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Abstract: To reveal the mechanical characteristics of BRT asphalt pavement structures under the
combined effects of the temperature field and load of buses, a series of finite element analysis mod-
els were established in the software application ABAQUS to simulate the Lanzhou BRT asphalt
pavement project. The actual BRT road temperature field in summer and loads of buses at differ-
ent speeds were introduced in the model with user subroutines before conducting a sequentially
coupled thermal-mechanical analysis. The results indicated that the BRT asphalt pavement struc-
ture readily experienced permanent deformation, mainly comprising unstable rutting during the
high-temperature season, and the possibility of cracking was higher for the subbase bottom than
for the base. Temperature imposed a greater influence than BRT vehicle frequency. To delay fatigue
cracking of the base and subbase and the shear failure of asphalt pavement structures, BRT operating
speed should be controlled within 30–40 km/h. In actual BRT asphalt pavement engineering, special
attention should be given to the deformation resistance of the intermediate surface layer.

Keywords: BRT asphalt pavement; temperature field; traffic load; user subroutine; mechanical characteristics

1. Introduction

With the process of urbanization and the rapid development of social economy and
culture, the transportation of large numbers of people has brought great pressure to urban
road traffic, and therefore many cities are vigorously developing public transportation. Bus
rapid transit (BRT), as a new and efficient public transport mode, has achieved remarkable
results in improving urban transport efficiency and relieving traffic pressure due to its
capacity, feasibility and cost-effectiveness. As a key component of this development,
BRT-related research has basically focused on land development impact [1], greenhouse
gas emissions [2], safety concerns [3], life cycle cost assessment [4] and comparison with
other public transport alternatives [5]. However, little work has been done to study
the mechanical characteristics of BRT roads until recent years. The difficulty lies in the
combination of special factors that affect BRT roads that can significantly accelerate the
deterioration of BRT pavements.

In the current operation situation, ruts, potholes, fatigue cracks and other damage
develop in many BRT roads shortly after they are put into service. This phenomenon is
even more serious in station areas of BRT systems [6,7]. Due to the frequent braking and
starting of buses, severe rutting can cause early pavement failure. As a result, Izaks et al. [8]
and Xiong et al. [9] suggested using high-modulus asphalt concrete in the asphalt pavement
structure to inhibit rutting and fatigue cracking. Such research has great significance for
the prevention of BRT asphalt pavement problems. However, in addition to the asphalt
material, other factors including axle weight, axle type, running characteristics of BRT
vehicles and environmental temperature have a significant impact on the mechanical
characteristics of BRT asphalt pavement. Most pavement problems are related to the
temperature of the pavement structure and the characteristics of bus loads.
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Regarding pavement structure temperature, many scholars have conducted meaning-
ful research. Mirzaei et al. [10], Qin et al. [11], and Mohajerani et al. [12] focused on the
relationship between asphalt pavement temperature and the urban heat island effect and
showed that asphalt pavement was vulnerable to atmospheric temperatures. Lin et al. [13],
Mills et al. [14], and Qin et al. [15] researched factors influencing pavement surface tem-
perature, including air temperature, solar radiation, wind speed, and pavement texture.
Fujimoto et al. [16], Islam et al. [17], Chen et al. [18,19], and Adwan et al. [20] introduced
models for predicting asphalt pavement temperature. Mohd Hasan et al. [21] and Zhou
et al. [22] studied the influence of the temperature field on the stress of asphalt pavement
structures. Sarkar et al. [23] quantified the thermal behavior of continuously reinforced
concrete pavement (CRCP) and the curling deflection of BRT lanes. Yu [24] measured and
analyzed the relationship between the surface temperatures of different pavement types
and atmospheric temperature.

