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Preface to ”Temperature Reduction Technologies
Meet Asphalt Pavement: Green and Sustainability”

Temperature reduction technologies have been used worldwide over the last two decades

in asphalt pavement engineering [1,2]. The aim of these technologies is to use a lower

temperature throughout production processes without affecting the performance of asphalt materials.

Currently, different temperature reduction technologies, including warm mix asphalt, half-warm

mix asphalt and cold mix asphalt, can be used with varieties of organic/chemical additives and

foaming/emulsion techniques. The comparable ad even better overall performance properties and

durability were achieved in the temperature reduction technologies compared to the conventional

hot mix asphalt [3,4,5,6]. Significant economic, social, and environmental benefits can be achieved,

including but not restricted to energy, greenhouse gas and fume emissions reduction, and increased

field workability [1,3,7]. However, there are still several knowledge gaps to overcome. For example,

the incomplete drying of aggregates caused by the lower production temperature may ultimately

lead to serious rutting and moisture damage. These limitations hinder the mega-scale application of

temperature reduction technologies in asphalt pavement constructions [8,9].

In this respect, the aim of this collection of papers is to report recent innovative studies and

practices based on the use of temperature reduction technologies in asphalt industries. It includes

twelve original research articles from five different countries and regions: China, Finland, Germany,

Taiwan, and U.S.A., with international distribution accepted for this purpose. Various subjects related

to advanced temperature reduction technologies in bituminous materials are covered. We believe that

this Special Issue could help civil engineers and material scientists to better identify underlying views

for sustainable pavement construction.

In the paper by Gao et al. [10], the fracture properties of a cold recycled mixture (CRM)

were investigated via the designed rotary test device and Finite Element Method (FEM). It was

found that the mixed-mode fracture test method can effectively evaluate the cracking resistance of

CRM by the proposed fracture parameters, while the notch length on the initial crack angle and

the crack propagation process of the CRM are mainly related to the distribution characteristics

of its meso-structure. Jin et al. [11] experimentally evaluated the performance properties

of Cold In-Place Recycling (CIR) asphalt mixtures over a wide range of temperatures. The

results indicated that the CIR technology could significantly improve the low temperature and

fatigue cracking properties. Mechanistic–empirical (M-E) pavement design methods show that

the accompanied moisture damage accelerates the rutting and low-temperature fracture when

distressed; however, such behaviors are acceptable for low-volume roads. Yan et al. [12] attempted

using the Graphite Nanoplatelets (GNP) and/or aggregate packing technology to reduce the

asphalt materials’compaction temperatures. The results show that the combined use of these two

technologies could significantly reduce the compaction temperatures, while only optimizing the

aggregate has the least impact.

For the purpose of mitigating the urban heat island (UHI) effect, Yang et al. [13] used different

types of permeable road pavements to improve heat storage and dissipation efficiency. It was found

that a fully permeable pavement has a higher efficiency than a semi-permeable pavement and a

reasonable design depth of permeable road pavement could be 30 cm. Lai et al. [14] also worked

on porous asphalt materials; the noise reduction properties were characterized by the sound pressure

level sensors. Different mix designs showed a significant impact on the noise reduction responses;
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however, such an effect was mitigated with the increase in the wheel and decrease in the road

structure depths. In particular, this was found for the open-graded friction courses. In Wang et

al.’s [15] work, water-retentive and thermal-resistant cement (WTC) materials were developed, and

their cooling effect was experimentally evaluated. The WTC was prepared with water-retentive

material and a high aluminum refractory aggregate (RA) with porous cement concrete (PCC). The

experimental results indicated superior cooling effects, and this material has the potential to mitigate

the UHI effect under medium-traffic roads. Liu et al. [16] attempted to use numerical methods to

study the temperature field effect on the mechanical properties of conventional and cool roads with

a reflective coating. Cool pavement shows the potential to improve the rutting resistance, while only

leading to limited benefits on the fatigue properties.

The road surface functions were studied by Yu et al. [17] and Guo et al. [18]. Yu et al. [17] focused

on the effect of texturing parameters on road skid-resistance performance and driving stability. The

width of the groove group can be adjusted to balance these two requirements. The optimal width,

depth, spacing, and groove group width were defined in this study and validated by the actual

engineering construction. Guo and his co-authors [18] use a Molecular Dynamics (MD) simulation to

evaluate the adhesion properties and moisture effect between the interface of binder and aggregates.

To balance the dry adhesion and moisture resistance, the energy ratio (ER) is an option to select the

optimal SBS additive.

Fan et al. [19] evaluated the environmental benefits of low-emission mixed epoxy asphalt

pavement. Overall, better anti-fatigue and rutting properties were found in the epoxy asphalt

pavement compared to the conventional HMA, while a 30% reduction in carbon emissions was

observed. Both Wei et al. [20] and Wang et al. [21] studied the rheological response of modified

asphalt binders. Wei et al. [20] attempted to use polyphosphoric acid (PPA) as an alternative

to Styrene-Butadiene-Styrene (SBS) and Styrene-Butadiene Rubber (SBR). It was found that the

application of PPA could remarkably reduce the ratio of SBS and/or SBR; meanwhile, better

anti-aging properties were found in the PPA-modified binders. Wang et al. [21] used polyphosphates

acid and waste cooking oil (WCO) to enhance the conventional and rheological properties of asphalt

binders. It was found that different components of WCO lead to a significant improvement in the

low-temperature performance of PPA-modified binders. The solid–liquid phase change was observed

at low temperatures.
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Abstract: Cold recycled mixture (CRM) has been widely used around the world mainly because of
its good ability to resist reflection cracking. In this study, mixed-mode cracking tests were carried
out by the designed rotary test device to evaluate the cracking resistance of CRM. Through the finite
element method, the heterogeneous model of CRM based on its meso-structure was established. The
cracking process of CRM was simulated using the extended finite element method, and the influence
of different notch lengths on its anti-cracking performance was studied. The results show that the
mixed-mode fracture test method can effectively evaluate the cracking resistance of CRM by the
proposed fracture parameters. The virtual tests under three of five kinds of mixed-cracking modes
have good simulation to capture the cracking behavior of CRM. The effect of notch length on the
initial crack angle and the crack propagation process of the CRM is mainly related to the distribution
characteristics of its meso-structure. With the increase of the proportion of Mode II cracking, the
crack development path gradually deviates, and the failure elements gradually increase. At any
mixed-mode level, there is an obvious linear relationship between the peak load, fracture energy, and
the notch length.

Keywords: cold recycling mixture; mixed-mode fracture performance; fracture parameters; cracking
propagation; Arcan test

1. Introduction

Cold recycling is a kind of asphalt pavement recycling technology that has the technical
characteristics of construction under normal temperature, so it has positive significance
for resource conservation and environmental protection. As a result of its low cost and
sustainable characteristics, this technology has been widely used around the world. Usually,
reclaimed asphalt pavement (RAP), emulsion, water, additional aggregate, and additives
are mixed to form rehabilitated pavement without the application of heat [1]. The repaired
pavement can well resist the reflection cracking from underlying concrete, which is the key
to the success of cold recycled mixture (CRM) [2]. Therefore, it is necessary to understand
the cracking behavior and mechanism of CRM.

According to fracture mechanics, the cracking types of asphalt mixture can be divided
into Mode I (opening), Mode II (sliding), and their combination. The combination of both
is the mixed-mode cracking of asphalt mixture. There have been a lot of research studies
on the test methods of asphalt mixture cracking [3–7]. Most of them are focused on Mode
I cracking of asphalt mixture, and less attention is paid to Mode II cracking. Gao [8] had
designed the Arcan testing device which can simulate five levels of mixed-mode cracking
for asphalt concrete. Through a laboratory Arcan test combined with the digital image
correlation (DIC) system, the mixed-mode cracking behavior of asphalt mixture can be

1
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effectively analyzed. However, due to the time-consuming and special devices needed in
the laboratory Arcan test, the numerical simulation method is usually needed to study the
mixed-cracking behavior of materials.

A three-dimensional numerical model of asphalt mixture was established by the
discrete element method, and the fracture performance of CRM and a hot-mix asphalt
mixture was compared [9]. The cohesive zone model (CZM) of cold in-place recycling
mixture was established by the finite element method (FEM). The model has the potential
capability to obtain the fracture process of Arcan specimen [10]. However, using the CZM
model requires defining the cracking propagation path in advance, which doubtlessly
has a great influence on the prediction of asphalt mixture crack trajectory. The extended
finite element method (XFEM) has an obvious advantage in the study of fracture problems
because it does not rely on mesh generation and does not need to define the propagation
path of cracks [11]. XFEM has been used to study the crack resistance of a variety of
materials [12–14]. In order to study the mechanism of reflective cracks on an asphalt
concrete surface, the XFEM model was established, and the effects of temperature and traffic
load were considered. The effects of initial cracking lengths and inclined degrees of initial
crack on crack initiation and crack propagation were analyzed [15]. The stress distribution,
crack initiation temperature, crack opening displacement, and crack propagation path of
asphalt pavement with three different overlay thicknesses were studied [16]. Thus, the
numerical simulations of mixed-mode cracking for mixtures could be better investigated
by XFEM.

In this study, the overall objective is to analyze the mixed-mode cracking parame-
ters and cracking propagation of CRM through the combination of Arcan test and FEM.
Furthermore, the specific objectives of this paper are as follows:

(1) Obtain the fracture parameters such as peak load, fracture energy, and crack angle
using the Arcan test method to study the cracking resistance of CRM;

(2) Verify the mixed-cracking simulation result of CRM with the fracture parameters
from the laboratory Arcan test;

(3) Analyze the cracking process of CRM according to the stress distribution at different
times in the virtual test;

(4) Investigate the anti-cracking mechanism of CRM with the effect of different notch
length on mixed-cracking resistance of CRM studied by FEM.

2. Materials and Methods
2.1. Materials and Specimen Forming

In this research, CRM were all designed according to the cold in-place recycled
specification in Jiangsu Province, China [17]. The mix design results of CRM are shown
in Table 1. Portland cement (Wuxi Yangshijin Construction Material Co., Ltd., Wuxi,
China) was added at 1.5% by weight of RAP materials. In addition, 3% of mineral filler
(Lingshou Runling Mineral Products Trading Co., Ltd., Shijiazhuang, China) was added,
and the optimum moisture content was 4.3%. The square specimens of CR-20 mixture were
obtained by a rutting test. Then, the high-precision marble cutting machine was used to
cut a square surface of the specimens to obtain the Arcan specimen with a smooth surface.
The size of the Arcan specimens is 80 mm × 80 mm × 50 mm. Finally, a 40 mm notch was
cut in the center of one side of the square specimen to complete the molding of the Arcan
specimen. Furthermore, in order to achieve the application of DIC technology to obtain
the displacement data that need to be recorded during the test, speckles are formed on the
surface of the Arcan specimen by black and white spray paints.
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Table 1. Mix design results of the CR-20 mixture.

Mixtures CR-20

Optimal Asphalt Content (%) 3.5(CSS-1)

Sieve Size (mm) Passing Percent (%) Limits

26.5 100 100
19 96.7 90–100
16 92.4 -

13.2 84.3 -
9.5 70.1 60–80

4.75 50 35–65
2.36 36 20–50
1.18 22.2 -
0.6 14.5 -
0.3 8.3 3–21

0.15 6.1 -
0.075 3.7 2–8

2.2. Arcan Configuration

The Arcan testing device as shown in Figure 1, by adjusting the angle (90◦, 67.5◦, 45◦,
22.5◦, and 0◦) between the loading direction and the initial notch, the stress modes of arcan
specimens can be divided into Mode A (100% Mode I and 0% Mode II), Mode B (75%
Mode I and 25% Mode II), Mode C (50% Mode I and 50% Mode II), Mode D (25% Mode I
and 75% Mode II), and Mode E (0% Mode I and 100% Mode II), so as to simulate the stress
state of asphalt mixture under different mixed-cracking modes. The Arcan test was carried
out by a universal testing machine (Shanghai zhuozhilitian Technology Development Co.,
Ltd., Shanghai, China). The test temperature was set at −10 ◦C, and the tensile loading rate
was set at 0.5 mm/min. The Arcan test has three key parameters: peak load, crack angle,
and fracture energy. The peak load is the maximum load in the process of the Arcan test,
which reflects the cracking strength of the asphalt mixture to a certain extent. The crack
angle is the acute angle formed by the straight line connecting the crack starting point
with the crack end point and the cutting direction after the specimen is damaged. Fracture
energy is a comprehensive index to evaluate the anti-cracking performance of CRM. In
the Arcan test, the measured displacement data mainly include load line displacement
(LLD), crack mouth opening displacement (CMOD), and crack tip opening displacement
(CTOD). The fracture energies corresponding to different displacement data are Gf-LLD,
Gf-CMOD, and Gf-CTOD. The specific calculation methods of three kinds of displacement
fracture energy used in this paper are as follows:

G f−LLD =

∫
Pdu1

Alig
, (1)

G f−CMOD =

∫
Pdu2

Alig
, (2)

G f−CTOD =

∫
Pdu3

Alig
, (3)

where P is the load; Alig is the ligament area; du1, du2, and du3 are changes in LLD, CMOD,
and CTOD respectively; Gf-LLD is the fracture energy from the LLD measurement; Gf-CMOD
is the fracture energy from the CMOD measurement, and Gf-CTOD is the fracture energy
from the CTOD measurement.
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Figure 1. Arcan test configuration with five levels of mixed-mode cracking.

2.3. Numerical Simulation Method
2.3.1. Homogenization Method of Composite Materials

Since the cracking of CRM in low temperature (especially subzero temperature) is
mainly brittle, the elastic material characteristics are considered in the finite element
simulation. There are two basic methods to homogenize the elastic parameters of composite
materials: a series model (Voigt model) [18,19] and parallel model (Reuss model) [20,21].
The parallel model can ensure the deformation compatibility of each component in the
material. In addition, the homogenization method of material parameters is needed to
determine the element size. The selection of cell size was determined by moving window
technology. The images were divided into 100, 256, 400, and 625 windows. The coefficient
variation of the percentage of coarse aggregate in the window represents the uniformity of
the material within the unit size. As can be seen from Figure 2, the smaller the unit size,
the larger the coefficient variation is. Based on the representativeness of material sampling
and the accuracy requirements of numerical simulation, this study selected 400 equal parts
for element division.
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The equivalent elastic modulus and equivalent shear modulus of each element in the
parallel model are defined as follows:

{
E∗ = ∑n

i=1 CiEi
G∗ = ∑n

i=1 CiGi
, (4)
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where E* is the equivalent elastic modulus; G* is the equivalent shear modulus; Ci is the
volume fraction of the component i; Ei is the elastic modulus of the component i; and Gi is
the shear modulus of the component i.

According to the relationship between shear modulus and Poisson’s ratio, the equiva-
lent Poisson’s ratio of the element can be deduced as follows:

µ∗ =
E∗

2G∗ − 1 =
∑n

i=1 CiEi

∑n
i=1 Ci

Ei
1+µi

− 1, (5)

where µ* is the equivalent Poisson’s ratio, and µi is the Poisson’s ratio of the component i.

2.3.2. Model Building

According to the stress characteristics and the size of CRM specimen, the finite element
model of the testing device was established. The establishment of the digital model of
asphalt mixture, and its meso-structure should be considered [22]. Through the homoge-
nization method of composite materials, the heterogeneous model of CRM based on its
meso-structure was established. The continuous sectional image of CRM was obtained
by CT scanning and digital image processing technology, and the image was divided into
400 elements, as shown in Figure 3a. The volume fraction of each component (emulsified
asphalt mortar, aggregate, and voids) along the height direction of the specimen under
the area of the element was calculated first, and then, the elastic parameters were deter-
mined by the homogenization method of composite materials. In ABAQUS 6.14-2 software,
400 two-dimensional CPE4R elements were established, each element was set as a separate
section, and the calculated equivalent elastic parameters were input into the correspond-
ing element. The established heterogeneous model is shown in Figure 3b. By simulating
the initial notch with one-dimensional components without material characteristics, the
Arcan digital specimens with different notch lengths were established. Through the XFEM
method, the cracking process and mixed-mode cracking behavior of CRM under five
different types of loads were obtained. According to the experimental results of Paulino,
Kim, and Gao [7,23,24], the values of elastic parameters used in this paper are as follows:
E = 42.0 GPa, µ = 0.15 for aggregates, and E = 0.185 GPa, µ = 0.25 for emulsified asphalt
mortar. The fracture parameters for each element used in the XFEM method were obtained
by the Arcan test under Mode A cracking mode, and their values are as follows: the tensile
strength of 3.92 MPa and the fracture energy of 275 J/m2.
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3. Results and Discussion
3.1. Mixed-Mode Cracking Test Results

The load displacement curve of the CR-20 mixture is shown in Figure 4. The ordinate
axis corresponds to the tensile load, and the abscissa axis corresponds to the axial load
displacement of the Arcan specimen. To some extent, the peak load can reflect the cracking
resistance strength of CRM at a certain mixed-mode level. The fracture strength of the CR-
20 mixture is affected by the cracking mode. The peak load of the CR-20 mixture reaches
the minimum value at the mixed-mode level of Mode C, and it reaches the maximum value
at the mixed-mode level of Mode E. Therefore, the crack resistance strength of the CR-20
mixture in the Arcan test is related to the stress mode. Under the mixed-mode level of
Mode C, the peak load is the smallest and it cracks the most easily; at the mixed-mode level
of Mode E, the peak load is the largest and the most difficult to crack. It can be seen that the
fracture process of the CR-20 mixture under the five mixed-cracking modes shows certain
softening characteristics. However, the softening characteristics of different loading modes
are obviously different. The loading mode of Mode E (pure shear cracking mode) has the
maximum peak load. The corresponding fracture curve decreases fastest after the peak
load, and the characteristics of brittle fracture are the most obvious. The peak load of the
Mode D fracture curve is the second, and the descending speed after the peak load is only
next to Mode E. The fracture curve of Mode C has the minimum peak load, the decline
rate is the slowest after the peak load, and the softening process is the most obvious in
the fracture process. The peak load of the Mode B fracture curve is only greater than that
of Mode A, and the decline speed of the fracture curve after the peak load is the second
slowest. Therefore, the greater the crack resistance of CRM in a certain mixed-mode level,
the greater the possibility of brittle fracture.
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Figure 4. Load–displacement curves of CR-20 mixture in different mixed-mode levels.

Figure 5 summarizes the fracture energy of CR-20 mixture in five different mixed-
mode levels. It can be seen that the three kinds of displacement fracture energies of the
CR-20 mixture are sensitive to five kinds of mixed-mode cracking levels. In the cracking
tests, the three kinds of displacement fracture energies of the CR-20 mixture have the same
law: with the proportion of Mode I cracking reduced from 100% to 50%, the fracture energy
decreased gradually; but with the proportion of Mode I cracking decreased from 50% to 0%,
the fracture energy increased gradually. In addition, three different displacement fracture
energies can be used to study the crack resistance of CRM. In any mixed-mode level, the
order of displacement fracture energy is as follows: Gf-CMOD > Gf-LLD > Gf-CTOD. Therefore,
according to the results of Gf-CTOD, the CR-20 mixture has the best crack resistance under
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Mode A, followed by Mode E, then Mode B and Mode D. Under Mode C, the crack
resistance of the CR-20 mixture is the worst.
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Figure 5. Gf-LLD, Gf-CMOD, and Gf-CTOD of CR-20 mixture.

The corresponding fracture angles of the CR-20 mixture under different mixed-mode
levels (Mode A, Mode B, Mode C, Mode D, and Mode E) are 6◦, 15◦, 29◦, 45◦, and 50◦

respectively. It can be seen that the crack angle of CRM in the Arcan test has a clear rela-
tionship with the mixed-cracking level. With the increase of the ratio of Mode II cracking,
the crack angle of the CR-20 mixture will increase correspondingly. Therefore, according
to the corresponding relationship between the crack angle and the mixed-cracking level
in the Arcan test, the types of reflection cracking (tensile, shear, and mixed-mode) of the
actual cold recycling pavement can be determined, so as to judge the failure stress mode of
the actual pavement.

3.2. Verification of Numerical Simulation Results

Figure 6 shows the cracking results of the virtual specimen of the CR-20 mixture with
a 40 mm notch under five different mixed-mode levels. The crack angle is the acute angle
formed by the straight line connecting the crack starting point with the crack end point and
the cutting direction after the specimen is damaged. According to the simulation results,
the corresponding crack angles of the CR-20 mixture under five different mixed-mode
levels (Mode A, Mode B, Mode C, Mode D, and Mode E) are 3◦, 11◦, 23◦, 38◦, and 44◦

respectively. Compared with the laboratory test results, it can be concluded that the virtual
Arcan test has reasonable results.
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Figure 6. Virtual cracking results of the CR-20 mixture under five different mixed-mode levels.

The LLD of the Arcan test cannot directly reflect the deformation of the specimen, but
CMOD and CTOD can directly and accurately determine the deformation of the Arcan
specimen and the specific development stage of the Arcan specimen. Therefore, using
the P-CMOD curve and P-CTOD curve can better verify the accuracy of simulated results.
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Figure 7a–e shows the load–displacement curve comparing the simulated results with the
experimental results. Figure 7a corresponds to the Mode A cracking level, in which the
simulated results of the P-CTOD curve are closer to the experimental curve, and the peak
load of the Arcan test and the development trend of CTOD in the test process are close to
the experimental results. The results of the P-CMOD curve for the peak load are consistent,
but the calculation results of CMOD in the test process are different from the experimental
results. Figure 7b corresponds to the Mode B cracking level; similar to Figure 7a, the
simulated result of the P-CTOD curve is better than that of P-CMOD. The main reason
for this phenomenon is that CTOD is only affected by the deformation at the notch tip
of the Arcan digital specimen, and the factors considered are single. However, CMOD is
affected by the deformation of the notch tip and the development of cracks, so the situation
of CMOD is more complex, which leads to the deviation of CMOD results of the Arcan
virtual test larger than the tip displacement. Figure 7c corresponds to the Mode C cracking
level; the peak load result is slightly larger than the laboratory test result, and while the
corresponding CMOD and CTOD are close to the experimental result, the overall CMOD
and CTOD results are quite different from the experimental curve. Figure 7d corresponds
to the Mode D cracking level, which is similar to Figure 7a,b. The similarity of the peak
load results is the best, and the similarity between the simulated result of the P-CTOD
curve and experimental result is the highest. Figure 7e corresponds to the Mode E cracking
level; similar to Figure 7c, its peak load is greater than the experimental results, and the
values of CMOD and CTOD are quite different from the laboratory values, so it can not be
used as a substitute for a laboratory test.
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Figure 7. Comparison of simulated results and experimental results of the CR-20 mixture with 40 mm notch under five
kinds of mixed-mode levels.
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The simulated fracture energy of the Arcan specimen with a 40 mm notch under five
different mixed-mode levels was compared with the laboratory results, and the reliability
of the simulation results of the virtual test was analyzed. According to the definition and
calculation method of the Arcan test fracture energy, the results of Gf-CMOD and Gf-CTOD are
shown in Table 2. The results show that the virtual test under Mode A, Mode B, and Mode
D has good reliability, and the relative error between simulation results and laboratory
results is less than 10%. Among them, the accuracy of the virtual test results is the best
under the Mode E cracking level. The simulation results of Mode C and Mode E are quite
different from the laboratory results. Therefore, the virtual Arcan test results under the
Mode C and Mode E cracking levels cannot be used for analysis.

Table 2. Comparison between experimental fracture energies and the simulated results.

Fracture Energy
Mixed-Mode Level

Mode A Mode B Mode C Mode D Mode E

Gf-CMOD
(J/m2)

Simulated
Gf-CMOD

365 307 127 207 215

Experimental
Gf-CMOD

343 334 178 195 367

Relative error 6.41% 8.08% 28.65% 6.15% 41.42%

Gf-CTOD
(J/m2)

Simulated
Gf-CTOD

241 155 73 116 67

Experimental
Gf-CTOD

227 167 101 110 124

Relative error 6.17% 7.18% 27.72% 5.45% 45.97%

3.3. Analysis of Numerical Test Results

In order to analyze the cracking process of the CR-20 mixture, the stress distributions
at the cracking initiation, peak load, and failure moment of digital specimen were derived
from ABAQUS, as shown in Figure 8. The difference of stress distribution under the three
kinds of cracking modes is mainly concentrated on the stress value and crack tip position.
In the cracking process of three kinds of cracking modes, stress concentration exists at the
crack tip. The partial discontinuity stress gradient was due to the large difference of elastic
parameters between some adjacent elements. The peak loads of the three kinds of cracking
modes (Mode A, Mode B, and Mode D) were 885, 721, and 1035 N. The load at the initial
cracking moment was 754, 586, and 894 N, accounting for 85.2%, 81.3%, and 86.4% of the
peak load, respectively. The load at the initial cracking of Mode B accounts for the smallest
proportion of the peak load, and the load at the initial cracking of Mode D accounts for the
largest proportion of the peak load. Therefore, the Mode B cracking mode is more prone to
initial cracking.

In order to further analyze the anti-cracking performance of the CR-20 mixture under
three kinds of cracking modes (Mode A, Mode B and Mode D), a numerical Arcan test was
carried out on the digital specimens of CRM with different notch lengths (10, 20, 30 and
40 mm). The numerical results of mixed-mode cracking test with different notch lengths
are shown in Figure 9. For the Mode A cracking mode, the corresponding crack angles
of the virtual test with different notch lengths (40, 30, 20 and 10 mm) are 2.9◦, 4.6◦, 3.8◦

and 6.5◦ respectively. For the Mode B cracking mode, the corresponding crack angles
corresponding to different notch lengths are 5.7◦, 9.1◦, 18.4◦ and 33.7◦ respectively. For
the Mode D cracking mode, the crack angles corresponding to different notch lengths are
51.3◦, 45.0◦, 29.2◦ and 41.6◦ respectively. For any initial notch length, the order of crack
angle is as follows: Mode A < Mode B < Mode D. It is difficult to describe the relationship
between the crack angle and the notch length directly through the crack angle calculated
from the starting point and the crack end point, which is because the crack propagation
path is also related to the distribution characteristics of its meso-structure. In order to
further analyze the relationship between the crack angle and notch length, the initial angle
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of the mixed-mode crack is calculated. Corresponding to the different initial notch lengths
(40, 30, 20, 10 mm), the crack initiation angles in Mode A are 2.8◦, 8.3◦, 10.0◦ and 10.3◦, the
crack initiation angles in Mode B are 12.6◦, 15.4◦, 17.3◦, and 18.4◦, and the crack initiation
angles in Mode D are 40.7◦, 41.2◦, 45.3◦ and 59.5◦, respectively. It can be found that for the
three mixed-cracking modes, the initial angle of mixed-mode crack increases gradually
with the decrease of the notch length.
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Figure 10 shows the peak load results of virtual Arcan tests with different mixed-mode
levels and different notch lengths. It can be seen that for the three different mixed-mode
levels, the smaller the notch length, the greater the peak load result is. This phenomenon
shows that for the three different cracking modes, the larger the notch length, the easier it
is for the specimen to crack. For the virtual Arcan test of 20 mm, 30 mm, and 40 mm notch
length, the order of peak load of different mixed-mode levels is Mode D > Mode A > Mode
B. This is in accordance with the results of the laboratory tests. The order of peak load
under the 10 mm notch length is Mode A > Mode B > Mode D. The peak load value of the
Mode D cracking mode is the smallest among the three cracking modes under the 10 mm
notch length. This is because under the Mode D cracking mode, the crack propagation
path of the CRM specimen with the 10 mm notch length is the shortest. The results show
that the peak load of the Mode A cracking mode and the 10 mm notch length is the largest,
which verifies the previous conjecture. It shows that the peak load results of the test are
related to the crack development path of the specimen.
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Figure 10. The peak load results of the virtual Arcan test with different notch lengths and different
mixed-mode levels.

Fracture energy is a reliable and comprehensive parameter to evaluate the crack
resistance of materials [22]. Gf-CMOD and Gf-CTOD were used to further evaluate the crack
resistance of the CR-20 mixture. The Gf-CMOD and Gf-CTOD results of the virtual Arcan test
under different notch lengths and different mixed-mode levels are shown in Figure 11. It
can be found that the values of Gf-CMOD and Gf-CTOD increase with the decrease of notch
length at any mixed-mode level. The smaller the initial notch length, the greater the fracture
energy required for the failure of the CR-20 mixture under the determined mixed-cracking

11



Materials 2021, 14, 1993

mode. Under the selected initial notch length, the order of Gf-CMOD and Gf-CTOD values
is Mode A > Mode B > Mode D, which is consistent with the experimental results. It also
reflects that the fracture energy of the Arcan test is a more comprehensive evaluation index,
and it is not affected by the length of the notch to a certain extent. Among all the fracture
energy results, the fracture energy required for the Arcan specimen with an initial notch
length of 10 mm is the largest under the Mode A cracking mode. This is because the Arcan
specimen with an initial notch length of 10 mm has the longest crack development path
under the Mode A cracking mode, which also confirms the previous peak load results of
the virtual Arcan test. The fracture energy of the specimen with an initial notch length of
40 mm is the minimum at the Mode D cracking level. The fracture energy of the specimen
with an initial notch length of 40 mm is the minimum at the Mode D cracking level, which is
also related to the crack propagation path. It can be concluded that the CR-20 mixture with
a 40 mm notch length under the Mode D cracking mode is most likely to crack. Meanwhile,
under the Mode A cracking mode, the CR-20 mixture with a 10 mm notch length is the
most difficult to crack.
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Figure 11. The results of Gf-CMOD and Gf-CTOD of a virtual Arcan test with different notch length and different mixed-
cracking modes.

4. Conclusions

In this paper, the cracking resistance and cracking behavior of a CR-20 mixture under
different mixed-cracking modes were studied by the Arcan test method and FEM. The
mixed-mode cracking test of a CR-20 mixture was carried out with an Arcan testing device,
and the simulation of the Arcan test of the CR-20 mixture was carried out by FEM. The
reliability of the simulation was verified by comparing the simulation results with the
experimental results. Based on the results and analysis, the following conclusions can
be made:

1. The fracture parameters such as peak load, crack angle, and fracture energy were
obtained by Arcan tests. The order of displacement fracture energy is Gf-CMOD >
Gf-LLD > Gf-CTOD. According to the result of Gf-CTOD, the order of crack resistance of
the CR-20 mixture under five kinds of mixed-cracking modes is as follows: Mode A >
Mode E > Mode B > Mode D > Mode C.

2. The virtual Arcan configuration and two-dimensional digital specimen were set up in
the ABAQUS software by using FEM. Considering the material heterogeneity and
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combined with the XFEM cracking mechanism, the cracking behavior of the CR-20
mixture under different mixed-mode levels was studied.

3. According to the reliability of the virtual test, Mode A, Mode B, and Mode D cracking
has better simulation in five kinds of mixed-mode virtual cracking tests. Furthermore,
the relative error of the Mode D cracking mode is the smallest among the three kinds
of mixed-cracking modes.

4. With the increase of the proportion of Mode II cracking, the development path of
cracks gradually deviates, and the number of failure elements increases. In any mode
of cracking process, the stress concentration exists at the crack tip. The cracking
propagation of the CR-20 mixture is not only affected by the length of the initial notch
but also related to the distribution characteristics of its meso-structure.

5. There is a certain relationship between the initial notch length and the initial crack
angle, peak load, and fracture energy. Through two kinds of fracture energy, the
anti-cracking performance of the CR-20 mixture with different notch lengths under
different mixed-cracking modes was evaluated. The results show that the CR-20
mixture with a 10 mm initial notch length has better cracking resistance under the
pure tensile stress mode.
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Abstract: Cold in-place recycling (CIR) asphalt mixtures are an attractive eco-friendly method for
rehabilitating asphalt pavement. However, the on-site CIR asphalt mixture generally has a high air
void because of the moisture content during construction, and the moisture susceptibility is vital
for estimating the road service life. Therefore, the main purpose of this research is to characterize
the effect of moisture on the high-temperature and low-temperature performance of a CIR asphalt
mixture to predict CIR pavement distress based on a mechanistic–empirical (M-E) pavement design.
Moisture conditioning was simulated by the moisture-induced stress tester (MIST). The moisture
susceptibility performance of the CIR asphalt mixture (pre-mist and post-mist) was estimated by
a dynamic modulus test and a disk-shaped compact tension (DCT) test. In addition, the standard
solvent extraction test was used to obtain the reclaimed asphalt pavement (RAP) and CIR asphalt.
Asphalt binder performance, including higher temperature and medium temperature performance,
was evaluated by dynamic shear rheometer (DSR) equipment and low-temperature properties were
estimated by the asphalt binder cracking device (ABCD). Then the predicted pavement distresses
were estimated based on the pavement M-E design method. The experimental results revealed that
(1) DCT and dynamic modulus tests are sensitive to moisture conditioning. The dynamic modulus
decreased by 13% to 43% at various temperatures and frequencies, and the low-temperature cracking
energy decreased by 20%. (2) RAP asphalt incorporated with asphalt emulsion decreased the high-
temperature rutting resistance but improved the low-temperature anti-cracking and the fatigue
life. The M-E design results showed that the RAP incorporated with asphalt emulsion reduced the
international roughness index (IRI) and AC bottom-up fatigue predictions, while increasing the total
rutting and AC rutting predictions. The moisture damage in the CIR pavement layer also did not
significantly affect the predicted distress with low traffic volume. In summary, the implementation
of CIR technology in the project improved low-temperature cracking and fatigue performance in
the asphalt pavement. Meanwhile, the moisture damage of the CIR asphalt mixture accelerated
high-temperature rutting and low-temperature cracking, but it may be acceptable when used for
low-volume roads.

Keywords: cold in-place recycling (CIR); disk-shaped compact tension (DCT); moisture-induced
stress tester (MIST); dynamic modulus; dynamic shear rheometer (DSR); asphalt binder cracking
device (ABCD)

1. Introduction

Asphalt recycling has increased dramatically in the past several years [1,2]. The
rehabilitation of pavement also has lots of techniques, and one eco-friendly methodology
is to use a CIR asphalt mixture [3,4]. CIR is a procedure whereby the overlayer of asphalt
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pavement is milled and mixed with stabilizers like emulsified asphalt [5]. Early applications
of CIR focused on low-volume pavements [6]. Cost-effectiveness was the primary factor
for using CIR. Bradbury et al. [7] stated it was about one-third cheaper than the original
hot asphalt pavement road in Ontario. Scholz et al. [8] paved a 50 mm thick asphalt
concrete surface with CIR and saved about 40% of the total cost. Many researchers have
focused on the compaction and mixing procedure of CIR mixtures especially relating to
optimum moisture content. Anderson et al. [9] discovered that in order to obtain good
road performance, especially regarding strength and anti-cracking properties, optimum
moisture content was the key factor that affected the on-site compaction degree and even
mixing. In general, the Marshall method is always chosen to obtain the optimum moisture
content [10], but the relationship between moisture and density could also help obtain
it [11]. Curing time was also a vital factor affecting the CIR asphalt mixture, which is
typically cured in a 60 ◦C oven [12]. Woods et al. [13] implied that the criteria content of the
moisture is 1.5% based on the moisture sensors at different depths in on-site CIR overlays.

Quantitative researchers have concentrated on the performance characterization test
of the CIR asphalt mixture. Wu et al. [14] conducted asphalt concrete APA fatigue tests by
using a more traditional theoretical analysis. Marshall stability has traditionally been the
main criterion used to select design binder content for bituminous-stabilized CIR mixtures.
Yan et al. [15] stated that APA test was conducted by many researchers to estimate anti-
rutting performance, and he suggested that Marshall stability should be larger than at 6
kN at 40 ◦C. Du and Cross [16] used three types of CIR mixture (1.5% asphalt emulsion,
1.5% asphalt emulsion with hydrated lime, 1.5% asphalt emulsion with quick lime) to
test rutting performance using APA tests, and the rut depth ranged from 0.37 to 0.67 cm.
Indirect Tensile Strength has been used by many people to study CIR asphalt mixture
performance. Yan et al. [15] suggested that the peak load at 15 ◦C should be larger than
0.5 MPa. Kavussi and Modarres [17] conducted an IDT test of CIR mixtures and figured
out that the coefficient of variation is no larger than 0.1 in most cases; Thomas et al. [18]
tested two types of CIR mixture by an IDT test and by creep compliance and strength to
characterize low temperature cracking performance. Based on the above literature review,
the performance was one of the vital factors in CIR asphalt mixtures. In this study, all loose
materials used were obtained from Dickinson County Road 581, located on the Upper
Peninsula of Michigan, where the lowest temperature was below 0 ◦C for almost half a year,
indicating that low-temperature performance is important for road service. Meanwhile,
CIR performance at high temperatures is important in summertime [19,20]. A CIR asphalt
mixture commonly has higher air voids, which may cause moisture damage. Therefore, it
is necessary to investigate the CIR asphalt mixture moisture resistance.

The main purpose of this research is to characterize the effect of moisture on the
high-temperature and low-temperature performance of CIR asphalt mixture and to predict
pavement distress and deterioration based on a mechanistic–empirical pavement design.
The low-temperature cracking performance of the CIR asphalt mixture was estimated by the
DCT test. The dynamic modulus was conducted to evaluate the stress and strain response
of the CIR asphalt mixture at various temperatures and frequencies. In addition, the
Moisture-Induced Stress Tester (MIST) was used to simulate the pore pressure generated
in a wet pavement under moving traffic loading. The standard solvent extraction test
was used to obtain the reclaimed asphalt pavement (RAP) and CIR asphalt. The high-
temperature and fatigue performances were characterized by a dynamic shear rheometer
(DSR) equipment, while the low-temperature properties were investigated by the asphalt
binder cracking device (ABCD). Then the predicted pavement distresses were estimated
based on the M-E inputs.

2. Materials and Methods
2.1. Materials and Mixture Design

All the loose mixtures are obtained from Dickinson County Road 581 in Michigan,
USA. The mix design was conducted by the Superpave mix design. The RAP materials
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obtained from the milled surface asphalt pavement layer were utilized with 2.5% emulsion
content (64.8% residue content) and an additional 2% water content based on the mix design
results shown in Table 1. The average bulk specific gravity is 2.129. The gradation used in
this study is shown in Figure 1. The Superpave gyratory compactor (SGC, manufacturer:
PINE test equipment, Grove City, PA, USA) gyration time is 30 for CIR mixture in nearly
all US states [21], so the gyration time was 30 and the mass was cured at 60 ◦C for 48 h
until it was constant. The average air voids were 13%. The SGC compaction procedure was
followed the AASHTO PP 60-09 specification [22].

Table 1. Mix design for CIR asphalt mixture.

Test Parameters Test Results Specification Requirement

Emulsion Content 2.0% 2.5% 3.0% -

Optimum Water for Mixing 2.0% 2.0% 2.0% -

Bulk Specific Gravity 2.110 2.125 2.132 -

Maximum Theoretical Specific Gravity 2.443 2.440 2.436 -

Air Voids 13.6% 12.9% 12.5% -

Marshall Stability (kN) 7.80 7.16 7.28 5.56 kN min

Conditioned Marshal Stability (kN) 5.74 5.47 5.12 -

Retained Stability 74% 76% 70% 70% min

Raveling Test 1.61% 0.30% 0.19% 2% Max
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2.2. Experimental Program

This section concerns the laboratory mixture experiments, which included the mois-
ture conditioning test (MIST), the dynamic modulus test, and the low-temperature DCT test.
The laboratory binder experiments, including the standard solvent extraction test, were
used to obtain the reclaimed asphalt pavement (RAP) and CIR binder. The dynamic shear
rheometer (DSR, manufacturer: Anton Paar, North Ryde, Australia), the asphalt binder
cracking device (ABCD) test, and then the prediction pavement distress were estimated by
the M-E design. The technical flowchart is shown in Figure 2.
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2.3. Asphalt Mixture Test Program
2.3.1. Moisture Conditioning via MIST

A CIR asphalt mixture generally shows a high air void, and it causes the asphalt
mixture to be more sensitive to moisture damage [23]. Therefore, there is a need to inves-
tigate the moisture conditioning performance of the CIR asphalt mixture. The Moisture
Induced Stress Tester (MIST, manufacturer: InstroTek, Grand Rapids, MI, USA) is designed
to be a quick and logical method for testing the moisture damage susceptibility of asphalt
mixture, which is specified in ASTM D7870 [24]. The samples for the dynamic modulus
and disk-shaped compact tension tests were conditioned by MIST. It should be noted that
the moisture conditioning was set for 500 cycles at 40 ◦C for the CIR asphalt mixture. Specif-
ically, the CIR asphalt mixture without moisture conditioning was labeled as “pre-mist”,
while the CIR asphalt mixture under moisture conditioning was labeled as “post-mist”.

2.3.2. Low-Temperature Cracking Test

Dickinson County Road 581 is located on the Upper Peninsula of Michigan where
the lowest temperature was less than 0 ◦C for almost half a year, which means that low-
temperature performance is vital for road service. The DCT test is used to evaluate
the low-temperature cracking resistance of the asphalt mixture and is based on ASTM
D7313 [25], “Standard Test Method for Determining Fracture Energy of Asphalt Mixtures
Using the Disk-Shaped Compact Tension Geometry”. The test is generally used to obtain
the fracture energy, peak load, and maximum crack mouth-opening displacement (CMOD).
The DCT test temperature for the CIR asphalt mixture was −12 ◦C based on the PG level.
The test was run with a constant CMOD control mode, and the CMOD rate was 1 mm/min.
The CMOD after the peak load reflected the propagation of cracking inside the sample
during the DCT test. The specimen’s geometry for a DCT test is a cylinder with a diameter
of 150 mm and height of 45 mm. The details of the DCT test are shown in Figure 3. It
should be mentioned that at least three parallel samples were used for each test.
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2.3.3. Dynamic Modulus Test

The dynamic modulus could be used directly to reflect the stress and strain response
by specific load [26,27]. The dynamic modulus (E*) test is conducted at temperatures of
−10 ◦C, 10 ◦C, 21 ◦C, and 37 ◦C, and at loading frequencies of 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz,
10 Hz, and 25 Hz at each temperature. The UTM-100 equipment was used for this test, and
it is specified in AASHTO T342. The temperature chamber of the UTM-100 machine can
control the temperature from -15 to 60 ◦C. The diameter and height of the test specimens
were 100 mm and 150 mm, respectively. The dynamic modulus (|E*|) reflected the elastic
performance of the asphalt mixture, and the phase angle (δ) expressed the gap between the
stress and the strain. The rutting parameter (|E*|/sin δ) and fatigue parameter (|E*|·sin
δ) could reflect the rutting and fatigue properties of the two types of asphalt mixtures. The
master curve of the dynamic modulus was plotted for both the dynamic modulus of asphalt
mixture and asphalt binder. It could be used to reveal the high-temperature performance
and low-temperature performance. The details of the dynamic modulus master curve are
shown in Figure 4. The specimen’s geometry for the dynamic modulus test is a cylinder
with a diameter of 100 mm and height of 150 mm. It should be mentioned that at least
three parallel samples were used for each test.
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2.3.4. Creep Compliance

Creep compliance at low temperature could be used to reflect the thermal cracking
at the low temperature of the asphalt mixture. It is based on AASHTO T322 (2011) [28]
“Determining the Creep Compliance and Strength of Hot Mix Asphalt (HMA) