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Abstract: The application of a semi-flexible pavement (SFP) is an effective solution to solve the rutting
problems of the autonomous rail rapid transit (ART) system. The service environment of an ART
pavement is significantly different from that of the conventional pavement due to the large axle
load and high tire pressure of ART vehicles. A test section was constructed in the Zhuzhou ART
system and a tire-pavement coupling FE model was built to explore the distribution features of the
dynamic responses as well as to optimize the material and structural design. The tire-pavement
coupling model was firstly verified by the field test data and then, utilizing the validated model, the
parameter study was performed to analyze the influence of the vehicle operating state and pavement
conditions. The simulation results show that the transverse tensile strain at the bottom of the SFP
layer is dominant for the fatigue cracking of the pavement. Properly reducing the tire pressure can
effectively improve the tensile environment at the bottom of the SFP layer. The action of the braking
force may cause significant longitudinal tensile strains at the surface of the SFP layer and lead to
transverse cracking of the semi-flexible ART pavement. The interlayer bonding between the SFP
layer and the asphalt layer has significant influence on the amplitude and distribution of tensile stress
at the bottom of the SFP layer. Moreover, to optimize the tensile environment of the semi-flexible
ART pavement, the thickness of the SFP layer and the asphalt concrete layer cannot differ too much
under the premise of meeting the requirements of rutting resistance performance.

Keywords: autonomous rail rapid transit; semi-flexible pavement; test section; FE model;
dynamic responses

1. Introduction

With accelerated urbanization, the urban population and motor vehicle ownership
are increasing. To meet the growing demand for public transportation, all countries in
the world are actively developing urban public transportation [1]. The autonomous rail
rapid transit (ART) combines the advantages of rail transit and bus rapid transit (BRT) [2].
The vehicle identifies the virtual track line marked on the road through the vehicle camera
equipment and controls the vehicle to run along the virtual track through the vehicle
control unit, which has the same exclusive right-of-way as the rail transit [3,4]. Compared
with the traditional rail transit, the ART system vehicles do not need to reconstruct the
physical track but only need to mark the virtual track line on the existing road base; its
road construction cycle is short and the cost is low [5].

As the vehicles of ART always travel along the route marked by the virtual track (see
Figure 1), it makes the pavement show significant damage characteristics during operation,
i.e., the vehicle load is concentrated in a specific area of the asphalt pavement, resulting
in the accumulation of deformation in the wheel track zone of the pavement to produce
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permanent deformation [6,7], which affects the roughness of the pavement, thus reducing
the comfort of the ride and shortening the service life of the pavement.

Figure 1. The autonomous rail rapid transit in Zhuzhou, China.

Semi-flexible pavement (SFP) material is a composite material that is composited of an
open-graded asphalt mixture with a high air void filled with special cement mortar [8-10].
It combines the viscoelasticity of asphalt concrete and the stiffness of hardened cement paste.
On the one hand, SFP has better load bearing and anti-rutting performance than conven-
tional asphalt pavement [11-13]. On the other hand, the riding comfort and skid resistance
of the SFP surface layer are much better than the cement concrete pavement [14,15].

Compared with the dense-graded asphalt concrete that is commonly used in the con-
ventional asphalt pavement, the SFP material has better durability and stability [15-22].
In the previous studies, SFP materials showed great potential to be used as anti-rutting
overlays and surfaces in road construction [23-25]. It has been widely used in road inter-
sections, bus stops, bus lanes, long steep slopes, ports, and other road sections [26-28].
Observation results from existing SFP roads show that the SFP layer in the asphalt road
structure can effectively improve the high temperature stability of asphalt pavement. The
in-site fast falling weight deflectometer (FWD) test proved that the application of the SFP
layer can improve pavement resistance to dynamic load repetitions [10,14]. Numerical
simulation also suggests that the application of an SFP surface layer can effectively reduce
the shear stress and optimize the stress environment of pavement structure under vehicle
load [29,30]. Therefore, the semi-flexible pavement material has a good application prospect
in the ART system.

