

vehicles at the intersection. A field survey about traffic volume and traffic characteristics was
conducted in Shanghai, China. Six typical intercourses were chosen. Generally, research works
about pavement mechanistic analysis only focus on trucks with greater than 2.5t load capacity and
buses with more than 40 seats (Al-Qadi 2009, Hernandez 2010). Therefore, the field survey about
traffic characteristic in this paper only refers to heavy trucks. The cumulative frequency curve of
vehicle speed in the entrance lane is presented in Fig. 1. The acceleration distribution of vehicles
in the entrance lane is shown in Fig. 2.

From Fig. 1, it can be seen that the 50 percent quantile of the cumulative frequency curve is 28
km/h. This value is used as the typical speed of the dynamic model in the following finite element
analyses. According to Fig. 2 the vehicle decelerations in the entrance lane concentrates in the
region of 0~2 m/s?. The measured maximum vehicle deceleration is 5m/s®. Much research work
has revealed that greater vehicle deceleration has significant influence on the fatigue life of
pavement structures (Hu 2011, Dong et al. 2011). To evaluate the influence of vehicle deceleration
rate on pavement responses, 2m/s?, 4m/s?, and 6m/s® decelerations are considered in this study.
According to ‘Guide for Highway Design’ of China, the expected acceleration for trucks is 2~2.5
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Tablel Layer material properties for pavement structures

Structural layer Thickness (cm) Modulus (MPa) Poisson’s ratio
Wearing layer 5 3900 0.35
Subsurface layer 6 4900 0.35
Binder layer 8 5600 0.35
Semi-rigid base 40 3800 0.2
Sub base 20 3000 0.2
The soil -- 130 0.4
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Fig. 3 Tyre-pavement interaction area model

m/s®. So 2m/s? vehicle acceleration is considered in this study. Initial velocities of finite element
models considering vehicle acceleration and deceleration are assumed at 28km/h, in accordance
with that considering constant vehicle speed.

2.1.2 Material properties for pavement structures

In order to simulate the pavement structures under moving load, dynamic modulus of each
layer is determined. According to the results of Al method (Zhang 2006), the average dynamic
modulus of asphalt mixtures is 4000MPa. The testing results achieved by Wang (2002) indicate
that, when the loading frequency is 5Hz and the temperature is 20°C, the dynamic modulus is
3100MPa for dense gradation asphalt concrete gravel and 3500MPa for hot-rolled asphalt
concrete. Yang (2007) studied the dynamic modulus of several kinds of asphalt mixtures. The
values range of dynamic modulus (10Hz, 20°C) is 5500MPa~8500MPa for AC20,
5500MPa~7500MPa for AC16, 5000MPa~6000MPa for AC16F.

In this study the dynamic modulus of each structural layer (listed in Table 1) are determined
according to the above research achievements. The thickness of each structural layer is determined
by the typical pavement structure compositions in Shanghai, China.

2.1.3 Tyre-pavement interaction model

Tire-pavement contact stress distributions are usually complex and different from the theory
about multilayer elastic system that assumes circular contact area (Specifications for Design of
Highway Asphalt Pavement). In fact the contact area is more approximate to rectangle, especially
when higher axle loads are considered. The contact area model adopted in this study is shown in
Fig. 3.
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The length of the tyre-pavement interaction area model is L, the width is 0.6L, and the contact
area is Ap. The tyre footprint is the combination of a rectangular area (0.4Lx0.6L) and two
semicircular area (the radius is 0.3L). The equation to calculate the area is given by

A = 7 x(0.3L)* + 0.4L x 0.6L 1)

_ / A
L= 0. 5227 @

The length of the equivalent rectangular area can be expressed as

=B
0. 6L

®)

The centric distance of two tyre footprints (C) is: C=1.5D. In this equation, D, =./4A, /7,
which is the diameter of the equivalent round load. The equation to calculate ‘C’ becomes:
C=\9A/x.

The centric distance of two tyre footprints is assumed at 32cm in this study, and the contact
stress is assumed at 0.7Mpa, the standard tyre inflation pressure of heavy trucks. The length and
width of the tyre footprint are 22cm and 16.2cm. Ma (2005) made a research about the influence of
tyre-pavement interaction area on the mechanistic responses. It was proved that the shape of
contact area and the contact stress have little influence on the mechanistic responses in pavement
structures. So the same tyre-pavement interaction model is used in the following finite element
models.