Another factor that has an important effect on the mechanical properties of BRT asphalt
pavement structure is the bus load. Bus loads in urban areas have the characteristics of
heavier axle weight, slow speeds, and frequent acceleration and deceleration [25], which are
obviously different from the characteristics of highway vehicle loads [26,27]. Meanwhile,
due to width limitations of lanes and the size of buses, the load must be concentrated on
the wheel path, and this highly channelized load has an adverse effect on BRT pavement
structure. Therefore, for the mechanical analysis of BRT asphalt pavement structure, it is
necessary to use a traffic load that is more in line with the characteristics of BRT buses.
However, research on load characteristics of BRT vehicles is limited. With respect to vehicle
loading, Cheng et al. [28] and Hsing et al. [29] investigated vertical strain and stress through
a dynamic load experiment. The results showed the significance of axle configuration,
axle load and traffic speed on the vertical strains and stresses of asphalt pavement. Wang
et al. [30], Zhao et al. [31], and Zhang et al. [32] emphasized the characteristics of dynamic
traffic loads. Assogba et al. [33], Wang et al. [34], and Selsa et al. [35] studied the dynamic
mechanical response of asphalt pavement under different traffic loads. Zhang et al. [36]
analyzed the mesomechanical response of asphalt pavement under vehicle loads by gener-
ating a three-dimensional mesostructure discrete element model. Wang et al. [37], Dong
et al. [38], and Huang et al. [39] analyzed loads as nonuniform distributions and found
that stress concentration was present in asphalt pavement. Hajj et al. [40] determined
rutting and fatigue-based load equivalency factors for BRT buses operating in northern and
southern Nevada by obtaining pavement responses corresponding to several cases of bus
loading and climatic conditions.

All of the above research showed the important effects of temperature field and vehicle
load on asphalt pavement. However, the available research mainly focuses on highways;
research on BRT roads under bus loads is limited. Pavement structure temperature and bus
load are associated with each other, and are considered to have a coupled influence, rather
than independent influences, on the mechanical characteristics of asphalt pavement. This
paper aims to meet the need for a study on the mechanical characteristics of BRT asphalt
pavement structure under the combined action of an actual temperature field and bus
load. To achieve this goal, a series of finite element models were established using the well-
known commercial software application ABAQUS 6.14-1, based on the Lanzhou (city of
Gansu Province, China) BRT asphalt pavement project. First, the actual weather conditions
of Lanzhou in summer were introduced into the model to analyze the temperature field
of BRT asphalt pavement. Then, a sequentially coupled thermal-mechanical analysis was
conducted by importing the actual temperature field into a mechanical response calculation
model of pavement structure under bus loads to analyze the vertical compressive stress,
horizontal tensile stress, shear stress, and permanent deformation of the BRT asphalt
pavement structure. The details of the results are presented and discussed in this paper.
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2. Establishment of the Analysis Model
2.1. Pavement Structure and Materials

The structure and material of the three-dimensional finite element analysis model
were consistent with those of the Lanzhou BRT asphalt pavement structure, as shown in
Figure 1. The following assumptions about the BRT asphalt pavement structure model
were made [41,42]. (1) The surface of the asphalt pavement was made of viscoelastic
materials, and the remaining layers were made of linear elastic materials. (2) The surface
of the pavement was considered to be a horizontal plane, regardless of its roughness and
the influence of the horizontal and vertical slopes. (3) Structural layers were of uniform
thickness, and were isotropic and continuous, without considering the influence of gravity.
(4) The structural layers were completely continuous, and the displacement was continuous
in the vertical direction.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 22 
 

permanent deformation of the BRT asphalt pavement structure. The details of the results 
are presented and discussed in this paper. 

2. Establishment of the Analysis Model 
2.1. Pavement Structure and Materials 

The structure and material of the three-dimensional finite element analysis model 
were consistent with those of the Lanzhou BRT asphalt pavement structure, as shown in 
Figure 1. The following assumptions about the BRT asphalt pavement structure model 
were made [41,42]. (1) The surface of the asphalt pavement was made of viscoelastic 
materials, and the remaining layers were made of linear elastic materials. (2) The surface 
of the pavement was considered to be a horizontal plane, regardless of its roughness and 
the influence of the horizontal and vertical slopes. (3) Structural layers were of uniform 
thickness, and were isotropic and continuous, without considering the influence of grav-
ity. (4) The structural layers were completely continuous, and the displacement was con-
tinuous in the vertical direction. 

 
Figure 1. Lanzhou BRT asphalt pavement structure. 

In regard to the actual engineering of the Lanzhou BRT asphalt pavement, the sur-
face materials of the pavement are AC-13, AC-20 and ATB-25. The asphalt used in those 
asphalt mixtures is 90#, with a penetration requirement at 25 °C of 80–100 (0.1 mm). Due 
to the remarkable viscoelastic properties of the asphalt mixture, its material properties 
are greatly affected by temperature. Considering the influence of the temperature field on 
the mechanical properties of BRT pavement structures, a creep model was adopted for 
the surface asphalt mixture. In this model, the surface deformation ( crε ) is related to the 
temperature (T), stress (q), and time (t), and can be obtained with Equation (1): 

( ), ,crε f T q t=  (1)

In this study, the strain hardening law was applied to simulate the creep character-
istics of the asphalt mixture under loading conditions. In the analysis process, the stress 
state was varied. As a result, the above equation can be rewritten as Equation (2): 

( )( )
1

11cr

m mn
crε Aq m ε + = +   (2)

where A, n and m are parameters of the strain hardening creep model related to the 
temperature [43], and εcr  denotes the uniaxial equivalent creep strain. 