The previous studies on the response of pavement incorporating an SFP layer mainly
focus on the general road use environment, namely passenger cars or buses. In the simula-
tion models of previous studies, the tire-pavement contact area was regarded as a circle
with a diameter of 150 mm and the contact pressure was standardized to 0.7 MPa [31].
However, the vehicle used in an ART system is different from the common passenger cars
or buses, due to high capacity and special wheel set, its tire ground pressure is higher than
0.7 MPa [32]. Therefore, to simulate the unique load of ART vehicles on the pavement, it is
necessary to build the tire-pavement contact model considering the practical tire conditions
and pavement structure. In this way, the loading mechanism of the ART vehicle, as well
as the dynamic response characteristics of the pavement that incorporates the SFP layer,
could be investigated.

This study addresses the special service environment of an SFP layer in an ART system
and establishes a tire—pavement coupling dynamic model based on the practical ART lines
in Zhuzhou city, China. Field tests were conducted on the test sections and the collected
information was utilized to calibrate the FE model. Then, using the calibrated model,
the dynamic response characteristics of the ART pavement under the action of the ART
vehicle load was analyzed and a series of parameter analysis was performed to reveal the
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influences of vehicle conditions, material properties, and structural compositions. The
results may provide guidance for the optimal design of the semi-flexible ART pavement.

2. Materials and Methods
2.1. SFP and AC Materials

Semi-flexible pavement (SFP) material is a composite material formed by filling cement-
based grouting material into the large void matrix asphalt mixture after rolling and molding.
In this study, an SFP material and asphalt concrete (AC) with aggregate nominal maximum
particle size of 13.2 mm were designed for use in the pavement of an ART system. The
dynamic modulus of SFP and AC were tested utilizing the universal testing machine (UTM-
25), which is produced by IPC global Co. Ltd., following the procedures specified in ASTM
D3497. The test results at the frequency of 10 Hz are shown in Table 1.

Table 1. The modulus of SFP and AC materials.

Modulus (MPa)

Tenperature (°C)

SFP-13 AC-13
20 8545 8654
30 4756 5104
40 2346 3270
50 1091 2278
60 207 1703

2.2. Test Section Implementation and In Situ Test

The test section was constructed based on the Zhuzhou ART line. The surface layer of
the pavement structure consisted of three layers: the SFP layer, the asphalt concrete (AC)
layer, and the stress absorbing layer (SAL), as shown in Figure 2. It needs to be noted that
the porous asphalt mixture used for SFP-13 was the high-viscosity modified porous asphalt
mixture, the styrene-butadiene-styrene (SBS) modified asphalt was used in AC-13, and
crumb rubber modified asphalt and basalt aggregate with the size of 9.5~13.2 mm were
used in SAL.

Figure 2. The structural composition of ART pavement incorporating an SFP layer.

In order to monitor the stress—strain state of the semi-flexible ART pavement under
vehicles of the ART system, sensors were buried in the test section of the pavement to
continuously track and observe the mechanical response of the pavement with a sampling
frequency of 5 Hz. Figure 3 shows the photos of the buried sensors on the test section
site. Using the monitoring system, the stress—strain response of different layers of the ART
pavement could be recorded automatically when the ART vehicle passed.
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Figure 3. Stress and strain gages in the test section. (a) The bottom of the AC layer. (b) The bottom of
the SFP layer.

2.3. Setup of FE Model

The vehicle used in the Zhuzhou ART system is a single wheel and single axle, with
three car boxes and six axles in the whole vehicle. Its tire width size is larger than the
ordinary bus and the tire used is a 305/R70 22.5 radial tire, that is, the tire section width
is 305 mm, the flat ratio is 70%, and the rim diameter is 22.5 inches, as shown in Figure 4.
The FE model of tire was built according using the commercial finite element software
ABAQUS (see Figure 5).

ot 43 :
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(a) (b)
Figure 4. Tire used in ART system. (a) Field picture. (b) A 305/R70 22.5 tire.

Figure 5. The FEM model of the 305/R70 22.5 tire.

Based on the typical structural form of the test section of the ART pavement, a three-
dimensional finite element model was established. The length of the model was 6 m,
the width was 4 m, and the structural combination form of the ART pavement and the
thickness of each structural layer are shown in Figure 6. The material parameters used
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in the model are listed in Table 2. It should be noted that the modulus of SFP-13 and
AC-13 were obtained by interpolating the tested modulus values, and the temperature was
determined according to the temperature measured during the field test, namely 33 °C and
35 °C for SFP-13 and AC-13, respectively.

SFP-13

AC-13
8cm

3cm Stress absorbing layer

Base layer
2cm
30cm Subbase layer

30cm
Roadbed

200cm

6m

Figure 6. The structure and dimensions of semi-flexible ART pavement.

Table 2. The material parameters used in the model.

Material Modulus (MPa) Possion Ratio Density (kg/m®)  Damping Ratio
SFP-13 (33 °C) 4346 0.25 2500 0.06
AC-13 (35 °C) 4690 0.25 2500 0.1

SAL 400 0.3 2200 0.3
Base 8500 0.3 2000 0.08
Subbase 700 0.3 1900 0.1
Subgrade 50 0.35 1900 0.2

In the process of finite element model building, due to the limitation of storage space
and available computational resources, the computational region is usually a small area
of more limited size extracted from the whole continuous structure. Therefore, the setting
of boundary conditions plays a decisive role in the accuracy and precision of the model.
The artificially set boundary will cause the stress waves to reflect on the boundary, thus
leading to a large deviation of the calculated results from the real value. The common
method to solve this problem is to set a reasonable artificial boundary on the intercepted
finite domain to simulate the interaction between the structure and the semi-infinite space
of the foundation to prevent the outward propagating stress waves from reflecting back to
the structural model [33]. Artificial boundary conditions can not only improve the accuracy
of simulation results, but also save computational time and economic cost. Therefore, the
finite element model established in this paper, except for the longitudinal boundary on the
left side, which is set as a symmetric constraint, the rest of the boundaries, including the
cross sections at both ends of the model and the longitudinal boundary at the edge of the
roadbed on the right side of the model, are set as three-dimensional consistent viscoelastic
artificial boundaries (see Figure 7).

The three-dimensional consistent viscoelastic artificial boundary simulates the damp-
ing effect of the infinite boundary by setting normal and tangential dampers at the boundary
unit nodes and connecting them to the fixed boundary, forming a spring-damper system.
The parameters of the springs and dampers are related to the physical parameters of the
medium and the relative position of the point of action of the load to the boundary and are
calculated by the following equations:

G
Kpr = aT % Cpr = pcs 1)
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G
Kpn = AN CeN = pcp ()

where

Kpr, Kpn are the normal and tangential stiffnesses of the spring, respectively;

Cpr, Cpn are the normal and tangential damping coefficients of the damper,
respectively;

aT, ay are the tangential and normal correction coefficients, respectively;

R is the distance from the wave source to the artificial boundary node;

cs, cp are the velocity of S-wave and P-wave, respectively, calculated as follows:

G [(4/3G+ K
CSZ\/;,CPZ (Ff) 3)

G, K, and p are the shear modulus, stiffness, and mass density of the medium.

Close-up of
mesh in tire zone

Artificial board

Interlayer contact
Figure 7. The FE model of semi-flexible ART pavement.

Numerous numerical calculations show that the viscoelastic artificial boundary has
good robustness and the artificial boundary parameters a1 and ay can be converged within
a certain range of values. Table 2 shows the recommended values of parameters based on
the numerical analysis by Jingbo Liu et al. [34,35]. The recommended values in Table 3 are
used in this paper, i.e., a7 and ay are 1.33 and 0.67, respectively.

Table 3. The values of correction coefficients at and ay.

