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Abstract: In order to clarify the mechanical response of permeable asphalt pavements under a
temperature effect, the mechanical responses of different types of permeable asphalt pavements,
which were based on a self-developed drainage SBS-modified asphalt mixture with fiber, were
simulated using ANSYS finite element software (APDL 19.2). The influence of temperature and
temperature change on the mechanical behavior of the permeable asphalt pavements was studied,
and the mechanical responses of the pavements at different driving speeds was analyzed. The
results show that the extreme values of surface deflection, compressive strain of the soil foundation
top surface, and the shear stress and tensile stress of the upper-layer bottom of the three kinds
of pavements under dynamic load were about 10% smaller than those under static loads, and the
extreme values under different temperature conditions were 28%~50% larger than the values obtained
without different temperature conditions. During the 12 h heating process, the mechanical indexes of
the three types of pavements with axle loads were consistent with the change law of temperature,
and the peak values of the mechanical indexes under dynamic loads were smaller than those under
static loads. In addition, the mechanical indexes of the three types of pavements under dynamic
loads had the same law of change with speed under the same conditions, and the values were less
than the extreme values under static loads, but the degree of influence was different.

Keywords: permeable asphalt pavement; temperature effect; mechanical response; finite element
simulation

1. Introduction

With the rapid development of the economy and the acceleration of urban construction,
the natural ground in cities gradually becomes covered by impervious hardened surfaces.
These surfaces have good bearing capacity and aesthetics but also bring some negative
effects to the urban ecological environment [1–3]. Permeable Asphalt Concrete (PAC), a
new type of pavement structure based on the green sponge city concept, is widely used
because of its good skid resistance, noise reduction and water permeability properties [4,5].

Because porosity is the key factor affecting the permeability of a pavement, the per-
meability coefficient of the pavement is mainly affected by the connected pores of the
material, and the connected pores are closely related to the composition of the material
and the shape of the aggregate. Therefore, researchers have conducted much research on
the material composition of pavements. Scholars often use the porosity and permeability
of a permeable asphalt pavement as the key indicators of pavement design. Considering
the relationship between the porosity of a permeable asphalt pavement and the key sieve
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holes, the key sieve hole affecting the porosity of the mixture has a passing rate of 2.36 mm.
Careful design to achieve passing rates of 4.75 mm and 2.36 mm allows the mixture to
more easily form a skeleton structure [6–8]. The porosity of a permeable asphalt mixture
affects the high-temperature stability, low-temperature deformation resistance and water
damage resistance. Under the same thermal aging time, there is a positive linear relation-
ship between dynamic stability and porosity. However, the higher the porosity of a porous
asphalt mixture, the higher the tendency for flexural tensile failure and shrinkage stress at
low temperature, and the worse the ability to resist water damage [9]. At the same time,
researchers have found that under the same rainfall conditions, there is not only a good
linear correlation between porosity and the permeability coefficient, but also a correlation
between surface thickness and the permeability coefficient. In addition, the increase in
porosity and pavement thickness can not only effectively improve the drainage effect of
pavements, but also improve the water storage capacity of permeable roads. A greater
total thickness of pavement, especially with an increase in porosity from 18% to 22%, can
significantly improve the water storage capacity of permeable roads [10].

Permeable asphalt pavements are widely used in high-rainfall areas because of their
high permeability. Therefore, some researchers have studied the permeability and road
performance of pavement structures. The skid resistance of a drainage asphalt mixture
is easily affected by rainfall conditions. From the analysis of the relationship between
surface characteristics and skid resistance, it can be seen that with an increase in rainfall,
the friction coefficient of a drainage asphalt mixture decreases rapidly and then tends
to be stable [11]. During a rainfall event, the runoff coefficient of a permeable asphalt
pavement is a single-peak dynamic change, and when the rainfall intensity is less than
50 mm/h, the permeable asphalt pavement does not produce runoff [12]. The cross slope
and the longitudinal slope have significant effects on the drainage performance of the
porous asphalt surface layer. The improvement in the drainage performance resulting from
the cross slope is affected by the size of the longitudinal slope, and the thickness and width
of the pavement. The influence of the longitudinal slope change decreases with the increase
in the percentage of the cross slope and the decrease in the ratio of the thickness of the
porous asphalt layer to the width of the pavement [13]. The influence of the road surface on
rainwater runoff is mainly affected by the load and road slope. When the rainfall intensity
is less than 98 mm/h, there will be no surface runoff [14].