0.04 m   AC -13
0.05 m   AC -20
0.07 m   ATB -25

0.30 m   Cement-stabilized gravel

0.30 m   Lime stabilized soil

Soil

Figure 1. Lanzhou BRT asphalt pavement structure.

In regard to the actual engineering of the Lanzhou BRT asphalt pavement, the surface
materials of the pavement are AC-13, AC-20 and ATB-25. The asphalt used in those asphalt
mixtures is 90#, with a penetration requirement at 25 ◦C of 80–100 (0.1 mm). Due to
the remarkable viscoelastic properties of the asphalt mixture, its material properties are
greatly affected by temperature. Considering the influence of the temperature field on
the mechanical properties of BRT pavement structures, a creep model was adopted for
the surface asphalt mixture. In this model, the surface deformation (εcr) is related to the
temperature (T), stress (q), and time (t), and can be obtained with Equation (1):

εcr = f (T, q, t) (1)

In this study, the strain hardening law was applied to simulate the creep characteristics
of the asphalt mixture under loading conditions. In the analysis process, the stress state
was varied. As a result, the above equation can be rewritten as Equation (2):

εcr =
(

Aqn[(m + 1)εcr]
m) 1

m+1 (2)

where A, n and m are parameters of the strain hardening creep model related to the
temperature [43], and εcr denotes the uniaxial equivalent creep strain.

The thickness and material parameters of each structural layer of the pavement model
are listed in Table 1, which shows the elastic parameters and creep parameters of AC-13,
AC-20 and ATB -25 at different temperature [43]. The material parameters at 20 ◦C retrieved
from the literature [26] were adopted for the base, subbase and subgrade.
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Table 1. Structural and material parameters of BRT asphalt pavement.

Structural
Layer Material Thickness/

m
Density/
(kg·m−3)

Temperature/
◦C

Elastic Parameters Creep
Parameters

Dynamic
Modulus/

MPa
Poisson’s

Ratio A n m

Upper
surface
layer

AC-13 0.04 2400

20 10,000 0.25 6.54 × 10−11 0.937 −0.592
35 3300 0.30 3.33 × 10−9 0.862 −0.587
40 2400 0.35 1.45 × 10−8 0.792 −0.577
50 1750 0.40 1.39 × 10−6 0.414 −0.525
60 1000 0.45 1.46 × 10−5 0.336 −0.502

Intermediate
surface
layer

AC-20 0.05 2400

20 11,250 0.25 4.58 × 10−11 0.944 −0.596
35 3600 0.30 2.46 × 10−9 0.796 −0.585
40 2720 0.35 3.67 × 10−8 0.773 −0.570
50 1920 0.40 4.80 × 10−6 0.595 −0.532
60 1100 0.45 7.78 × 10−5 0.384 −0.441

Lower
surface
layer

ATB-25 0.07 2400

20 9000 0.25 4.59 × 10−11 0.922 −0.581
35 3000 0.30 3.46 × 10−9 0.859 −0.576
40 2000 0.35 1.96 × 10−8 0.830 −0.562
50 1300 0.40 1.20 × 10−6 0.322 −0.522
60 700 0.45 3.76 × 10−5 0.210 −0.418

Base
Cement-

stabilized
gravel

0.30 2200 20 12,000 0.25 - - -

Subbase
Lime-

stabilized
soil

0.30 2100 20 8000 0.25 - - -

Subgrade Soil 6.00 1850 20 90 0.4 - - -

2.2. Temperature Conditions

It was assumed that all the structural layers of BRT asphalt pavement were isotropic
and completely continuous between layers. The horizontal distribution of the temperature
field of the pavement structure was assumed to be unchanged, only heat flux transfer along
the depth direction was considered, and the heat flux and temperature between the layers
was continuous [44]. The thermal property parameters of each structural layer material
of the BRT asphalt pavement were determined by referring to literature [43], as shown in
Table 2.

Table 2. Thermal property parameters of asphalt pavement structure materials.