2.2 Dynamic finite element model considering uniform vehicle speed

In ordinary road sections, it is assumed that vehicles travel at constant speed. Along with the
vertical vehicle load, the surface layer of asphalt pavement is exposed to the rolling friction of the
tyre also. However the rolling friction when vehicles travel at constant speed is much lower
compared with the vertical load, which is below 5% of the vertical load. Therefore the rolling
friction is ignored in this part, and the applied load is valued at the standard axle load (L00MPa).
The loading speed is assumed at 28km/h.

In order to simulate the moving load, a quasi-static analysis was carried out (Hernandez 2010).
The position of the load is continuously changed a distance equal to the length of the contact area.
The duration of each load step is the length of the contact area divided by the moving speed.
Therefore the moving procedure of the applied load is simplified as following: the wheel path of
dual tyre is divided into 30 parts by the length of the contact area (22cm); the load is applied at the
first section and the model is calculated; then the load at the first section is removed and the same
load is applied at the second section; repeat the above procedure until the load is applied at the last
section. The division of the wheel path is shown in Fig. 4.

2.3 Dynamic finite element model considering vehicle acceleration and deceleration

In the intersection area, the distribution of tyre-pavement contact pressures is complex for
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vehicles travel at variational speed. In order to simplify the numerical model, the vehicle load is
assumed to be the combination of vertical uniform distributed load and horizontal rectangular load.
The vertical part component is the standard axle load, and the horizontal component is calculated
by the following formula.

F = 6P (4)

Where: F=the horizontal load; &=scale factor, it is the ratio of acceleration (a) and acceleration
of gravity (g); P=the vertical load.

The moving procedure of the load is same to that considering constant vehicle speed. The
duration for each load step is calculated by the initial velocity and the vehicle acceleration.
Assuming that the vehicles brake from the initial velocity (vo) to v, (the acceleration is a), then the
procedure is expressed by

V, =V, —at, =t, %W (5)
a
—2anAS =V —V7? (6)
V. = NV, - 2anAS @
Vi = \]Vo -2an-1)S§ , (8)
At =t —t :u:(W—ZanAS—\}V—Za(n—l)S Yyl a (9
n n-1 a 0 0 n-1

Where: AS=the moving distance of the load step; n=the number of load steps.

The duration of each load step is calculated by Eq. (9) using the value of vehicle acceleration.
The value of vehicle acceleration is negative when braking, so the duration of each load step
increases one by one, thus modeling the process of braking. It is the same to the procedure of
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accelerating speed, the duration of each load step decreases one by one, and the model is used to
modeling the acceleration process.

3. Analytical results of the three-dimensional finite element model

Based on the three-dimensional dynamic finite element model considering different traffic
characteristics, the following mechanistic responses are computed and are presented in this paper:

(1) The distribution of the MPS at the pavement surface.

(2) The variation of the MPS peak value with depth.

(3) The distribution of the MSS at the pavement surface.

(4) The variation of the MSS peak value with depth.

3.1 Maximum principal strains

The influence of the dynamic traffic characteristics on the MPS distribution is presented in this
section. Both vehicle acceleration and deceleration are considered. Based on the field survey about
traffic volume and driving characteristic at the intersection, 2m/s? acceleration and 2m/s?, 4m/s®
and 6m/s® deceleration are assumed in this study. Different horizontal loads were considered
according to the magnitude of acceleration or deceleration.

3.1.1 The distribution of the MPS at the pavement surface

Fig. 5 shows the contours for the MPS distribution at the pavement surface. The peak values of
the MPS are marked by ‘MX” in Fig.5, and these values are listed in Table 2. It is observed that the
traffic characteristics dramatically influence the MPS distribution at the pavement surface.

From Fig. 5, it is noticed that the MPS peak value occurs between the two rectangular loading
areas when uniform speed is considered. By comparing the contours considering 2m/s’
acceleration with that considering 2m/s® deceleration, it can be noted that acceleration and
deceleration have generally the same influence on the distribution of the MPS at the pavement
surface; the only difference is the direction of the distribution. The MPS peak value occurs in front
of or behind the tyre footprint when 2m/s? acceleration or deceleration is considered. While this
value both occur at the fore-end of the tyre footprint when 4m/s® deceleration and 6m/s?
deceleration is considered. In other words, when the vehicle deceleration increases from 4 m/s? to
6m/s?, no significant change about the location of the peak value is found.

