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The new generation of pavement technology with the goal of longevity is an
important supporting technology that can promote the achievement of
sustainable development of high-speed roadways. To further investigate the
evolution trend of long-life pavement performance, this paper paved
experimental sections to explore the correlations between pavement structure
combinations and pavement performances. This paper presented four
experimental sections with different pavement structures, asphalt concrete
layer thicknesses, and pavement materials. Then, this paper analyzed the
effects of the seasonal factors, pavement structure, and lanes on the
deflection value and rut depth from three dimensions by the Pearson
correlation coefficient (PCC). Finally, this paper used the analysis of variance
(ANOVA) to analyze the relationships between the layer thickness of various
materials in the pavement structure and the pavement performances, including
the deflection value, international roughness index (IRI), texture depth (TD), British
Pendulum Number (BPN), sideway force coefficient (SFC), rut depth, and disease
area. The results showed that the seasonal factors significantly affected the
deflection values of pavement structures with PCCs of 0.61, 0.72, 0.53, and
0.78. The high temperatures increased the average deflection values by
22.85%, 72.88%, 77.61%, and 88.13%, respectively. Under the influence of high
temperature in summer and traffic loads, the increased ranges of average rut
depth were -0.2%, 4.89%, 9.56%, and 7.31%, respectively. The results of ANOVA
showed that the pavement structure type and thickness of each structural layer
significantly affected the deflection value, and there also was a strong correlation
between the pavement structure type, thickness, BPN, and SFC with p-values less
than 0.05. Increasing the thickness of the asphalt surface was beneficial for
reducing the area of defects, while laying the semi-rigid base layer was
beneficial for maintaining the deflection value and rut depth at a lower level.
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1 Introduction

Achieving durable asphalt pavements could minimize the
structural damage caused by minor pavement cracks, which
would reduce the high repair and maintenance costs. The
structure and technology of long-life asphalt pavement had
been proven to be an effective way to improve the pavement
quality and service life (Bushmeyer, 2002; Ferne, 2006; Wang and
Zhou, 2019).
calculation, finite element analysis, and other methods were

However, theoretical analysis, mechanical

commonly used in the study of pavement structure
performances (Yang et al, 2010; Martin et al, 2012; Zheng,
2014). There was a certain deviation between the calculated
results and the actual values. Therefore, it is necessary to
construct the experimental sections with the long-life
pavement structures to explore the correlation between the
pavement structure combinations and pavement performances,
and to further investigate the evolution trend of long-life
pavement performances.

The long-life pavement structures had received widespread
After

researchers conducted many meaningful research studies and

attention. continuous research and development,
achievements, especially regarding the relationships between
pavement structure combinations and pavement performances.
Xu and Sun (1996) analyzed the effects of pavement structure
combinations on the performances of asphalt pavements and
established a quantitative relationship between the pavement
structure combinations and road performances, and a
prediction model for road performance. Cui et al. (2008)
established a finite element model using the measured tire
loads and analyzed the mechanical characteristics of asphalt
showed that

increasing the thickness of the surface layer and the modulus

pavement structures. The research results

of the middle layer was very beneficial for handling the inter-
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FIGURE 1
Layer thickness and materials of the pavement structure.
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stress. Liu (2012) established four types of pavement structure
combination models using ABAQUS software and analyzed the
stress and strain distribution characteristics inside the long-life
asphalt pavement structure with a semi-rigid base under the
conditions of different axle types and vehicle speeds. Wang et al.
(2013) analyzed the structural plasticity damage of composite
pavement (continuous reinforcement concrete pavement and
asphalt concrete) and studied the laws of structural stresses
and damages under different loading conditions. The analysis
results showed that there were differences in the distribution of
structural damage along the depth range. Zhu et al. (2023)
prepared a new composite geomaterial layer for the pavement
structure with a semi-rigid base to reduce the impact of reflective
cracks and prolonged the service time of the pavement structure.
The results showed that the composite geomaterial layer
prolonged the time of crack expansion from the subgrade to
the surface layer and improved the structural life of the pavement
by 78.3% compared to the control group. To evaluate the effects
of asphalt concrete mixtures on pavement performance, seven
different flexible pavement structures were investigated using
AASHTOWare Pavement ME Design. The results manifested
that the mixture types and their positions in the structure had
profound effects on pavement performances and inter-stress
(Shakhan et al., 2023).

During the serviceable period, the performance evolution of
long-life pavement structures under environmental factors and
traffic loads had received much attention. Conducting the
experimental sections was the most effective method to
obtain the evolution law of road performances. At present,
based on the physical simulation test, full-scale loop roads,
and the accelerated loading test, scholars have
conducted research on the degradation of pavement structural

many

performance. Erlingsson (2010) conducted accelerated load tests
to study the response behavior and performance of commonly
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TABLE 1 Abbreviations for pavement structural materials.

Material Named Material Named
Stone matrix asphalt (the maximum nominal particle size is 13 mm) SMA13 Lime-fly ash-stabilized macadam LSM
Asphalt mixture (the maximum nominal particle size is 20 mm) AC20 Lime-fly ash-stabilized soil LSS
Asphalt mixture (the maximum nominal particle size is 25 mm) AC25 Improvement soil s
Asphalt mixture (densely mixed fine-grained type, the maximum nominal ACI3F Large stone porous asphalt mixes (the maximum nominal particle = LSPM25
particle size is 13 mm) size is 25 mm)

TABLE 2 Thickness of various materials in the pavement structure (mm).