Correction Coefficient Ranges of Values Recommended Value
ar 1~2.0 1.33
aN 0.5~1 0.67

2.4. Parameter Analysis

Using the tire—pavement coupled dynamics model, the influencing factors of the
dynamic response of the semi-flexible ART pavement are analyzed. The influence law
of vehicle operating conditions, such as vehicle axle weight, tire inflation pressure, and
braking acceleration, and material parameters such as semi-flexible pavement material and
asphalt mixture modulus on the dynamic response of ART pavement are studied.

Based on the tire-pavement coupled dynamics analysis model, the influence law of
pavement structure combination form on the dynamic response of pavement is studied.
By changing the structural parameters such as structural layer thickness and interlayer
bonding state, the influence law of structural combination and interlayer constraint on the
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dynamic response of pavement is investigated to provide theoretical guidance to realize
the optimal design of the ART pavement structure and material.

3. Results and Discussions
3.1. In Situ Test Results and FE Model Verification

(1) Static analysis

The vehicle tire grounding area and grounding pressure are affected by a variety of
factors such as tire type, material, inflation pressure, and pavement bearing capacity. In
the field test of the Zhuzhou ART test section, the grounding area of the vehicle under
the test section semi-flexible ART pavement conditions in the stationary state of the ART
system was measured by the imprint method; the test result was 0.0429 m?. Limited by the
field test conditions, the amplitude and distribution characteristics of the tire grounding
pressure were not measured.

Based on the established tire-semi-flexible-ART-pavement contact model, tire ground-
ing analysis was carried out and the simulation results of tire grounding area could be
calculated by outputting the contact pressure cloud map on the tire surface, as shown in
Figure 8. The simulation result of the tire grounding area under static load is 0.045 m?,
which is in good agreement with the measured value of 0.0429 m?, and the distribution char-
acteristics of the tire grounding pressure have the same pattern as the data recorded in the
literature. Therefore, the simulation results preliminarily verify the reasonableness of the
model parameters such as tire material parameters, inflation pressure, pavement material
parameters, and contact parameters taken, and the validity of the tire—semi-flexible-ART-
pavement coupling model.

CPRESS
+1.406 X 106

42343 X 10
+1171% 105
+0.000

Contact area:0.045m?2
Measured contact area:0.0429m?

Figure 8. Tire ground pressure of ART vehicle.

(2) Dynamic analysis

Using the results of transient dynamics analysis, the nodes on the middle cross-section
at the corresponding positions to the test monitoring points of the test section field test are
selected to extract the simulated results of stress and strain and other dynamic responses of
the ART pavement layers when the vehicle passes through. The correctness of the finite
element model is further verified by comparing with the test results of the test section field
test. Due to the limitation of model size and calculation time, only the dynamic response
of the ART pavement structure during a single wheel pass is simulated for comparison
and verification.

Figure 9 shows the comparison between the measured and simulated dynamic re-
sponse of the SFP layer and the AC layer when the ART vehicle passes at a constant speed
of 10 km/h, respectively. Due to different sampling frequency, for the single loading period,
the sampling points recorded in the field test are less than the simulation data. However,
the amplitude of simulated and measured values is in good agreement, indicating that the
established tire-pavement coupling dynamic model is reliable.
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Figure 9. The measured dynamic responses of ART pavement verses simulated value. (a) The
longitudinal strain at the bottom of SFP layer. (b) The transverse strain at the bottom of SFP layer.
(c) The longitudinal strain at the bottom of AC layer. (d) The transverse strain at the bottom of AC
layer. (e) The vertical stress at the bottom of AC layer.

3.2. Distribution Features of Dynamic Responses under ART Train Load

Based on the validated explicit dynamics model of the tire-semi-flexible-ART-
pavement coupling, the dynamic response distribution law and time-varying characteristics
of the semi-flexible ART pavement under the vehicle moving load of the ART vehicle are
analyzed. To eliminate the influence of the boundary conditions, the cross-section in the
span of the wheel track zone in the model was selected as the interest path and the dynamic
responses were extracted as the wheel loaded exactly above the cross-section.

Figure 10 shows the distribution of interlayer contact stress and dynamic deformation
of the semi-flexible ART pavement under the tire load. Figures 11 and 12 show the dynamic
stress and strain clouds and transverse distribution curves at the bottom of SFP under
wheel loading. It can be found that the tensile stresses/strains appear in the bottom surface
of the SFP layer in the area directly below the tire in both the longitudinal direction (in the
direction of travel) and the transverse direction (perpendicular to the direction of travel)
under the wheel load. The maximum value of longitudinal tensile stress is 65 pe at the
front edge of the tire grounding area and the maximum value of transverse tensile stress
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is 82 ue at the rear edge of the tire grounding area, which is consistent with the frequent
occurrence of transverse cracks found in the test section.
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Figure 10. The dynamic responses of ART pavement at the speed of 10 km/h. (a) Tire-pavement con-
tact area. (b) Vertical displacement. (c) Vertical displacement along the transverse. (d) Longitudinal
displacement along the longitudinal profile. (e) Interlayer contact pressure.
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Figure 11. The cloud of the dynamic strains of ART pavement at the speed of 10 km/h. (a) Longitudi-
nal. (b) Transverse. (c) Vertical.
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Figure 12. The cloud of the dynamic stresses of ART pavement at the speed of 10 km/h. (a) Longitu-
dinal. (b) Transvese. (c) Vertical.

3.3. The Effects of ART Train Operating Conditions
3.3.1. The Impact of Axle Load

On the basis of the standard axle load (45 kN) of the vehicle of the ART system,
two operating conditions of no-load and overload are selected and the axle load is set to
35 kN and 50 kN, respectively. Figure 13 shows the distribution characteristics of the tire
grounding pressure under the three axle load conditions and it can be found that with the
increase of the axle load, the tire grounding pressure increases significantly and the area of
the high-pressure zone in the grounding area increases.



Appl. Sci. 2023,13, 3673

10 of 15

0.00006

35 KN

45 KN

WY

S
AR
OO
A

o
)
()

{

50 KN

o\
\
N

V)

Figure 13. Tire—-pavement contact press under different axle load.

The simulation results of the dynamic response of the semi-flexible ART pavement
under the three axle load conditions are shown in Figure 14. The simulation results show
that the magnitude of the dynamic response of the semi-flexible ART pavement under
the no-load condition decreases significantly and the changes of the compressive stress
at the bottom of the asphalt layer and the longitudinal tensile strain at the bottom of the
semi-flexible layer are the most significant. The effect of overload on the dynamic response
of the semi-flexible ART pavement is smaller and the compressive stress at the bottom
of the asphalt layer and the longitudinal/transverse tensile strain at the bottom of the
semi-flexible layer increase slightly.
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Figure 14. The dynamic responses under different axle load. (a) The longitudinal strain at the bottom
of SFP. (b) The transverse strain at the bottom of SFP. (c) The vertical stress at the bottom of AC.

3.3.2. The Impact of Tire Pressure

Based on the standard tire pressure (1.05 MPa) of the vehicle tire of the ART system,
two operating conditions of underpressure and overpressure are selected and the tire
inflation pressure is set to 0.8 MPa and 1.2 MPa, respectively. The distribution characteristics
of the tire grounding pressure and the dynamic response of the semi-flexible ART pavement
under the three tire pressure conditions are shown in Figures 15 and 16, respectively. As
the tire pressure increases, the tire grounding area shrinks and the grounding pressure
distribution tends to be uniform, but the maximum value increases. The magnitude of the
dynamic response of the semi-flexible ART pavement under the underpressure condition
decreases significantly, in which the change of longitudinal/transverse tensile strain at
the bottom of the semi-flexible ply is the most significant. The effect of overpressure on
the transverse tensile strain at the bottom of the semi-flexible layer is significant. Since
transverse strain is the dominant factor inducing the semi-flexible ART pavement, tire
pressure control is critical to increase the stability of the ART pavement. Properly reducing
the tire pressure can effectively improve the tensile environment at the bottom of the
SFP layer.
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Figure 15. Tire—-pavement contact press under different tire pressure.
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Figure 16. The dynamic responses under different tire pressure. (a) The longitudinal strain at the

bottom of SFP. (b) The transverse strain at the bottom of SFP. (¢) The vertical stress at the bottom
of AC.

3.4. The Effects of Pavement Material Propeties

Based on the validated coupled tire-pavement dynamics model, the influence of the
modulus of the semi-flexible layer and the asphalt layer on the dynamic response of semi-
flexible ART pavement is analyzed. Figure 17 shows the changes of the dynamic response
of the ART pavement with different modulus values for the SFP layer and the AC layer.
The simulation results show that the increase of the SFP modulus is beneficial to improve
the stress state of the bottom and underlying layers and the increase of the AC modulus can

improve the bottom tensile stress environment of the SFP layer, especially the longitudinal
tensile stress environment.

3.5. The Effects of Pavement Structural Composite
3.5.1. The Impact of Interlayer Conditions

Based on the structural characteristics of the semi-flexible ART pavement and the
field research results, the interlayer bonding states of SFP-AC and GG-BL (base layer) are
mainly considered. Three interlayer contact states are set up: interlayer complete contact,
interlayer friction contact, and SFP-AC interlayer contact states completely continuous and
GG-BL friction contact, respectively. Figure 18 shows the dynamic response distribution
characteristics of the semi-flexible layer and the asphalt layer under the three interlayer
contact states. The simulation results show that the interlayer bond between the SFP layer
and the asphalt layer has a significant effect on the amplitude and distribution of the
tensile stress at the bottom of the SFP layer and the bond state between GG and BL has a
smaller effect.



Appl. Sci. 2023,13, 3673

12 0f 15

AC

0.0000

00002 0
——2,000MPa ——2,000MPa
000005 4™~ 5,000MPa — —5,000MPa
k-~ -10,000MPa 0000154 |- - - - 10,000MPa 300000
—_ —_ ~
@ 0.00004 @ <
Z 000010 £ 600000
.g K= w
5 0.00003 g 2
= = . =
»n @ 0.00005 & 900000
0.00002
0.00001 0.00000 ~1200000 —20,00MPa
— 50,00MPa
0 ~~--10,000MPa
~0.00005 ~1500000
00 o1 D'Ui 03 04 03 0.0 01 02 03 04 05 00 01 02 03 04 05
istance (m : .
(m) Distance (m) Distance (m)
o 0.00020
——2,000MPa ——2,000MPa
— —5,000MPa — —5,000MPa
0000039 __10,000MPa. 0000159 |- - - - 10,000MPa —300000
2 0.00004 @ 3
= Z0.00010 £ 600000 3
g g 2
- E 0.00003 o g
2 & 000005 =
& b7 5 & 900000 /
000002
NZ4
0.00000 —1200000 N/ ——2,000MPa
000001
e . ety [~ . 5,000MPa
e’ - ---10,000MPa
0.00000 . ~0.00005 15
0.0 01 02 03 04 05 0 01 02 03 04 05 0.0 0.1 0.2 03 04 05
Distance (m)

The longitudinal strain at the
bottom of SFP

Distance (m)
The transverse strain at the
bottom of SFP

Distance (m)
The vertical stress at the bottom
of AC

Figure 17. The effects of materials modulus on the dynamic responses of ART pavement.

0.00008 - 0.00020
Interlayer continuous Interlayer continuous
— =— SFP-AC continuous, SAL-BL friction = = SFP-AC continuous. SAL-BL friction
0.00006 |- - - - Interlayer friction 0000154\~ - = Interlayer friction
~~ ~ ~~~
W - - W
2000004 /7T < N 25000010
.8 /0 \ .8
< i o\ <
fa , N =
A 0.00002- / & 0.00005
oo0000{ N 0.00000
—0.00002 T T T T —0.00005
0.0 0.1 0.2 03 04 0.5 0.0 0.1 02 03 04 05
Distance (m) Distance (m)
(a) (b)
0.00020 0.0003 '
Interlayer continuous Interlayer continuous
— — SFP-AC continuous, SAL-BL friction = = SFP-AC continuous, SAL-BL friction
0.000154 |- = = = Interl fricti = - icti
nterlayer friction 0.0002 Interlayer friction
@ @
3.0.00010 =
= .S 0.0001
: E
ﬁ 0.00005 V7]
0.0000
0.00000

—0.00005
0.0

0.1

02 03
Distance (m)

(©)

04 05

—0.0001
0.0

0.1 02 03

Distance (m)

(d)

04 05

Figure 18. The effects of interlayer conditions on the dynamic responses of ART pavement. (a) The
longitudinal strain at the bottom of SFP. (b) The transverse strain at the bottom of SFP. (c) The
longitudinal strain at the bottom of AC. (d) The transverse strain at the bottom of AC.

3.5.2. The Impact of SFP Layer Thickness

Figure 19 shows the dynamic response variation laws for the three pavement structure
combination forms, namely 6 cm SFP + 6 cm AC, 8 cm SFP + 4 cm AC, and 10 cm SFP
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+ 2 cm AC. The simulation results show that the transverse strain at the bottom of the
semi-flexible layer and the vertical compressive stress at the bottom of the asphalt layer
decrease with the increase of the thickness of the semi-flexible layer, while the transverse
tensile strain at the bottom of the semi-flexible layer increases with the increase of the
thickness of the semi-flexible layer; the rate of increase gradually increases with the increase
of the thickness. The longitudinal tensile strain at the bottom of the semi-flexible layer is the
smallest for the structure combination of 8 cm SFP + 4 cm AC and the longitudinal tensile
strain at the bottom of the semi-flexible layer is the largest for 10 cm SFP + 2 cm AC, but the
maximum value is still smaller than the transverse tensile strain. Therefore, for the semi-
flexible ART pavement structure, the thicknesses of the semi-flexible layer and the asphalt
concrete layer are not easy to differ too much under the premise of meeting the rutting
resistance performance requirements. Considering the crack resistance performance only,
the recommended structural combination form for Zhuzhou ART is 6 cm SFP + 6 cm AC.
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Figure 19. The effects of structural composites on the dynamic responses of ART pavement. (a) The
longitudinal strain at the bottom of SFP. (b) The transverse strain at the bottom of SFP. (c) The vertical
stress at the bottom of AC.

4. Conclusions

This study first establishes the tire-pavement coupling dynamics model and uses the
field test data recorded from the test section to verify the model. Then, on the validated
model, the distribution of the dynamic responses of the semi-flexible ART pavement under
the action of the ART vehicle are analyzed and a series of parameter studies are conducted to
investigate the influences of vehicle operation state, ART pavement structure, and material
properties. Finally, according to the results of the simulation analysis, the optimized design
path of the semi-flexible ART pavement structure applicable to the ART system is analyzed.
The main research conclusions are as follows.

(1) The coupled tire-ART pavement dynamics model established in this project can
effectively simulate the dynamic response of the road surface under the vehicle load of the
ART system.

(2) The horizontal forces generated under the influence of the bending basin and the
driving force under the tire load and the discontinuity between layers are the main causes
of the tension at the bottom of the SFP layer.

(3) Tire pressure of the axle load of the ART vehicle is an important factor affecting
the dynamic response of the ART pavement, where tire pressure control is very critical
to increase the stability of the ART pavement. Properly reducing the tire pressure can
effectively improve the tensile environment at the bottom of the SFP layer.

(4) Under the action of braking force, significant tensile and compressive strains appear
at the trailing and leading edges of tires, respectively, and the longitudinal tensile strains at
the road surface generated by vehicle braking are important factors leading to transverse
cracking of the semi-flexible ART pavement.

(5) The interlayer bonding between the SFP layer and the asphalt layer has significant
influence on the amplitude and distribution of tensile stress at the bottom of the SFP layer
and the bonding state of stress absorbing layer and base layer has less influence. For semi-
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flexible ART pavement structure, the thickness of the semi-flexible layer and the asphalt
concrete layer is not easy to differ too much under the premise of meeting the requirements
of rutting resistance performance.
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