Table 2 presents the MPS peak values at the pavement surface considering different traffic
characteristics. It is noted that acceleration and deceleration have the similar influence on the
magnitude of the MPS peak value. Hu (2011) showed that, when compared with vehicle
acceleration, vehicle deceleration causes more dramatic changes in the vertical shear strain at the
pavement surface. However, the analytical results of this study show that this component of strains
has little influence on the MPS peak value. This may be explained by the different pressure
distributions.

From Table 2, it is also observed that the magnitude of deceleration has substantially influence
on the MPS peak value. When 2m/s® deceleration is considered, the result is 1.2 times of that
considering uniform vehicle speed. When the deceleration rate increases, i.e., doubled to 4m/s?, the
induced peak value increases by 1.8 times in magnitude. Compared to 2m/s* deceleration, there is
an increase of 3.0 times in magnitude when the deceleration rate increases to 6m/s®. It shows that
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Table 2 Peak values of the MPS at the pavement surface

Traffic characteristics MPS peak value(ue)
Uniform speed 36.3
2m/s2 acceleration 42.9
2m/s2 deceleration 42.2
4m/s2 deceleration 77.9
6m/s2 deceleration 128
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Fig. 6 Distribution of the MPS with depth

large deceleration, i.e., 6m/s?, causes much significant MPS, which may exacerbate pavement
distresses.

3.1.2 The variation of the MPS peak values with depth

The MPS peak values in each pavement layers were calculated in ANSY'S, and the variation of
these values with depth for different traffic characteristics is shown in Fig. 6. The maximum depth
presented is 0.59m (the interface of the semi-rigid base and the sub base) because after this point,
all curves approach asymptotically to zero.

It is noted that the difference between the results considering different traffic characteristics
decreases as the depth increases. It is also observed that the difference below the depth of 0.2 m.
for different traffic characteristics is negligible. In other words, vehicle acceleration or deceleration
brings greater principal strains in the surface layer. Combined with the analysis about the MPS
peak values at the pavement surface, it can be noticed that vehicle deceleration causes dramatic
changes in the magnitude of the MPS in the surface layer. The above influence of acceleration and
deceleration agrees with the conclusions drawn by Hu (2011).

By comparing the analytical results considering different traffic characteristics in Fig. 6, it is
noted that acceleration or deceleration changes the variation tread of the MPS with depth. For
uniform speed and lower deceleration in magnitude, the peak value in depth is at the interface of
the wearing layer and the sub-surface layer. However, when the deceleration increases to 4m/s’
and 6m/s, the peak value both occur at the pavement surface.



540

Direction of travel

Direction of travel

Tyre footprint

(a) Uniform speed

Tyre footprint

(c) 2m/s? deceleration

=
2
&
3
3
£

Qun Yang and Jingwang Dai

9070
0]

Tyre footprint

Direction of travel
I
RER NN
g
L] 2
9, .
=)

(b) 2m/s? acceleration

Tyre footprint

Direction of travel

(d) 4m/s? deceleration

Tyre footprint

L0070

(e) 6m/s* deceleration

Fig. 7 Contours of the MSS distribution



Effects of traffic characteristics on pavement responses at the road intersection 541

Table 3 Peak values of the MSS at the pavement surface

Traffic characteristics MSS peak value(Mpa)
Uniform speed 0.13
2m/s2 acceleration 0.22
2m/s2 deceleration 0.22
4m/s2 deceleration 0.31
6m/s2 deceleration 0.44

Based on the analytical results about the MPS in pavement structures, it can be inferred that: At
the intersection, the complex traffic characteristics cause dramatic changes in the MPS at the
pavement surface, and will theoretically have significant bearing on the pavement performance or
surface distresses. It can easily lead to fatigue cracking at the pavement surface.

3.2 Maximum shear stresses

The influence of the traffic characteristics on the MSS distribution is presented in this section.
Both acceleration (2m/s®) and deceleration (2m/s?, 4m/s* and 6m/s) are considered.

3.2.1 The distribution of the MSS at the pavement surface

Fig. 7 shows the contours for the MSS distribution at the pavement surface. The peak values of
the MSS are marked by ‘MX’; these values are listed in Table 3. It is observed that acceleration or
deceleration influence the MSS distribution at the pavement surface.

Different from the distribution of MPS, the MSS peak values all occur under the tyre footprint.
The locations of the peak values are near to the outside of the tyre footprint in the transverse
direction. However in the longitudinal direction, the locations are affected by the different traffic
characteristics. When considering uniform speed or 2m/s® deceleration, the location of the MSS
peak value is near to the rear-end of the tyre footprint. When the deceleration increases to 4m/s?
and 6m/s’, the locations change to the forepart of the tyre footprint. By comparing the contours
considering 2m/s? acceleration and 2m/s® deceleration, it can also be noted that acceleration and
deceleration have about the same influence on the distribution of the MSS at the pavement surface;
the only difference is the direction of the distribution.

Table 3 presents the MSS peak values at the pavement surface. It is noted that acceleration and
deceleration have the same influence on the MPS peak value. The magnitude of deceleration has
substantially influence on the MSS peak value. When 2m/s® deceleration is considered, the result is
1.7 times of that considering uniform speed. However, when the deceleration rate increases, i.e.
doubled to 4m/s?, the induced peak value increases by 1.4 times in magnitude. Compared to 2m/s’
decelzeration, there is an increase of 2.0 times in magnitude when the deceleration rate increases to
e6m/s”.

3.2.2 The variation of the MSS peak values with depth

The MSS peak values in each pavement layers are calculated in ANSYS, and the variations of
the MSS with depth considering different traffic characteristics are shown in Fig.8. The maximum
depth presented is 0.79m because after this point, all curves approach asymptotically to zero. And
this point is the interface of the sub base and the soil.



542 Qun Yang and Jingwang Dai

Shear stress (Mpa)
0 005 01 015 02 025 03 035 04 045 05
0+ L L — ”n L L —
2 L5 "

0.1 +

03 1 i/ —&— Uniform speed

—8—2m/s*acceleration

Depth (m)

04 W’ 2m/s* deceleration
——4m/s* deceleration

t— 6m/s* deceleration

06 +

Fig. 8 Distribution of the MSS with depth

From Fig. 8, it is noted that the difference between the results considering different traffic
characteristics decreases as the depth increases. The peak value when considering uniform speed
appears in the sub-surface layer. However, the peak values when considering 2m/s? acceleration
and 2m/s? deceleration both appear at the interface of the wearing layer and the sub-surface layer.
With the increases of deceleration rate, the location of the peak values changes up to the pavement
surface. And the variation rate of the MSS with depth increases when the vehicle deceleration
changes from 4m/s? to 6m/s.

Based on the above analyses about MSS in pavement structures, it can be inferred that: Vehicle
deceleration causes dramatic changes in the MSS in the surface layer of asphalt pavements, and
the stresses are significantly influenced by the magnitude of deceleration. Therefore, vehicle
deceleration (even at the intersection) is detrimental to pavement structures. It can easily lead to
shear deformation with other secondary distresses such as rutting and cracking in the wearing layer
or sub-surface layer.

4. Conclusions

A dynamic finite element model considering the typical traffic characteristics at the road
intersection is developed in ANSYS. By comparing the mechanistic responses under different
traffic characteristics and analyzing the mechanisms of pavement distresses, conclusions can be
drawn as below:

(1) At the intersection, vehicle acceleration or deceleration causes dramatic changes in the
distributions of the MPS and the MSS. The MPS peak value occurs in front or behind the tyre
footprint when 2m/s® acceleration or deceleration is considered, while it occurs at the fore-end of
the tyre footprint when considering 4 or 6 m/s* deceleration. The locations of the MSS peak values
are near to rear-end of the tyre footprint for uniform speed and 2m/s? deceleration. When the
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deceleration increases to 4m/s® or 6m/s?, the location changes to the forepart of the tyre footprint.

(2) In this study, the MPS at the pavement surface when 6m/s2 deceleration is considered is 1.6
times of that with 4m/s2 deceleration, 2.0 times of that with 2m/s2 deceleration, and 3.5 times of
that with a uniform speed. The results for MSS are 1.4 times, 2 times and 34 times.

(3) The vertical distributions of the MPS and the MSS are significantly related to the driving
characteristics: the locations of the peak values changes from the sub-surface layer up to the
pavement surface with the increases of deceleration rate. The traffic characteristics at the
intersection are detrimental to pavement structures particularly in the surface layer.

(4) The complex traffic characteristics at the road intersection will theoretically have significant
bearing on the pavement performance or surface distresses, such as fatigue cracking, rutting et al.
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