Pavement Conventional asphalt LSPM AC13FA AC13FB LSS and IS Total

structure mixture thickness thickness thickness thickness thickness thickness
Type 1 335 90 75 0 0 500
Type 2 215 90 75 0 0 380
Type 3 215 90 0 75 0 380
Type 4 180 150 0 0 400 730

Multifunctional Pavement Testing Vehicle  Testing Vehicle for Side-way Force Coefficient

C

Sand Patch Test Pendulum Friction Tester

The appearance detailed view of Falling Weight Deflectometer

FIGURE 2
Appearance of the testing equipment. (A) Multifunctional pavement testing vehicle. (B) Testing vehicle for determining the sideway force coefficient.
(C) Sand patch test. (D) Pendulum friction tester. (E) Detailed view of the falling weight deflectometer.
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FIGURE 3

Marking process of the disease area. (A) Longitudinal crack. (B) Transverse crack. (C) Loosen. (D) Strip repair.

used pavement structures in Sweden. The results showed that the
actual measurement results of rutting depth could be fitted and
predicted by the Power function. In addition, the rise of
groundwater level increased the permanent deformation of
the pavement structure. Zhou studied the structural and
mechanical responses of asphalt pavement and the nonlinear
characteristics of pavement materials using full-scale tests,
material tests, and actual measurement verification. The
method for analyzing asphalt pavement structures based on

material nonlinearity was established (Zhou et al., 2018; Zhou

Frontiers in Energy Research

and Wang, 2018). Yang et al. (2021) assessed the difference in
the performances of pavement structures under conventional
loading and accelerated loading by the accelerated pavement
tests (APTs). The test results showed that the pavement would
produce deeper rutting under the same axle loading cycle in the
context of APT, forming an accelerated loading effect. Ritter
et al. (2012) analyzed and compared the structural performance
of flexible road pavements throughout the service life through
APT. The measurement results showed a significant decrease in
the structural strength of two full-scale flexible road pavements.
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The comparison of the data showed that there were significant
differences in the total decrease of structural strength and the
rate of deterioration. Chun et al. (2017) evaluated the structural
benefits of a prime coat by APT. Two full-scale field test sections
were built using different interlayer conditions between asphalt
concrete and the base layer. The experimental results indicated
that the prime coat application was beneficial for slowing down
the decay of pavement structural performance, including fatigue
cracking, top-down cracking, and subgrade rutting. Zhu S. et al.
(2023) studied the skid resistance and its evolution trend
prediction models of different asphalt mixtures using a small
accelerated loading device (MLS11). The results showed that the
dense-graded asphalt mixtures with a smaller oil-stone ratio had
better skid resistance.

From the aforementioned research, the literature showed
that many researchers have conducted extensive research on the
effects of pavement structure on performances and have
achieved many meaningful research achievements (Lee et al,
2007; Wang et al., 2022; Zhu et al., 2023). However, they only
observed a single pavement structure, used relatively single
pavement structural materials, and mainly wused the
accelerated pavement test or simulation software to explore
the relationship between the long-life pavement structure and
performances. Therefore, based on the experimental section and
the observation data, this paper will analyze the correlations
between pavement performance differences and pavement
structures, and study the effects of pavement structures,
seasonal factors, and the thickness of the structure layer on
road performances. The research results can provide theoretical
support for the design and performance prediction of long-life
pavement structures.

2 Pavement structure and materials

With the continuously growing traffic volume and vehicle axle
load, the structural damage of highway pavements is becoming
increasingly prominent. The asphalt pavement with a semi-rigid
base is the typical pavement structure in China. The practice has
proved that simply increasing the thickness and strength of the
semi-rigid base cannot meet the requirements of road performance
and service life. To explore the relationship between pavement
structures and service performances, this paper selected three
pavement structures, including the full-depth asphalt pavement
structure, composite base asphalt pavement structure, and the
semi-rigid base asphalt pavement structure, as the experimental
sections. In the full-depth asphalt pavement, the asphalt mixture was
used for all courses above the subgrade or improved subgrade and
laid directly on the prepared subgrade. Figure 1 shows the layer
thickness and materials of the four pavement structure types. Table 1
shows the abbreviation for the materials in the pavement structure.
Under the same conditions, this paper conducted experimental
sections and compared the performances of different pavement
structure types. Furthermore, the performance grade (PG)
represents the performance of asphalt. AC13F with PG76-22
show better high-temperature performance than ACI13F with
PG64-22. Table 2 shows the thickness of the materials in the
pavement structure.
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FIGURE 4

Box plots of deflection values before and after outlier handling.

(A) Deflection value before outlier handling. (B) Deflection value after
outlier handling.

3 Methods
3.1 Experimental scheme

In this study, the performance evaluation indicators of the long-
life pavement contain the deflection value, rut depth, roughness,
anti-slip ability, and disease area. The first and second performance
observations of the experimental section were conducted in spring
and summer, respectively. To explore the relationship between the
pavement structure types and pavement performances, we collected
three research works based on the data from the experimental road
sections and some historical detection data, and three research
works were conducted.

i. This paper explores the effects of pavement structure types on

the deflection value, rut depth, skid resistance, and disease area.
Among them, the skid resistance contains the texture depth
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FIGURE 5
Deflection value of the pavement structure.

(TD), British Pendulum Number (BPN), sideway force
coefficient (SFC), and international roughness index (IRI).

ii. Then, this paper explores the correlation between the pavement
structure and pavement performances from three dimensions:
seasonal factors, pavement structure, and lanes. The Shandong
province is in the temperate monsoon climate region, and the
average temperature in the spring is 12°C-18°C and in the
summer is 28°C-32°C. Therefore, this paper explores the
influence of seasonal factors on the deflection value and rut

depth.
iii. Finally, this paper analyzes the correlations between the
pavement structural layer thickness and pavement

performances using analysis of variance.

3.2 The evaluation method of road
performance

This paper uses the multifunctional pavement testing vehicle, testing
vehicle for sideway force coefficient, falling weight deflectometer, sand
patch test, and pendulum friction tester to evaluate the performances of
the experimental sections. Figure 2 shows the appearance and details of
the testing equipment. According to T0974, T0935, and T0975 of the
Field Test Methods of Highway Subgrade and Pavement (JTG 3450-
2019) (Research institute of highway ministry of transport, 2019), the
multifunctional pavement testing vehicle measured the roughness, rut
depth, and disease area of the road surface. Based on T0961, T0964, and
T0965 of the Field Test Methods of Highway Subgrade and Pavement
(TG 3450-2019), the skid resistance performances, including TD, BPN,
and SFC, were appraised with the sand patch test, pendulum friction
tester, and testing vehicle for determining the sideway force coefficient.
Following T0953, this paper utilized the falling weight deflectometer to
measure the deflection value of the pavement structure. For the
roughness, rut depth, BPN, and disease area of the road surface, five
parallel tests were conducted under the same test condition. For others,
three parallel tests were conducted.

Frontiers in Energy Research

3.3 Research methods for pavement surface
damage

To quantitatively appraise the grade of pavement surface
diseases, this paper calculated the areas of transverse cracks,
longitudinal cracks, loosens, and strip repair on the pavement
surface. The calculation steps for the disease area were as follows:
i. the multifunctional pavement testing vehicle collected the image
information on the pavement surface. ii. Using the square grid
(0.1 m x 0.1 m), the diseased areas in the image were marked. iii. The
software program automatically calculated the number of squares to
obtain the disease areas. Figure 3 shows the effect of automatic
disease labeling.

3.4 Interquartile range method

The interquartile range (IQR) is a method in descriptive
statistics to determine the difference between the third quartile
(Q;) and the first quartile (Q;). The IQR is usually used to
construct a box plot and provide a brief graphical overview of
the probability distribution. IQR of the box plot is often used to
filter the outliers in the data, providing a standard for identifying the
outliers. The outliers are often defined as values less than Q,-1.5IQR
or greater than Q;+1.5IQR. The interquartile range (IQR) represents
the difference between Qz and Q.

3.5 Analysis of variance (ANOVA)

Analysis of variance (ANOVA) is used to measure the
significance of differences in the mean values of two or more
samples. The calculation steps for ANOVA are as follows:

i. Establishing hypothesis testing, Hy:

multiple sample

populations with equal mean values, meaning that the
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Frequency histogram of deflection value by season and road structure. (A) Frequency histogram of deflection value by season. (B) Deflection value
by season and road structure (type 1). (C) Deflection value by season and road structure (type 2). (D) Deflection value by season and road structure (type 3).

(E) Deflection value by season and road structure (type 4).

independent variable significantly affects the dependent
variable. H;: multiple sample populations with unequal or
incomplete mean values, indicating the weak correlation
between the independent variable and the dependent
variable. The inspection level was 0.05 («).

ii. Calculating the F-value of the test statistic; Eqs 1-7 show the

calculation process of F.

iii. Determining the p-value, providing the significance level, and
making the decisions. At the level of significance (« = 0.05) and
confidence interval (95%), the probability value (P) was
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TABLE 3 Descriptive statistics of deflection value by season and road structure.

10.3389/fenrg.2023.1295404

Season and road structure  Number Mean (0.01 mm) Std Minimum (0.01 mm) Maximum (0.01 mm) Median (0.01 mm)
Type 1-Spring 171 5.12 0.69 | 3.4 6.8 5.1

Type 1-Summer 173 6.29 095 4.0 8.8 6.3

Type 2-Spring 157 4.24 1.03 | 1.4 6.7 4.1

Type 2-Summer 156 7.33 1.55 | 3.6 11.7 7.2

Type 3-Spring 183 6.12 0.87 | 3.8 8.6 59

Type 3-Summer 189 10.87 157 | 72 14.2 10.7

Type 4-Spring 175 4.55 0.51 | 34 59 4.6

Type 4-Summer 170 8.56 0.85 | 6.6 10.5 8.6

obtained. If p > 0.05, Hp was accepted, and If P < 0.05, H; was
accepted (Liu et al., 2009; Research institute of highway ministry
of transport, 2019; Ye et al., 2021; Liu and Jia, 2023; Rosopa and
King, 2023).

k _ _
ssy=Y. (% - %) (1)
k n S S \2

85, = Zj:lZi:lnj(Xij B Xj) ’ 2)

SSw
MS, = 2>, 3
af. ©

SSs
MSp =——, 4
Ss fs (4)
dfy=k-1, (5)
dfu=m-l+m-1+..+m-1=N-k, (6)

_ MSy _ SSg/dfs
T MS,  SS./dfu

In this study, the independent variables include the
thicknesses of the conventional asphalt mixture (AM), LSPM,
AC13FA, AC13FB, LSS, IS, and total thickness. The deflection
value, IRI, TD, BPN, SEC, rut depth, and disease area are the
dependent variables.

3.6 Pearson correlation coefficient

The Pearson correlation coefficient, a commonly used statistical
method, can assess the strength and direction of the linear relationship
between two variables. Its value range is between -1 and I,
where —1 represents a perfect negative correlation, 1 represents a
perfect positive correlation, and 0 represents no correlation. The
Pearson correlation coefficient can be calculated based on the
covariance and standard deviation of two variables, as shown in Eq.
8. The Pearson correlation coefficient is the product of the covariance of
two variables divided by their respective standard deviations, resulting in
a low sensitivity of the Pearson correlation coefficient to variable scales.
Therefore, it can be used for correlation analysis between variables at

different scales.
1 Z X,‘—X Yi_?
= — || — 8
(50 ®
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4 Results and discussion

4.1 Relationship between the pavement
structure and deflection values

To investigate the impact of seasonal factors on the bearing
capacity of pavement structures, the deflection values for the four
pavement structure types were collected in both spring and summer,
and data analysis was conducted. To ensure comprehensive analysis,
three dimensions were selected: overall analysis, analysis based on
both the season and road structure, and analysis based on the season,
road structure, and lane. Figure 4A shows the box plot of the
deflection values for the four types. Data preprocessing, the
removal of missing values and outliers, was performed on the
collected deflection values. The outliers were handled using the
interquartile range method. Considering the differences in the
bearing capacity of different pavement structures, outlier
handling was performed based on the seasonal and road
structural dimensions. Figure 4B shows the box plot after the
outlier handling process.

The pavement structure affected the deflection value of the
pavement structure. Figure 5 shows the average deflection value
of each pavement structure. The type 4 and type 2 pavement
structures have lower deflection values, indicating that the semi-
rigid base and asphalt mixtures with the lower performance grade
(PG) can improve the strength and bearing capacity of pavement
structures. In addition, the pavement structure (type 1) has the
largest thickness of the asphalt mixture, and the asphalt mixture with
viscoelastic properties cannot provide relatively high strength and
bearing capacity for pavement structures. The asphalt mixtures with
the higher PG cannot provide sufficient bearing capacity for the type
3 pavement structure.

Frequency histograms of the deflection values were plotted
for the three data dimensions, as shown in Figures 6, 7. The
deflection values were divided into intervals of 0.5, and the
descriptive statistics, such as sample size, mean, standard
deviation, minimum value, maximum value, and median, were
calculated using statistical methods. The results are shown in
Table 3. Based on Figure 6 and Table 3, it can be observed that the
deflection values of the four pavement structures varied with the
seasons and had higher values in summer than in spring. In terms
of the deflection value distribution, the values in summer are
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TABLE 4 Descriptive statistics of deflection value by season and road structure.

Season, road structure, and Number Minimum Maximum

lane (0.01 mm) (0.01 mm)

Type 1-Lane 1-Spring 84 5.20 073 3.7 6.8 5.20
Type 1-Lane 1-Summer 86 6.68 084 40 8.8 6.60
Type 1-Lane 2-Spring 87 5.05 0.64 34 6.7 5.00
Type 1-Lane 2-Summer 87 5.92 090 4.1 7.9 5.90
Type 2-Lane 1-Spring 78 4.64 101 22 6.7 4.55
Type 2-Lane 1-Summer 77 8.24 144 4.6 11.7 8.10
Type 2-Lane 2-Spring 79 3.85 0.89 14 6.4 3.70
Type 2-Lane 2-Summer 79 6.44 1.08 3.6 9.5 6.40
Type 3-Lane 1-Spring 89 6.44 088 4.1 8.6 6.40
Type 3-Lane 1-Summer 96 11.24 152 72 13.5 11.70
Type 3-Lane 2-Spring 94 5.82 0.74 3.8 8.0 5.70
Type 3-Lane 2-Summer 93 10.48 1.53 83 142 10.20
Type 4-Lane 1-Spring 86 4.76 048 34 5.9 4.80
Type 4-Lane 1-Summer 89 8.83 069 75 10.7 8.70
Type 4-Lane 2-Spring 89 4.34 046 34 5.5 4.30
Type 1-Lane 1-Spring 86 8.39 1.04 6.6 10.8 8.25

TABLE 5 Correlation of deflection value by different dimensions.

Dimension Pearson correlation coefficient p-value
Season Spring and summer 0.66 0.00
Season and road structure Type 1-Spring and summer 0.22 0.00
Type 2-Spring and summer 0.83 0.00
Type 3-Spring and summer 0.76 0.00
Type 4-Spring and summer 0.35 0.00
Season, road structure, and lane Type 1-Lane 1-Spring and summer 0.35 0.00
Type 1-Lane 2-Spring and summer 0.05 0.62
Type 2-Lane 1-Spring and summer 0.83 0.00
Type 2-Lane 2-Spring and summer 0.78 0.00
Type 3-Lane 1-Spring and summer 0.85 0.00
Type 3-Lane 2-Spring and summer 0.64 0.00
Type 4-Lane 1-Spring and summer 0.41 0.00
Type 4-Lane 2-Spring and summer 0.24 0.03

more dispersed compared to the values in spring, which is due to
the higher temperature in summer. The viscosity of the asphalt
concrete surface layer with the viscoelastic properties increases
under high temperatures, resulting in an increase in the
deflection value. Among them, the seasonal factor has the least
impact on the deflection values of the type 1 structure, and the

Frontiers in Energy Research

type 1 structure shows smaller distribution dispersion in both
spring and summer. The thickness of the asphalt concrete layer in
the type 1 structure is the largest. Owing to the same thermal
conductivity coefficient (Jiao et al., 2020; Jia et al., 2023; Liu et al.,
2023), the heat on the road surface continues to transmit
downward, and the overall heat of the road structure is
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TABLE 6 Difference in average values of the deflection value under different
seasons, pavement structures, and lanes.

Season, road structure, and lane Difference in average value

Spring and summer 3.30
Type 1-Spring and summer 1.17
Type 2-Spring and summer 4.02
Type 3-Spring and summer 4.79
Type 4-Spring and summer 2.10
Type 1-Lane 1-Spring and summer 1.47
Type 1-Lane 2-Spring and summer 0.88
Type 2-Lane 1-Spring and summer 4.00
Type 2-Lane 2-Spring and summer 4.04
Type 3-Lane 1-Spring and summer 4.90
Type 3-Lane 2-Spring and summer 4.69
Type 4-Lane 1-Spring and summer 2.63
Type 4-Lane 2-Spring and summer 1.59

relatively low. Therefore, the effect of high temperature on the
deflection value is relatively small. The asphalt concrete layer of
other pavement structures is relatively thin, and the thermal
conductivity coefficient of the asphalt concrete layer is different
from that of other structural layers. The heat on the road surface
is maintained at a high level due to the inability to effectively
transfer it downward. Therefore, the high
significantly affects the deflection values of the type 2, 3, and
4 pavement structures. Furthermore, the type 4 structure shows

temperature

smaller distribution dispersion in both spring and summer. This
may be because the cement-stabilized crushed stone mixture has
a larger layer thickness and high stiffness, and is less influenced
by the temperature in the type 4 pavement structure. Although
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the properties of asphalt concrete are greatly influenced by
temperature, their thinner thickness cannot change the overall
stiffness characteristics of the pavement structure; therefore, the
data on the deflection value in the type 4 pavement structure are
relatively stable.

To further quantify the correlation of deflection values with
seasonal changes, a correlation analysis was conducted. Tables 4,
5 show the Pearson correlation coefficients and significance levels
(p-values). It indicates that the seasonal factors can affect the
deflection value of the pavement structure, ignoring the influence
of the different pavement structures. Table 5 shows that the type
2 and type 3 pavement structures have a strong correlation
between deflection values in spring and summer, while the
correlation between deflection values of the type 1 and type
4 pavement structures in spring and summer is weak. This
may be because the type 3 structures contain a thicker asphalt
concrete layer, while the type 4 structure contains a semi-rigid
base with high stiffness.

Figure 7 shows the frequency histogram of the deflection value
by season, road structure, and lane. Table 5 shows the correlation of
deflection values under the conditions of different pavement
structures, seasons, and lanes. The type 2 and type 3 pavement
structures have a strong correlation between deflection values in
spring and summer, and changing lanes will not change this
conclusion.

Furthermore, this paper calculated the differences in the
average values of the deflection value under different seasons,
pavement structures, and lanes to further explore the differences
in the bearing capacity of the four pavement structures. Under
the influence of high temperatures in summer and traffic loads,
the comparison of the average deflection values of different
pavement structures is shown in Table 6. It indicated that for
the type 3 structure, the difference between the deflection values
in summer and spring was the largest, followed by the type
2 structure, and the smallest value was for the type
1 structure. This means that the bearing capacity of pavement
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Development trend of rutting depth in the pavement structure. (A) Lane 1. (B) Lane 2.
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structures with a thicker asphalt concrete layer is easily affected
by the high temperature in summer.

4.2 Relationship between the pavement
structure and rut depth

Figure 8 shows the development trend of the rut depth in the
pavement structure. For lane 1, the pavement structure could not
affect the rut depth. For lane 2, the pavement structure could affect
the rut depth. The main vehicle types for lane 2 and lane 1 are heavy
vehicles and light vehicles, respectively. On the whole, the type
4 structure has the smallest rut depth, and the type 2 structure has
the largest rut depth.

To investigate the seasonal impact on the rut depth, the data on
the rut depth for the four pavement structures were collected during
the spring and summer seasons. The data analysis was conducted
using the same three dimensions as the analysis of the deflection
values. In terms of data preprocessing, the same method that was
used for preprocessing the deflection values was employed. The box
plots before and after preprocessing are shown in Figure 8.

Figure 9 shows the frequency histograms of rut depth for the
three data dimensions. The rut depth was divided into intervals of
0.5, and the descriptive statistics, such as the sample size, mean,
standard deviation, minimum value, maximum value, and median,
were calculated using statistical methods. The results are presented
in Table 7.

Figure 10 and Tables 7, 8 show that the rut depth of the
pavement structure undergoes slight changes after the effects
of high temperatures in summer and traffic loads. The rut depth
in summer is slightly higher than that in spring, which can be
attributed to the longer cycle of rut formation. To further
quantify the correlation between the rut depth and seasonal
variations, the correlation analysis was conducted using the
same three data dimensions, as mentioned previously. The
Pearson correlation coefficients and corresponding significance
levels (p-values) were used to characterize the correlation. The
results are presented in Table 9.

Table 9 shows that the overall correlation for the type
2 pavement structure is relatively strong. However, for the
individual lanes of the type 2 pavement structure, the
correlation coefficients are 0.33 and 0.31, respectively,
indicating that they have weaker correlations. This may be
attributed to the smaller sample size for individual lanes and
the smaller variations in rut depth between spring and summer
seasons. Therefore, the lane-based correlation analysis has a
higher chance of randomness, and the analysis based on the
dimensions of season and pavement structure is more reliable.
The significant difference in correlation coefficients between the
two lanes of the type 4 pavement structure also supports this
point.

Considering the correlation analysis based on the dimensions of
season and pavement structure, under the influence of high
temperatures in summer and traffic loads, the rut depth of the four
pavement structures has undergone significant changes, and seasonal
factors have an impact on the rut depth. This paper calculates the
differences in the average values of rut depth under different seasons,
pavement structures, and lanes, as shown in Table 10.
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FIGURE 9

Frequency histogram of the rut depth. (A) Box plots of the rut
depth before outlier handling. (B) Box plots of the rut depth after
outlier handling. (C) Frequency histogram of the rut depth by season.

To further explore the differences in the anti-rut ability of the
four pavement structures, this paper calculates the newly added rut
depth between spring and summer. Under the influence of high
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TABLE 7 Descriptive statistics of rut depth by season and road structure.

10.3389/fenrg.2023.1295404

Season and road structure  Number Mean (0.01 mm) Std Minimum (0.01 mm) Maximum (0.01 mm) Median (0.01 mm)
Type 1-Spring 197 4.71 0.90 | 2.40 6.90 4.81
Type 1-Summer 200 4.70 112 | 178 7.79 476
Type 2-Spring 200 491 115 | 294 7.04 492
Type 2-Summer 200 5.15 L10 | 312 7.87 5.20
Type 3-Spring 195 5.02 093 | 3.13 7.56 5.07
Type 3-Summer 196 5.50 121 | 3.06 8.72 5.45
Type 4-Spring 200 4.24 1.09 | 2.00 6.25 4.40
Type 4-Summer 200 4.55 124 | 173 7.04 4.87
A Typel B Type2
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FIGURE 10
Frequency histogram of the rut depth by season and road structure. (A) Type 1. (B) Type 2. (C) Type 3. (D) Type 4.

4.3 Relationship between the pavement
structure and skid resistance

temperatures in summer and traffic loads, the newly added rut depth
of the type 3 pavement structure is the largest, followed by that of the
type 2 pavement structure, and the smallest one is that of the type
1 pavement structure. This indicates that the type 3 pavement Figure 11 shows the TD, BPN, and SFC of the different
pavement structures. For TD and BPN, there is little difference

between lanes 1 and 2. The SFC of lane 1 is larger than that of lane 2.

structure has the best anti-rut ability, while the type 1 pavement
structure has the worst anti-rut ability.
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TABLE 8 Descriptive statistics of the rut depth by season and road structure.

Season, road structure, and Number = Mean Minimum Maximum
lane (0.01 mm) (0.01 mm) (0.01 mm)
Type 1-Lane 1-Spring 99 5.12 071 278 6.90 5.03
Type 1-Lane 1-Summer 100 5.02 1.02 276 7.79 5.03
Type 1-Lane 2-Spring 98 4.30 0.88 240 6.67 423
Type 1-Lane 2-Summer 100 4.38 113 178 7.12 4.41
Type 2-Lane 1-Spring 100 5.77 0.80  3.58 7.04 6.00
Type 2-Lane 1-Summer 100 6.00 0.74  4.66 7.87 5.82
Type 2-Lane 2-Spring 100 4.04 0.69 294 5.95 3.92
Type 2-Lane 2-Summer 100 4.30 063 312 6.15 4.16
Type 3-Lane 1-Spring 100 5.15 0.66  3.60 7.38 5.19
Type 3-Lane 1-Summer 100 5.93 0.97  3.06 8.05 6.00
Type 3-Lane 2-Spring 95 4.88 114 313 7.56 4.59
Type 3-Lane 2-Summer 96 5.05 128 333 8.72 4.72
Type 4-Lane 1-Spring 100 4.92 0.75  2.88 6.25 5.02
Type 4-Lane 1-Summer 100 5.32 0.82 197 7.04 5.43
Type 4-Lane 2-Spring 100 3.57 0.94  2.00 5.77 3.45
Type 1-Lane 1-Spring 100 3.79 111 1.73 5.77 3.86
TABLE 9 Correlation of the rut depth by different dimensions. TABLE 10 Difference in average values of the rut depth under different
seasons, pavement structures, and lanes.
Dimension Pearson
correlation Season, road structure, and Difference in the average
coefficient lane value
Season Spring and summer 0.69 0.0 Spring and summer 0.25
Season and Type 1-Spring and summer | 0.61 0.0 Type 1-Spring and summer 0.00
road structure
Type 2-Spring and summer  0.72 0.0 Type 2-Spring and summer 0.34
Type 3-Spring and summer | 0.53 0.0 Type 3-Spring and summer 0.45
Type 4-Spring and summer | 0.78 0.0 Type 4-Spring and summer 0.27
Season, road | Type 1-Lane 1-Spring and 0.47 0.00 Type 1-Lane 1-Spring and summer -0.11
structure, and = summer
lane Type 1-Lane 2-Spring and summer 0.11
Type 1-Lane 2-Spring and 0.64 0.00
summer Type 2-Lane 1-Spring and summer 0.33
Type 2-Lane 1-Spring and 0.33 0.00 Type 2-Lane 2-Spring and summer 0.35
summer
Type 3-Lane 1-Spring and summer 0.10
Type 2-Lane 2-Spring and 0.31 0.00
summer Type 3-Lane 2-Spring and summer 0.78
Type 3-Lane 1-Spring and 0.34 0.00 Type 4-Lane 1-Spring and summer 0.15
summer
Type 4-Lane 2-Spring and summer 0.32
Type 3-Lane 2-Spring and 0.62 0.00
summer
) Testing vehicle for determining the sideway force coefficient can
Type 4-Lane 1-Spring and 0.26 0.01 i . L. .
summer help detect the difference in the friction coefficients between lanes
1 and 2, but the sand patch test and pendulum friction test cannot
T 4-L; 2-Spri d 0.85 0.00 . . . . .
Slﬁ;er ane £-opring an achieve this. There are little differences in TD, BPN, and SFC among

the different pavement structures. In terms of TD, the differences
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SFC, BPN, and TD of different pavement structures. (A) SFC of different pavement structures in spring. (B) BPN of different pavement structures in
summer. (C) TD of different pavement structures in summer.

between the maximum and minimum values of the four pavement

structures are 5.1%, 12.5%, and 6.9% for lane 1, lane 2, and lane 1 + 2,
respectively. In terms of BPN, they are 15.5%, 10.9%, and 14.3%. In
terms of SFC, they are 0.8%, 7.4%, and 2.4%.

Frontiers in Energy Research

TD and BPN in spring are greater than those in summer, which
may be because of the softening of the asphalt of the pavement surface,
resulting in a slight decrease, with a decrease of less than 10% in skid
resistance ability. This means that the data comparison from the two
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FIGURE 12

Disease type and area of different pavement structures. (A)
Disease area of the pavement structure in spring and summer. (B)
Disease type and the area of pavement structure in spring.

seasons did not reveal the law of the impact of different pavement
structures on the skid resistance performance.

4.4 Relationship between the pavement
structure and disease area

The data from lane 1 are mainly used to evaluate the
relationship between the pavement structure and disease area,
IRI. Figure 12A shows the disease areas of pavement structures.
The asphalt pavement with a semi-rigid base and the asphalt
pavement with a flexible base have the largest and the smallest
disease areas, respectively. The disease area of type 3 is smaller
than that of type 2, indicating that asphalt with a larger PG can
help reduce the occurrence of pavement surface disease. In
addition, the semi-rigid base can increase the strength of the
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FIGURE 13

IRl in different seasons and its development trend. (A)
Development trend of IRl in pavement structures. (B) IRl of pavement
structures in spring and summer.

pavement structure, reduce the deflection value, and increase the
disease areas of the pavement surface. Figure 12B shows the
disease type and area of the pavement structure, indicating that
the main disease of the four pavement structures is transverse
cracks. The area of the transverse crack in type 4 is 1.7 times,
3.2 times, and 4.5 times than that of type 1, type 2, and type 3,
respectively. This may be because the semi-rigid base is prone to
fracture under the action of thermal expansion and reflect to the
asphalt mixture layer.

Figure 12A shows the diseased areas of pavement structures
in spring and summer. The diseased areas of the type 2 and
3 pavement structures have increased, while the diseased areas of
the type 1 and 4 pavement structures have slightly decreased.
With the different heat transfer coefficients of pavement
materials, the internal temperature diffusion efficiency of the
pavement structure is low, resulting in a higher temperature on
the surface of the pavement. Under the action of traffic loads,
some crack diseases have self-healed.

4.5 Relationship between the pavement
structure and IRI

Figure 13A shows the development trend of IRI in the
pavement structure. As the service life increases, the IRI
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Frequency histogram of the rut depth by season, road structure,

and lane. (A) Lane 1 of type 1. (B) Lane 2 of type 1. (C) Lane 1 of type 2.
(D) Lane 2 of type 2. (E) Lane 1 of type 3. (F) Lane 2 of type 3. (G) Lane
1 of type 4. (H) Lane 2 of type 4.

gradually increases. Overall, type 1 has the highest IRI, while
other pavement structures have relatively small differences in
IRI. Figure 14 shows that lane 1 in type 1 has the deepest rut
depth, and Figure 11 shows that there are significant differences
in the disease area between types 1, 2, and 3. It indicates that there
is a strong correlation between IRI and rut depth, while a weak
correlation with the disease area. In terms of the influence of
seasonal factors on IRI, Figure 13B shows IRI of different
pavement structures in spring and summer. The degree of
influence of seasonal factors on IRI is within 5%, indicating
that the seasonal factor has no effect on IRI.

4.6 Result of statistical analysis

Based on ANOVA, the effects of the pavement structure type
(type), the thicknesses of the conventional asphalt mixture (AM),
LSPM, AC13FA, AC13FB, LSS, IS, and pavement structure (total)
on the deflection value, IRI, TD, BPN, SFC, rut depth, and disease
area were analyzed. Table 11 shows F and p-values of ANOVA.
The results show that the pavement structure type and
thicknesses of each structure layer significantly affect the
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deflection value. There is a strong correlation between the
type, thickness (AM, LSPM, ACI3FA, LSS, and total), BPN,
and SFC (lane 2). There are weak relationships between the
type and thicknesses of each structure layer and the rut depth,
TD, SFC (lane 1), disease area, and IRI.

5 Conclusion

This paper had paved the experimental sections to research the
relationships between the pavement structures and pavement
performances containing the rut depth, TD, BPN, SFC, IR],
deflection value, and disease area. This paper also intensively
studied the effects of seasonal factors, pavement structures, and
lanes on the deflection value and rut depth by the Pearson
correlation coefficient. Finally, the correlations between the layer
thickness of various materials and pavement performance were
evaluated by ANOVA. The following are
conclusions obtained:

some research

i. The pavement structures affected the deflection value, rut
depth, and disease area of the road surface but did not relate
to BPN, TD, and SFC. The results of ANOVA showed that the
pavement structure type and thicknesses of the structural
layer affected the deflection value significantly. There was a
strong correlation between the structure type, thickness,
BPN, and SFC. There were weak relationships between the
structure type, thicknesses of each structural layer and rut
depth, TD, disease area, and IRI.

. The seasonal factors significantly affected the deflection
values and rut depth of pavement structures. The high
temperatures increased the average deflection values by
22.85%, 72.88%, 77.61%, and 88.13% for the four types,
respectively. Under the influence of high temperatures
in summer and traffic loads, the increased ranges of the
average rut depth were —0.2%, 4.89%, 9.56%, and 7.31%,
respectively.

iii. The semi-rigid base layer helped enhance the strength and
bearing capacity of the pavement structure. The pavement
structure with a semi-rigid base had a smaller deflection
value and rut depth, and the largest disease area.
iv. Increasing the thickness of the asphalt mixture was beneficial
for reducing the disease area but not for increasing
the structural strength of the pavement structure. The
pavement structure with the asphalt mixture of low PG at
the bottom layer had a smaller deflection value, rut depth, and
disease area.

The previous analysis indicated that the pavement structure
type the
performances. In complex service environments, pavement

and material thickness influenced pavement

structures underwent performance degradation due to
environmental factors and vehicle loads. In future research,
with the continuous observation of experimental sections and
accumulation of experimental data, the correlation between the

environment, traffic load, pavement structure, and pavement
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TABLE 11 Results of analysis of variance.
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Project Type AM LSPM AC13FA AC13FB LSS Total
BPN (lane 1) F 4.484 6.570 13.062 5.603 0.776 13.062 6.570
p 0.009 0.004 0.001 0.023 0.384 0.001 0.004
BPN (lane 2) F 3.643 0.543 4.107 6.530 0.854 5.854 6.543
p 0.022 0.586 0.050 0.015 0.364 0.032 0.026
Deflection value (lane 1) F 76.93 20.85 33.37 53.97 214.23 33.37 20.85
p 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Deflection value (lane 2) F 142.56 22,54 38.17 84.93 297.58 38.17 22.54
p 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Rut depth (lane 1) F 2.078 2.84 3.626 4.89 0.422 3.626 2.84
p 0.120 0.072 0.065 0.033 0.520 0.065 0.072
Rut depth (lane 2) F 0.559 0.785 1.413 0.573 0.099 1.413 0.785
p 0.645 0.464 0.242 0.454 0.755 0.242 0.464
SFC (lane 1) F 0.172 0.148 0.033 0.052 0.006 0.033 0.148
p 0.915 0.863 0.856 0.821 0.937 0.856 0.863
SFC (lane 2) F 2.904 4.254 7.512 2.231 1.033 7.512 4.254
P 0.048 0.022 0.009 0.144 0.316 0.009 0.022
TD (lane 1) F 0.129 0.192 0.103 0.138 0.011 0.103 0.192
P 0.942 0.826 0.750 0.713 0.915 0.750 0.826
TD (lane 2) F 1.367 0.591 0.681 1.042 4.015 0.681 0.591
P 0.268 0.559 0.415 0.314 0.053 0.415 0.559
Disease area F 0.996 1.388 1.902 0.008 1.627 1.902 1.388
P 0.406 0.263 0.176 0.929 0.210 0.716 0.263
IRI F 0.625 0.932 1.006 0.780 0.000 1.006 0.932
P 0.604 0.403 0.322 0.383 0.987 0.322 0.403

The meaning of bold values is that factors have an impact on the results.

performance will be deeply explored, providing a basis for the
design of long-life pavement structures.
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