Parameter AC-13, AC-20,
ATB-25

Cement-Stabilized
Gravel

Lime-Stabilized
Soil Soil

Thermal conductivity (J/(m·h·◦C)) 4680 5600 5140 5616
Heat capacity (J/(kg·◦C)) 925 911.7 942.9 1040

Solar radiation absorptivity αs 0.9
Pavement emissivity ε 0.81

Absolute zero value Tz (◦C) −273
Stefan-Boltzmann constant (J/(h·m2·K4) 2.041 × 10−4

Because the temperature of the pavement structure changes with time, the temperature
field is transient. It is necessary to define steady-state and transient heat conduction analysis
steps to analyze the continuous temperature change in one day. User subroutines FILM and
DFLUX [45] were programmed in Fortran 77 to simulate the temperature field conditions,
including solar radiation, atmospheric temperature and convective heat exchange. The
effective radiation of the road surface was defined based on the emissivity of the road
surface in the interaction module of the model. Table 3 shows the representative daily
24 h temperature during the hot season in Lanzhou. Table 4 shows the corresponding
meteorological parameters.
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Table 3. Atmospheric temperature during one day in the hot season in Lanzhou.

Time of Day
Air

Temperature
(◦C)

Time of Day
Air

Temperature
(◦C)

Time of Day
Air

Temperature
(◦C)

Time of Day
Air

Temperature
(◦C)

00:30 23.8 06:30 22.0 12:30 32.0 08:30 30.6
01:00 23.2 07:00 22.6 13:00 32.7 19:00 30.0
01:30 22.7 07:30 23.4 13:30 33.3 19:30 29.5
02:00 22.3 08:00 24.7 14:00 33.5 20:00 29.1
02:30 21.7 08:30 25.2 14:30 33.6 20:30 28.3
03:00 21.4 09:00 26.5 15:00 33.4 21:00 27.8
03:30 21.2 09:30 27.2 15:30 33.3 21:30 27.2
04:00 21.0 10:00 28.6 16:00 33.0 22:00 26.7
04:30 20.8 10:30 29.2 16:30 32.7 22:30 26.1
05:00 21.0 11:00 30.6 17:00 32.0 23:00 25.8
05:30 21.1 11:30 31.0 17:30 31.7 23:30 25.0
06:00 21.5 12:00 31.5 18:00 31.1 24:00 24.6

Table 4. Meteorological parameters.

Parameter Total Daily
Radiation (MJ/m2)

Duration of
Sunshine (h) Wind Speed (m/s)

Value 20.75 10.70 1.50

2.3. Application of Moving Loads

The parameters of the load were consistent with Lanzhou BRT operating vehicles,
which are shown in Table 5. Because the wheelbase was relatively long and the load of the
rear axle was obviously greater than that of the front axle, only the load of the rear axle
was taken for modeling analysis. To reduce computational efforts, the two-wheel load of
the rear axle was simplified into a single-wheel rectangle based on Equations (3)–(6); the
length/width ratio of the rectangle was 0.8712/0.6 [46]. As a result, the simplified load, as
shown in Figure 2, acted on an area 0.32 m long and 0.22 m wide, and the specific ground
pressure was 0.733 MPa. Measurements were obtained at four points: point A, at the center
of one of the loading regions; point B, at the inner edge of one of the loading regions; point
C, at the middle of the loading regions; and point D, at the middle of points B and C. The
horizontal force coefficient was 0.5. User subroutines DLOAD and UTRACLOAD [47] were
programmed in Fortran 77 to simulate the movement of vertical and horizontal loads.

pi
p

=

(
Pi
P

) 1
3

(3)

A =
Pi
pi

= LaLb (4)

La= 0.8712L (5)

Lb= 0.6L (6)

where P denotes the standard design axle load of 100 kN; p denotes the standard design
specific ground pressure of 0.70 MPa; A denotes the area of the simplified single-wheel
rectangle; Pi denotes the load distributed on the wheel (kN); pi denotes the specific ground
pressure (MPa); La denotes the length of the simplified single-wheel rectangle; and Lb
denotes the width of the simplified single-wheel rectangle.

Based on the measured data for Lanzhou BRT vehicle operation speeds, the initial
speed of the moving load was set to 10 km/h, 20 km/h, 30 km/h or 40 km/h. In each initial
speed case, a deceleration of −2 m/s2 was adopted to simulate the entrance process of
BRT braking, and the running time was 0.5 s. Because different initial braking speeds lead



Appl. Sci. 2023, 13, 3423 6 of 20

to different braking distances, to facilitate the comparison of stress results under various
speed conditions, the braking distances of four levels were symmetrically distributed on
the wheel path based on the middle section of the model, which was the fixed location for
extracting mechanical response. The braking starting position and corresponding braking
distances of the load are shown in Figure 3.

Table 5. Parameters of the BRT bus.

Mass Parameter (kg) Full-Load Axle Load (kg) Dimensional Parameter (mm)

No load Full load
Front axle

(single axle and
single wheel)

Rear axle
(single axle and

two wheels)
Wheelbase

Center distance
of front axle
wheel print

Center distance
of rear axle

wheel clearance

11,500 18,000 6500 11,500 5980 1800 1800
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2.4. Other Parameters

It should be explained that, due to the symmetry of the pavement structure and vehicle
load along the cross-sectional direction, as shown in Figure 3, the 1/2 model was taken for
analysis. The model dimensions were 3 m in the cross-sectional direction (X-axis), 6.76 m
in the depth direction (Y-axis) and 12 m in the driving direction (Z-axis). All the models
had the same grid and were meshed by adjusting the mesh spacing, which gradually
increased with increasing distance from the load path area, as shown in Figure 4. The
minimum and maximum element sizes were 0.02 m and 0.50 m, respectively. The DC3D8
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element was used in the temperature field model, and the C3D8 element was used in the
mechanical response calculation model, in which the temperature field corresponding to
the mechanical analysis step had been imported. The boundary conditions of the models
were defined as symmetrical constraints on the side surfaces (X- and Z-directions) and fixed
constraints on the bottom surface of the subgrade (Y-direction). Considering the advantages
of the ABAQUS/standard solver in nonlinear analysis of viscoelastic material and the
solving speed of dynamic analysis, the models were submitted to ABAQUS/standard for
implicit analysis.
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The principles and procedure of the analysis method for the mechanical characteristics
of the BRT asphalt pavement structure under varying temperatures and bus loads are
shown in Figure 5.
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3. Results and Discussion
3.1. Temperature Field Analysis of BRT Asphalt Pavement Structure

Equations (7) and (8) constitute the model for predicting daily maximum temperature
and daily minimum temperature at a given depth of asphalt pavement. This model was
proposed by Lijun Sun [48] and has wide applicability. To verify the reliability of the
temperature field model, the calculated daily maximum and minimum temperature in this
study were compared to predicted temperatures obtained with Equations (7) and (8). In
the process of obtaining the predicted temperature, Tamax and Tamin, derived from Table 3,
were 33.6 ◦C and 20.8 ◦C, respectively; Tm was 23.6 ◦C, which was the average monthly
temperature of the hottest months of the last 10 years in Lanzhou. The calculated and
predicted temperatures are listed in Table 6.

Tpmax = 3.040 + 0.994Tamax − 0.007Tamax · H − 1.676H + 0.201H2 − 0.008H3 + 0.498Tm
(R = 0.972)

(7)

Tpmin = −3.399 + 0.721Tamin + 0.377H − 0.010H2 + 0.488Tm (R = 0.990) (8)

where Tpmax denotes the daily maximum temperature at the given depth of asphalt pave-
ment (◦C); Tpmin denotes the daily minimum temperature at the given depth of asphalt
pavement (◦C); Tamax denotes daily maximum air temperature (◦C); Tamin denotes daily
minimum air temperature (◦C); H denotes the depth below surface (cm); and Tm denotes
the mean monthly temperature over the calendar year.

Table 6. Comparison of calculated and predicted temperatures of asphalt pavement.

Depth below
Surface (cm)

Daily Maximum Temperature (◦C) Daily Minimum Temperature (◦C)

Calculated
Temperature

Predicted
Temperature

Calculated
Temperature

Predicted
Temperature

0 51.7 48.2 22.0 23.1
4 45.0 43.2 22.5 24.5
9 39.0 41.4 23.0 25.7
16 33.4 36.3 23.4 26.6

As shown in Table 6, with the increase in asphalt pavement depth, the calculated
temperature and the predicted temperature basically exhibited the same trend, namely, the
daily maximum temperature decreased and the daily minimum temperature increased.
Moreover, the difference between the calculated temperature and the predicted temperature
at the same depth was relatively small. Notably, the maximum difference was 3.5 ◦C, which
had little influence on the mechanical properties of asphalt pavement. In conclusion, the
temperature field model established above is highly reliable, and the calculation results
satisfy our analysis needs.

Figure 6 shows the temperature change of the BRT asphalt pavement structure during
24 h of 1 day. As shown in Figure 4, the temperature change trend of the pavement structure
was roughly the same as that of air, and the temperature change of the pavement surface
was basically synchronized with that of the air temperature over time. Because the rate
of absorption of solar radiation of the asphalt pavement was far greater than that of the
atmosphere, the temperatures of the upper, intermediate and lower surface layers were
obviously higher than that of the atmosphere. With increasing depth of the pavement
structure, the change in temperature gradually lagged, and the range of the temperature
rise gradually decreased. The upper, intermediate and lower surface layers sequentially
reached maximum temperature values of approximately 51.7 ◦C at 14:00, 45.0 ◦C at 14:30
and 39.0 ◦C at 16:00. The influence of atmospheric temperature change on the structural
layers below the base was not obvious.
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3.2. Stress Analysis of BRT Asphalt Pavement Structure

Since the overall temperature of the BRT asphalt pavement at 14:00 was relatively
high, to analyze the mechanical characteristics of the BRT asphalt pavement during the
high-temperature season, the steady temperature field at 14:00 was introduced into the
model to calculate the mechanical response of the asphalt pavement structure under a
moving load. Since the loading time is 0.5 s, which is relatively short, it could be assumed
that the temperature field did not change during the loading process. The maximum
values of the mechanical responses at points A, B, C and D in Figure 2 were adopted as the
calculation results for analysis. Figures 7–15 show the stress response of the BRT asphalt
pavement structure under a moving load based on the temperature field at 14:00. The
vertical and horizontal stresses are positive in tension and negative in compression.
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3.2.1. Vertical Stress

As shown in Figure 7, the pavement structure was in a vertical compression state
during the load driving process. The compressive stress increased rapidly as the load
approached the analysis point and then decreased rapidly and approached zero after a
period of time near the peak value. The slower the initial loading velocity, the longer the
duration of the compressive stress. The compressive stress duration was 0.16 s and 0.04 s
at 10 km/h and 40 km/h, respectively, the latter being only 25% of the former. The upper,
intermediate and lower surface layers were all subjected to high vertical compressive stress,
while the vertical compressive stress of the soil foundation was almost zero, which can
also be seen in Figure 8. Figure 8 shows the vertical stress in the middle section of the
pavement model when the bus load moves over it at the initial speed of 10 km/h. The
stress situation shows that the BRT asphalt pavement structure was prone to permanent
deformation dominated by unstable rutting at high temperatures.

The peaks of the vertical compressive stress on the top surface of each layer of the
asphalt mixture (i.e., upper, intermediate and lower surface layers) were compared. As
shown in Figure 9, the speed slightly influenced the peak of the vertical compressive stress.
When the speed was increased from 10 km/h to 20 km/h and then to 30 km/h, the peaks
of the compressive stress of each structural layer gradually increased. When the speed was
further increased from 30 to 40 km/h, the peaks of the compressive stress decreased.

3.2.2. Horizontal Stress

As shown in Figures 10 and 11, the bottoms of the upper, intermediate and lower
surface layers were basically compressed in the horizontal driving direction; however, the
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bottoms of the base and subbase were always under tension. It should be noted that the
horizontal stress in Figure 11 was extracted when the bus load moved over the middle
section at the initial speed of 10 km/h. It can be seen in Figure 10 that the slower the load
speed, the more obvious the tensile stress fluctuation, and the longer the tensile stress
lasted near its maximum, which was more unfavorable for the base and subbase. When the
load speed was 10 km/h, the tensile stresses at the bottom of base and subbase were near
the high value of the entire load driving process, which was 0.50 s. In contrast, when the
load speed was 40 km/h, the duration of the high value of tensile stress was only 0.12 s,
which was far less than when the load speed was 10 km/h. Because the tensile stress was
always greater at the bottom of the subbase than at the bottom of the base, the possibility
of fatigue cracking was greater at the bottom of the subbase than at the base.

The peaks of the tensile stress at the bottoms of the base and subbase were compared.
As shown in Figure 12, the vehicle speed significantly impacted the peak tensile stress.
Under the moving load, the peak tensile stress generally decreased at first and then in-
creased. Notably, when the load speed was increased from 10 km/h to 20 km/h and then
to 30 km/h, the tensile stress at the bottom of the base and subbase obviously decreased
by 16.1% and 1.3% and by 6.5% and 11.3%, respectively. When the velocity was increased
from 30 to 40 km/h, there was no obvious increase in the tensile stress at the bottom of the
base and subbase.

3.2.3. Shear Stress

As shown in Figure 13, the variation in the shear stress over time was similar to that
in the vertical stress. Notably, as the load approached the analysis point, the shear stress
increased rapidly and then decreased rapidly and reversed after a period of time near the
peak value. Under driving loads of 10, 20, 30 and 40 km/h, the duration of the shear stress
on the pavement was 0.28, 0.14, 0.11 and 0.09 s, respectively. The slower the initial load
speed, the longer the shear stress acted on the pavement structure, which was more likely
to lead to shear failure. Although the whole pavement structure was subjected to shear
stress, as shown in Figure 14, it can be seen from Figure 13 that the shear stresses of the
upper, intermediate and lower surface layers were obviously greater than those of the base
and subbase, which is an important reason for the shear failure of asphalt pavement at
high temperatures. In the practical engineering of BRT asphalt pavement, special attention
should be given to improving the shear resistance of pavement materials and strengthening
the adhesion between surface layers.

The peaks of the shear stress of each surface layer were compared. As shown in
Figure 15, the change in the shear stress peak with the vehicle speed was similar to that
in the tensile stress peak. When the vehicle speed was increased from 10 to 30 km/h, the
shear stress peak at each depth of the surface layer gradually decreased. However, when
the vehicle speed was increased from 30 to 40 km/h, the shear stress peak increased. With
increasing surface depth, the curve of the shear stress peak with the vehicle speed tended
to become horizontal.

According to the analysis of Figures 7–15, the duration and peak value of the mechan-
ical response of the BRT asphalt pavement varied differently with vehicle speed. As the
load speed increased from 10 to 40 km/h, the duration of the pavement stress became
shorter, which was beneficial for the BRT asphalt pavement structure. Notably, regarding
the duration of the mechanical response, 40 km/h was the optimal velocity for the Lanzhou
BRT asphalt pavement. Moreover, the influence of the load speed on the stress peak was
mainly reflected in the tensile stress and shear stress, which were the lowest at a speed
of 30 km/h. This suggests that 30 km/h is the optimal velocity for the Lanzhou BRT
asphalt pavement regarding the peak value of the mechanical response. Therefore, it is
necessary to comprehensively consider the duration and peak value of mechanical response
when researching the influence of driving speed on BRT asphalt pavement damage. In the
high-temperature season, BRT operating speeds in the 30–40 km/h range can effectively
delay the occurrence and development of fatigue cracking and shear failure of the base and
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subbase. Because the vertical compressive stress and shear stress of BRT asphalt pavement
are relatively high, the permanent deformation of BRT pavement should be the key issue in
the high-temperature season. The next analysis focuses on the permanent deformation of
BRT asphalt pavement structure based on repeated loading.

3.3. Permanent Deformation Analysis of BRT Asphalt Pavement Structure

The deformation of asphalt pavement includes creep deformation and elastic deforma-
tion. Permanent deformation is severe road distress that is mainly caused by creep deforma-
tion [49]. In this analysis, the strain hardening creep model as shown in Equations (1) and (2)
was applied to simulate permanent deformation. The high-temperature season of Lanzhou
was considered to last 100 days, and the atmospheric temperatures during one day being
listed in Table 3. The transient temperature field for each day, as shown in Figure 6, was
introduced into the model to calculate the permanent deformation of the asphalt pavement
structure under the influence of BRT vehicles. Repeated loading of BRT vehicles was
simulated by replacing moving loads with static loads [43], in which the vertical load was
0.733 MPa and the horizontal coefficient was 0.5. Figure 16 shows the number of times the
BRT vehicles passed a certain station in a day. Assuming that repeated and single loading
processes, which have the same cumulative time, are equivalent, the cumulative action
time of the load at the various vehicle speeds can be calculated with Equation (9):

t =
0.36NP
nw pBv

(9)

where t denotes the cumulative action time of wheel load (s), N denotes the number of
wheel load actions, P denotes the axle load of the vehicle (kN), nw denotes the number of
wheels on the axle, p denotes the tire-ground stress (MPa), B denotes the tire grounding
width (cm), and v denotes the speed of the vehicle (km/h).
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The permanent vertical deformations of the road surface after repeated loading at the
different vehicle speeds are shown in Figure 17.

Figure 17 shows that the surface of the road was deformed, including depression
and uplift deformation, under the combined action of vertical and horizontal loads. The
maximum depression deformation appeared in the center of the wheel stamp. Uplift
deformation occurred on both sides of the wheel stamp, with the maximum value occurring
at 0.135 m outside the wheel stamp. By adding the maximum values of depression and
uplift deformation, the rut depth of the BRT asphalt pavement after 100 days of loading
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during the high-temperature season could be obtained. After repeated loads at 10, 20, 30
and 40 km/h, the calculated rut depth was 7.5, 6.2, 5.5 and 5.1 mm, respectively. With the
speed increased from 10 km/h to 40 km/h, the rut depth decreased by 32%. The range of
calculated rut value is basically consistent with the rut depth of the Lanzhou BRT asphalt
pavement structure after one year of repaving.
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The points in the pavement structure with the same horizontal position as the maxi-
mum values of depression and uplift deformation were defined as A and B, respectively.
Figure 18 shows the variation in the permanent deformation at points A and B over time at
different depths of the pavement.

As shown in Figure 18, the development of permanent deformation was similar for
different BRT speeds. Permanent deformation mainly occurred in the surface layers, and
the deformation value below the base layer was close to 0. The development of permanent
deformation during one day could be divided into 4 phases. Phase I was from 6:00 to
11:00. During this period, although the frequency of BRT vehicles gradually increased,
the pavement temperature did not rise, and thus the deformation at each depth of the
pavement increased slowly; compact depression deformation occurred. Phase II was from
11:00 to 14:00, with a rapid increase in asphalt pavement temperature as shown in Figure 6.
The depression deformation at each depth of pavement obviously accelerated, and uplift
deformation of the road surface began to appear. This showed that the asphalt mixture
began to flow and rearrange under the comprehensive action of compressive stress and
shear stress. Phase III was from 14:00 to 18:00, and although the atmospheric temperature
gradually decreased after 14:00, the temperature below the road surface was still rising
due to the lag of the internal temperature change of the pavement structure. Thus, the
deformation developed fastest during this period, and the uplift deformation of each
structural layer reached the maximum. Phase IV occurred after 18:00, and the temperature
of the pavement structure gradually decreased during this phase. Although the frequency
of BRT loads was still large, as shown in Figure 16, the deformation of each structural layer
of pavement tended to be stable. Temperature had a greater impact than the frequency of
BRT vehicles on permanent deformation of pavement. Reducing the sensitivity of pavement
at high temperatures will effectively improve the resistance of asphalt pavement to rutting.
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Figure 19 shows the permanent deformation of the upper, intermediate and lower
surface layers, obtained by subtracting the value of the permanent deformation at the
bottom of each structural layer from the value of the permanent deformation at the top of
the same structural layer. The figure shows that the depression and uplift deformation of
the upper, intermediate and lower surface layers decreased with increasing speed. The
values of the depression and uplift deformation of the intermediate surface layer were the
largest at different driving speeds. This showed that to delay the occurrence of rutting,
special attention should be given to the ability of the intermediate surface layer to resist
deformation while reasonably increasing the speed.
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4. Conclusions

(1) BRT asphalt pavement structures are prone to permanent deformation, mainly un-
stable rutting, during the high-temperature season. The results of this study showed
that the possibility of cracking was greater at the bottom of the subbase than at the
base, and when the load speed was increased from 10 km/h to 20 km/h and then to
30 km/h, the tensile stress at the bottom of the base and the subbase decreased by
16.1% and 1.3% and by 6.5% and 11.3%.

(2) The lower the initial speed of the BRT vehicle, the longer the duration of the vertical
compressive stress, tensile stress of the bottom of the layer and shear stress, and the
more unfavorable the conditions for the asphalt pavement structure. Considering the
duration and peak value of the mechanical response, controlling the BRT operating
speed within the 30–40 km/h range could effectively reduce the occurrence and
development of permanent deformation of asphalt pavement structures and fatigue
cracking and shear failure of the base and subbase.

(3) During the high-temperature season, the development of permanent deformation
of the BRT asphalt pavement structure occurred in four phases: compaction, flow
and rearrangement, accelerated accumulation, and stability. Permanent deformation
of the BRT asphalt pavement structure mainly occurred from 11:00 to 18:00. Com-
pared to the frequency of BRT vehicles, temperature had a greater influence on the
permanent deformation of asphalt pavement. Reducing the sensitivity of pavement
to high temperatures could effectively improve the ability of asphalt pavement to
resist rutting.

(4) The depression and uplift deformation values of the upper, intermediate and lower
layers decreased with increasing vehicle speed, and the deformation values of the
intermediate layer were the largest at the different driving speeds. When the speed
increased from 10 km/h to 40 km/h, the rut depth decreased by 32%. To delay
the initiation and development of rutting, special attention should be given to the
ability of the intermediate layer to resist deformation while reasonably increasing the
vehicle speed.

In addition to the above conclusions, more in-depth studies are suggested, focusing
on the mechanical characteristics of BRT asphalt pavement structures in low temperatures.
It is recommended that further investigation through the use of pilot road sections and
periodical performance assessment be carried out before the results are made directly
applicable to practitioners.
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