More importantly, there is an inevitable relationship between the viscoelastic parame-
ters of a permeable asphalt mixture and temperature. With decreasing temperature, the
viscoelastic parameters of the mixture gradually become elastic parameters. At the same
time, the bulk modulus and shear modulus in the plastic model also gradually show obvi-
ous viscoelastic properties with the increase and decrease in temperature [15]. In terms of
structure design, the thickness and type of base course are the key factors affecting the me-
chanical properties of a permeable asphalt pavement. At the same time, the coarse-grained
stress-absorbing layer can effectively absorb stress and reduce the occurrence of reflective
cracks [16,17]. In addition, compared with the water-free state in the asphalt pavement
structure, the stress field and displacement field inside the asphalt pavement structure
widen pavement cracks under the action of water and dynamic load, causing the cracks to
expand greatly, but have no obvious effect on the shear expansion of the cracks [18].

In summary, the current research on permeable asphalt pavements mainly focuses
on pavement permeability, porosity, road performance and the mechanical properties of
materials. The research on mechanical properties is still at the stage of single-axle loads,
and there is a lack of in-depth studies on the mechanical properties of permeable asphalt
pavements under multi-field coupling. According to the composition characteristics and
functional objectives of porous pavement materials, the service environment is relatively
complex, making it necessary to analyze multi-physical fields such as water permeability,
heat transfer and stress. Therefore, it is necessary to study the temperature effect and
mechanical response of permeable asphalt pavement under the coupling of temperature
and structure fields. From the perspective of the coupling of heat transfer and stress, the
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cooling effect and mechanical response of permeable asphalt pavement were studied, and
the mechanical responses based on temperature effect and standard axle load (dynamic
and static load) were analyzed.

2. Materials and Methodology
2.1. Materials

Based on its different permeable layers and permeable ranges, the pavement structure
can be divided into three types [19], as shown in Figure 1: surface permeable type (Type A),
base permeable type (Type B), and full permeable type (Type C). Among these, Type A is
a double-sided permeable layer, and the upper layer of the three composite structures is
made of self-developed drainage SBS-modified asphalt concrete (OGFC-13) mixed with
fibers. The structural form of the permeable asphalt pavement and the thickness of each
structural layer are as shown in Table 1.
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Table 1. Composite structure of permeable asphalt pavement.

STRUCTURAL LAYER TYPE A TYPE B TYPE C THICKNESS (CM)

TOP SURFACE COURSE OGFC-13 OGFC-13 OGFC-13 12
THE FOLLOWING LAYER ATPB-25 ATPB-25 ATPB-25 30
FOUNDATION COURSE Water-stable gravel Graded broken stone Graded broken stone 25

BASE COURSE Graded broken stone Graded broken stone Graded broken stone 20
SUBGRADE Compacted soil Compacted soil Mild compacted soil —

Note: OGFC is open graded friction course, ATPB is asphalt treated permeable base.

2.2. FEM Model
2.2.1. Basic Assumptions

Based on the theory of elastic layered systems, ANSYS (APDL19.2) was used to
establish a numerical model to analyze the structural mechanics of a permeable asphalt
pavement, and the actual solar radiation intensity was used as the heating condition to
analyze and calculate the surface temperature of the permeable asphalt pavement. The
following hypotheses were proposed.

(1) Basic assumptions of temperature field model

1⃝ Each structural layer of the permeable asphalt pavement was considered to be
homogeneous and have a continuous material composition.
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2⃝ The contact state, temperature and heat transfer between the structural layers were
considered to be continuous, without thermal resistance, and the heat transfer interface
effect between the layers was not considered.

3⃝ The soil base surface was considered to be in a constant temperature state, and the
geothermal effect on the temperature of the pavement structure was not considered.

4⃝ The top surface of the model was the heating surface, and the other surfaces were
adiabatic surfaces. The actual heat loss of the adiabatic surface and the external thermal
convection process were not considered.

5⃝ Only the effect of solar radiation was considered, while wind speed and other
factors were not considered.

(2) Basic assumptions of mechanical model

1⃝ Each structural layer was considered to be a homogeneous and isotropic elastic material.
2⃝ The road surface was subjected to axisymmetric uniform vertical load, and the

stress and strain at the infinite depth of the bottom layer and the horizontal infinite position
were zero.

3⃝ Stress, strain and displacement can be expressed by continuous functions of coordinates.
4⃝ Structural weight was not considered.

2.2.2. Determination of Pavement Structure Parameters

In this study, ANSYS software (APDL 19.2) was used to analyze the mechanics of
three kinds of permeable asphalt pavement, ignoring the instantaneous plastic deformation
caused in the pavement structure during the fast-driving process of the vehicle. The size
of the pavement structure model was 6000 mm × 3000 mm × 5000 mm, and SOLID 70
was selected as the temperature field analysis unit. After the analysis was completed, it
was converted into the SOLID 185 unit for structural field analysis. All the units were
eight-node three-dimensional hexahedral units. The grid was divided from fine to coarse,
and the analysis area was encrypted.

In addition, the initial state of the pavement structure was assumed to be stress-
free. The horizontal and vertical boundaries of the uppermost layer of pavement were
unconstrained, and the bottom of soil foundation was completely fixed. The horizontal
displacement of the left and right sides of the pavement structure model was set to 0, and
the longitudinal displacement of the front and rear sides of the pavement structure model
was set to 0.

2.2.3. Determination of Pavement Material Parameters

The values of material mechanical parameters and thermophysical parameters based
on previous research results are shown in Tables 2 and 3. In fact, the material of permeable
asphalt pavements is greatly affected by temperature, and the results analyzed without
considering the influence of temperature on material parameters cannot accurately reveal
the mechanical response characteristics of a permeable asphalt pavement structure [20].
Therefore, the influence of temperature change on the surface layer material parameters
can be considered, and the change of other structural layer material parameters with
temperature can be ignored [21].

Table 2. Mechanical parameters of pavement materials.

STRUCTURAL LAYER MATERIAL ELASTIC
MODULUS (MPA)

POISSON
RATIO (M)

DENSITY
(KG/M3)

TOP SURFACE COURSE OGFC-13 1400 0.25 2500
THE FOLLOWING LAYER ATPB-25 800 0.35 2100
FOUNDATION COURSE Water-stable gravel 1500 0.25 2300

BASE COURSE Graded broken stone 500 0.35 2100
SUBGRADE Soil 50 0.35 1850
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Table 3. Values of thermal properties.

Structure
Type

Heat Capacity (J/kg·◦C) Thermal Conductivity (W/m·◦C)

Top Surface
Course

The Following
Layer

Foundation
Course

Base
Course

Top Surface
Course

The Following
Layer

Foundation
Course

Base
Course

A 800 800 600 800 0.6 0.6 1.1 0.8
B 800 800 800 800 0.6 0.6 0.8 0.8
C 800 800 800 800 0.6 0.6 0.8 0.8

(1) Elastic modulus

The functional relationship between elastic modulus and temperature load is as follows
in Equation (1) [22].

ET
E0

= 100.01693(20−T) (1)

where T is the calculating temperature, ◦C, ET is the elastic modulus at the calculated
temperature, MPa, E0 is the elastic modulus at standard temperature (20 ◦C), MPa.

(2) Poisson ratio

The values of the Poisson ratio of asphalt mixture at different temperatures in refer-
ences are obtained [22,23]. The relationship between the Poisson ratio of an asphalt mixture
and temperature is obtained by linear regression, as shown in Equation (2).

µ1(T) = 0.005 × T + 0.15 (2)

where µ1(T) is the Poisson ratio of the asphalt mixture.

(3) Coefficient of linear expansion

The temperature linear expansion coefficient of an asphalt mixture can be expressed
by Equation (3) [21].

α1(T) = 35.28e−( T+6.004
36.07 )

2
× 10−6 (3)

where α1(T) is the temperature linear expansion coefficient of asphalt layer at 1/◦C.

2.2.4. Determination of Load Parameters

The tire contact area needs to be determined when the pavement structure is analyzed
and simulated. It is assumed that the vehicle load is evenly distributed on the contact
surface between the tire and the road surface, and the area of the contact surface is calculated
according to the contact pressure value. In order to facilitate the simulation, the elliptical
load is transformed into a rectangular load.

(1) Static load parameters

In the pavement design, a rectangular load was used in the structural mechanics
calculations [24]. The rectangular load area was 0.8712 L × 0.6 L, and the standard axle
load BZZ-100 was used in the calculation and analysis. The tire grounding equivalent
rectangular side length is shown in Equations (4)–(6).

S =
F
P

(4)

L =

√
S

0.5227
(5)

D = 1.5

√
4S
π

(6)

where S is the rectangular load area, m2; L is the rail length of the driving direction, m; and
D is center distance of two wheels, m.
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According to the calculation results of Equations (4)–(6), the center distance of the two
wheels was 0.32 m, and the adjusted distance was 31.98 cm. The rectangular side length of
the single wheel was 0.157 m × 0.227 m, and the adjusted distance was 0.167 m × 0.213 m
according to the actual situation. The clearance between the two wheels was 0.106 m. The
calculation parameters of the standard axle load and the specific content of the rectangular
load are shown in Table 4.

Table 4. Standard axle load calculation parameters.

STANDARD AXLE LOAD BZZ-100 STANDARD AXLE LOAD BZZ-100

STANDARD AXLE LOAD P (KN) 100 Single wheel transmission equivalent
rectangular edge length L (cm) 16.7 × 21.3

TIRE GROUND PRESSURE P (MPA) 0.70 Center distance of two wheels (cm) 31.95

(2) Dynamic load parameters

The dynamic load was in the form of half sine [25]. According to the current pave-
ment design specifications, Pmax = 0.7 MPa, the equivalent radius of single wheel pressure
transmission was 10.65 cm. The relationship between load and time is shown in Equation (7):

P = Pmax × sin(π
T t) 0 ≤ t ≤ T

P = 0 t > T
(7)

The relationship between loading time and vehicle speed is shown in Equation (8).

T = 12
R
V

(8)

where R is the equivalent circle radius of single wheel pressure transmission, cm; and V is
the vehicle speed, km/h.

When the vehicle speed was 60 km/h, the load action time was 0.0767 s. From
Equations (7) and (8), the change in load period is shown in Figure 2.
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(3) Temperature load parameters

The variation in daily solar radiation intensity in a certain area was taken as the daily
solar radiation intensity on the road surface of the road structure. The results are shown in
Figure 3. The absorption coefficient of the permeable asphalt pavement structure surface
was set as 0.87 [17]. The analysis curve of temperature change with time during the 12 h
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heating process for the three kinds of pavements is shown in Figure 4, which was applied
as temperature load.
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2.3. Data Processing and Analysis

Technical specification for permeable asphalt pavement (CJJ/T 190-2012) [26] stip-
ulates that the design of a pavement structure should take the deflection value of the
pavement surface and the bending tensile stress at the bottom of structural layers as design
indexes. The load mode of mechanical calculation using the theory of an elastic layered
continuous system is a vertical uniform load, and the interlayer contact condition is com-
pletely continuous. According to the specification, the mechanical variation law of the
permeable asphalt pavement structure was analyzed by the deflection value of the road
surface, the flexural tensile stress and shear stress at the bottom of each structural layer.

2.3.1. Model Validity Analysis

When using finite element software for analysis, it is often necessary to verify the
correctness of the model to ensure that the boundary conditions, mesh division and element
type are reasonable. The calculation results in the relevant literature [27,28] are used as
the reference to verify the correctness of the model. Due to differences in the simulation
software or calculation accuracy, there will be some errors in the calculation results. There-
fore, when conducting verification, if the relative error is within 10%, the model created is
considered to be feasible [22]. The mechanical model verification and temperature field
model verification are carried out, respectively. The modeling materials, load parameters
and boundary conditions are the same as the existing research results, and the relevant
parameters are shown in Tables 5 and 6.



Coatings 2024, 14, 582 8 of 18

Table 5. Material parameters of mechanical model structures.

STRUCTURAL TYPE MATERIAL THICKNESS
(MM)

ELASTIC
MODULUS (MPA)

POISSON
RATIO (µ)

DENSITY
(KG/M3)

TOP SURFACE COURSE PAC-13 40 900 0.25 2100
THE FOLLOWING LAYER PAC-16 60 850 0.25 2100

BASE LAYER Cement stabilized
macadam 200 1500 0.25 2300

PAVEMENT SUBBASE Graded broken
stone 150 500 0.35 2100

SUBGRADE Soil — 50 0.35 1850

Table 6. Material parameters of temperature field model structures.

STRUCTURAL
TYPE

TOP SURFACE
COURSE

THE FOLLOWING
LAYER BASE LAYER PAVEMENT

SUBBASE SUBGRADE

MATERIAL OGFC-13 ATPB Graded broken stone Graded broken stone Soil
THICKNESS (MM) 100 200 200 300 500

2.3.2. Analysis of Mechanical Indexes with and without Temperature Effect

The three types of permeable asphalt pavement were analyzed with 12 h heating, and
the pavement temperature calculation results at the peak time of pavement temperature
were extracted as temperature conditions for the coupling field calculation. The surface
deflection, compressive strain of the soil foundation top, tensile stress and shear stress
of asphalt layer bottom were extracted and compared. The calculation time was 8 h, the
pavement temperature was 66 ◦C, the static load was a standard axle load, and the dynamic
load speed was 60 km/h.

2.3.3. Influence of Temperature Change on Mechanical Indexes

Firstly, the radiation intensity mentioned above was used as the temperature condition
to calculate the temperature rise in the pavement structure for 12 h. Then, the temperature
field calculation results were saved every 2 h from the initial time, and applied as the
temperature load of the coupled field calculation. The temperature change was represented
by the different time of the temperature rise calculation. The corresponding mechanical
indexes were extracted and the time–mechanical index change curve was plotted to analyze
the influence of temperature change. Among them, the static load was the standard axle
load and the dynamic load speed was 60 km/h.

2.3.4. Influence of Vehicle Speed on Mechanical Properties of Permeable Asphalt Pavement

The finite element calculations for three kinds of permeable asphalt pavement were
carried out under the same temperature condition as described in the above section, and
the calculation results of each control index peak under dynamic load were extracted to
analyze the influence of vehicle speed change on the main control indexes. The speed
values were 40 km/h, 60 km/h, 80 km/h, 100 km/h, and 120 km/h.

3. Results and Discussion
3.1. Validity Analysis of Model

(1) Mechanical model validation analysis
The results for the deflection of the road surface and the compressive strain of the

top surface of the soil foundation in the literature [24] were compared with the simulation
results in this paper, as shown in Figure 5.
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Figure 5. Verification of the validity of the mechanical model.

It can be seen from Figure 5 that the calculation results of the deflection value of
the finite element model and the compressive strain value of the top surface of the soil
foundation in this paper are consistent with the results in the literature. In addition, the
deflection value and the peak point of the compressive strain on the top surface of the soil
foundation calculated in this paper are the same as those in the literature. The peak value
of the surface deflection calculated in this paper is 0.53 mm, and the peak value of the
compressive strain on the top surface of the soil foundation is 412 µε, which are 6% and
5.6% larger, respectively, than those in the existing research results [24], which proves the
rationality of the boundary conditions, mesh division and element type of the model.

(2) Temperature field model verification
The calculation results for the road surface temperature in the literature [27] were

compared with the simulation results in this paper, as shown in Figure 6.
It can be seen from Figure 6 that the simulation results of this paper have the same

change rule as the results of the existing research [27], and both increase with the increase
in radiation intensity. However, between 6:00 and 10:00, the temperature calculation results
of this paper are basically consistent with the temperature change curve in the literature
results. After 10:00, the calculation results of this paper are different from those in the
literature, but the difference is small. In this paper, the calculated temperature peak is
65.33 ◦C, which is only 1.81% larger than the existing research results, thus proving the
effectiveness of the temperature field model in this paper.
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3.2. Analysis of Mechanical Indexes with and without Temperature Effect
3.2.1. Variation of Road Surface Deflection

It can be seen from Figure 7 that no matter whether there is temperature effect or not,
the surface deflections of the three types of permeable asphalt pavements show half-sine
changes under a half-sine dynamic load, while under a static load, the surface deflection
value is constant. The surface deflections of the three types of pavement under a static load
with a temperature effect are 0.56 mm, 0.61 mm and 0.71 mm, which are about 0.27 mm,
0.27 mm and 0.33 mm higher than the respective values under no temperature effect. The
surface deflections under a dynamic load with temperature effect are 0.52 mm, 0.56 mm
and 0.68 mm, which are about 0.24 mm, 0.24 mm and 0.31 mm higher than the respective
values under no temperature effect. It can be seen that the peak values of the surface
deflection values of the three types of pavements under dynamic load are smaller than
those under static load. At the same time, due to the effect of temperature, the deflection
values of the three types of pavements all increase to varying degrees, and the change in
the type C structure is more prominent.
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3.2.2. Variation of Compressive Strain on Top of Soil Foundation

It can be seen from Figure 8 that whether there is temperature effect or not, the
variations in the top surface compressive strain of the three kinds of permeable asphalt
pavements under dynamic load are the same as those for road surface deflection, which
show half-sine variation and are constant under static load. The values of peak compressive
strain of the top surface of the soil foundation of the three types of pavements under static
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load with temperature effect are 223 µε, 246 µε and 301 µε, which are increased by about
30%, 28% and 38% compared with the respective values without temperature effect. The
values of peak compressive strain of the top surface of the soil foundation under dynamic
load with temperature effect are 208 µε, 227 µε and 286 µε, which are increased by about
31%, 29% and 33% compared with the respective values without temperature effect. It
can be seen that the peak values of the top surface compressive strain of the three types of
pavements under static load are also greater than those under dynamic load. Moreover,
due to the existence of the temperature effect, the compressive strain on the top surface of
soil foundation has a large increase, which is similar to the road surface deflection, and the
largest increase is still type C.
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3.2.3. Shear Stress Variation of Top Surface Course

It can be seen from Figure 9 that the shear stresses at the bottom of the top surface
course of the three types of permeable asphalt pavement show half-sine variation under
dynamic load, and the value is fixed under static load. The peak values of the shear stress
at the top surface course of the three kinds of pavements under dynamic load are less than
the respective values under static load, but the differences are small. In addition, under the
same conditions, the peak values of shear stress at the top layer and bottom of the three
types of pavements under dynamic load and static load are about 0.10 MPa, 0.11 MPa and
0.12 MPa, respectively. However, these values increase to a certain extent under the action
of temperature by about 46%, 39% and 38%, respectively. This phenomenon indicates that
the existence of the temperature effect has a great influence on the shear stress of the top
surface course of permeable asphalt pavements.
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3.2.4. Variation of Tensile Stress at Bottom of Top Surface Course

It can be seen from Figure 10 that the tensile stresses at the bottom of the top surface
course of the three types of permeable asphalt pavements show half-sine variation under
dynamic load, and the value is fixed under static load. At the same time, as for the
shear stress at the bottom of the top surface course, the peak values of the tensile stress
at the bottom of the upper layer of the three types of pavements under dynamic load
are smaller than those under static load, and the differences are not large. Under the
same conditions, the peak values of tensile stress at bottom of the top surface course of
the three types of pavements under dynamic load and static load are about 0.19 MPa,
0.19 MPa and 0.20 MPa, respectively, which are about 0.1 MPa higher than the respective
values without temperature effect, which is consistent with the conclusion that the effect
of high temperature on the increase in compressive stress is not significant in the existing
research [28]. This also shows that the existence of the temperature effect also has a great
influence on the tensile stress of the top surface course of permeable asphalt pavements.
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3.3. Influence of Temperature Change on Mechanical Indexes
3.3.1. Influence on Road Surface Deflection

It can be seen in Figure 11 that under the action of dynamic load and static load, the
surface deflection of the three types of permeable asphalt pavements has the same change
rule with pavement temperature. The pavement temperature gradually increases from
6:00 to 14:00, and the deflection value at the surface load also continues to increase. The
pavement temperature and deflection reach a peak at 14:00. Between 14:00 and 18:00, due
to the decrease in pavement temperature, the deflection values of the load on the road
surface begin to decrease. Comparing the road surface deflection values under static load
and dynamic load, it can be found that at any time, the values for the same structure under
static load are all greater than those under dynamic load, with C > B > A.
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3.3.2. Influence on Compressive Strain of Top Surface of Soil Foundation

It can be seen from Figure 12 that under both static and dynamic loads, the influence
of temperature change on the compressive strain of soil foundation top surface of the three
types of permeable asphalt pavements is different from that of road surface deflection. In
the whole loading cycle, the top surface compressive strain of the three kinds of pavements
increases with the increase in temperature, but the growth rate does not increase linearly
with the increase in temperature, and there is no inflection point in the 12 h heating process.
The top compressive strain of the three kinds of pavements can be seen as an obvious
increase from 6:00 to 8:00. After 8:00, the increase is less obvious. This is because the soil
foundation at the bottom of the structure is less affected by temperature, and the slight
growth is mainly due to the small modulus of the soil foundation itself. This is the same as
the influence of temperature on the compressive strain of the soil foundation top surface
under the action of a standard axial load (static load) under the same conditions. It can also
be seen from the figure that at any time, the compressive strain values of the soil foundation
top surface of the three types of permeable asphalt pavements are C > B > A.
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3.3.3. Influence of Shear Stress on the Bottom of Top Surface Course

It can be seen from Figure 13 that during the heating process of 12 h, the shear stress at
the bottom of the top surface course of the three types of permeable asphalt pavements is
basically consistent with the change rule of surface deflection with temperature, and there
is also an inflection point at 14:00. Between 6:00 and 14:00, the shear stress at the bottom of
the top surface course of the three pavements increases gradually, and the values of shear
stress reach a peak at 14:00. Then, the values of shear stress of the three pavements begin
to decrease between 14: 00 and 18:00. Whether under static or dynamic load, the shear
stress at the bottom of top surface course of the three pavements increases with the increase
in temperature. At the same time, the shear stress values at the bottom of the type B and
C pavements are basically equal in the whole cycle, while that of the type A pavement is
smaller than the values for the B and C pavements. This observation is consistent with the
findings of existing studies [20].
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3.3.4. Influence on Tensile Stress at Bottom of the Top Surface Course

It can be seen from Figure 14 that in the 12 h heating process, the tensile stress and
the shear stress at the bottom of top surface course of the three types of permeable asphalt
pavements are the same, which is basically consistent with the rule of the surface deflection
value changing with temperature, and the inflection point appears at 14:00. Before 14:00,
the bottom tensile stress of the three pavements increases with the increase in pavement
temperature. At 14:00, when the tensile stress at the bottom of the top surface course reaches
a peak, the tensile stress at the bottom of the top surface course of the three pavements
begins to decrease. In addition, it can be seen from Figure 14 that whether under static or
dynamic load, the values of tensile stress at the bottom of the top surface course of the A
and B pavements are basically equal in the whole cycle, while the tensile stress at the bottom
of the top surface course of the type C pavement is greater than the respective values for A
and B. In particular, the tensile stress at the bottom of the top surface course of the type C
pavement under static load is significantly greater than that under other conditions.
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3.4. Influence of Speed Change on Mechanical Properties of Permeable Asphalt Pavement
3.4.1. Influence on Road Surface Deflection

Figure 15 shows that for the three types of pavement and under the action of dynamic
load, the rule of surface deflection changes with speed is equal at the same time, regardless
of the temperature effect. When the speed is 40–60 km/h, the deflection value increases
with the increase in speed, reaches a peak at 60 km/h, and then decreases with further
increases in speed. Comparing the road surface deflection under static load at the same
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conditions, it can be seen that the peak value of road surface deflection under dynamic
load is smaller than that under static load. In addition, for the three types of pavements,
regardless of the temperature effect, the surface deflection values under the same load are
C > B > A.
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3.4.2. Influence on Compressive Strain of Top Surface of Soil Foundation

It can be seen from Figure 16 that for the three types of pavements, the variation in
compressive strain of the soil foundation top surface with speed is the same with or without
temperature effect. When the load reaches a peak value (1/2T), the top compressive strain
of the soil foundation increases from 40 km/h to 60 km/h without the temperature effect,
but the change is not obvious. The difference between the temperature effect and the
non-temperature effect condition is that there is no obvious fluctuation in the whole range
of speed. When the speed is less than 60 km/h, it has a great influence on the compressive
strain of the top surface of the soil foundation of the pavements without temperature
effect. The degree of influence decreases with the increase in speed, and the influence of
the speed change on the compressive strain of the top surface of the soil foundation of
the pavement with temperature effect is small over the whole range. In addition, under
the same conditions, the peak compressive strain of the soil foundation top surface under
dynamic load is smaller than that under static load, which is the same pattern observed for
the deflection value of the road surface.
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3.4.3. Influence of Shear Stress on the Bottom of the Top Surface Course

It can be seen from Figure 17 that with the increase in speed, the shear stress at
the bottom of the top surface course of the three types of pavements either increases or
decreases at different times. Whether the temperature effect exists or not, the changes in the
shear stress at the bottom of the top surface course of these pavements are as follows: the
shear stress values increase with increases in speed from 40 km/h to 60 km/h, decrease as
the speed increases from 60 km/h to 80 km/h, and then increase with the speed. Therefore,
whether there is temperature effect or not, the shear stress values at the bottom of the top
surface course reach a maximum at the speed of 60 km/h and fluctuate between 40 km/h
and 80 km/h.

Coatings 2024, 14, x FOR PEER REVIEW 17 of 19 
 

 

Figure 16. Influence of speed change on compressive strain of the top surface of the soil founda-
tion. 

3.4.3. Influence of Shear Stress on the BoĴom of the Top Surface Course 
It can be seen from Figure 17 that with the increase in speed, the shear stress at the 

boĴom of the top surface course of the three types of pavements either increases or de-
creases at different times. Whether the temperature effect exists or not, the changes in the 
shear stress at the boĴom of the top surface course of these pavements are as follows: the 
shear stress values increase with increases in speed from 40 km/h to 60 km/h, decrease as 
the speed increases from 60 km/h to 80 km/h, and then increase with the speed. Therefore, 
whether there is temperature effect or not, the shear stress values at the boĴom of the top 
surface course reach a maximum at the speed of 60 km/h and fluctuate between 40 km/h 
and 80 km/h. 

  
(a) No temperature effect (b) Temperature effect 

Figure 17. Influence of speed change on shear stress on the boĴom of the top surface course. 

3.4.4. Influence on Tensile Stress at the BoĴom of the Top Surface Course 
It can be seen from Figure 18 that, as for the surface deflection and the compressive 

strain of the top surface of the soil foundation, the three pavements have the same law of 
tensile stress at the boĴom of the upper layer, with or without the temperature effect, at 
the same time. Whether there is temperature effect or not, when the speed is 40–60 km/h, 
the tensile stress values at the boĴom of the top surface course increase with increases in 
speed, reaching a peak at 60 km/h, and then decrease with further increases in speed. It 
can be seen that the speed of 60 km/h is the turning point of the tensile stress peak at the 
boĴom of the entire top surface course at the peak load. In addition, under the same con-
ditions, the peak tensile stress at the boĴom of the top surface course under dynamic load 
is less than that under static load. 

Figure 17. Influence of speed change on shear stress on the bottom of the top surface course.

3.4.4. Influence on Tensile Stress at the Bottom of the Top Surface Course

It can be seen from Figure 18 that, as for the surface deflection and the compressive
strain of the top surface of the soil foundation, the three pavements have the same law of
tensile stress at the bottom of the upper layer, with or without the temperature effect, at the
same time. Whether there is temperature effect or not, when the speed is 40–60 km/h, the
tensile stress values at the bottom of the top surface course increase with increases in speed,
reaching a peak at 60 km/h, and then decrease with further increases in speed. It can be
seen that the speed of 60 km/h is the turning point of the tensile stress peak at the bottom
of the entire top surface course at the peak load. In addition, under the same conditions,
the peak tensile stress at the bottom of the top surface course under dynamic load is less
than that under static load.
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4. Conclusions

(1) Regardless of whether there is a temperature effect, the peak values of the surface
deflection, the compressive strain on the top surface of the soil base, the shear stress
at the bottom of the upper layer, and the tensile stress at the bottom of the upper
layer of the three types of permeable asphalt pavements under static load are all
fixed values. Under the action of dynamic load, they all show a semi-sinusoidal
change. The extreme value of each control index under dynamic load is about 10%
smaller than the extreme value under static load. At the same time, the extreme values
under temperature conditions are 28%–50% larger than the extreme values without
temperature conditions.

(2) During the 12 h heating process of the three types of permeable asphalt pavements,
regardless of the dynamic load or static load, the variation law of each control index
with temperature is the same as that under static load. At the same time, the surface
deflection, and the shear stress and tensile stress at the bottom of the upper layer are
basically consistent with the variation law of the surface temperature. The peak value
of each control index under dynamic load is smaller than that under static load.

(3) Here, we only consider the coupling analysis of standard axle load and solar radiation.
The influence of the water factor should be examined in follow-up studies in water–
heat–structure coupling analyses, which would allow the simulation calculation of
permeable asphalt pavements to more closely approximate reality.
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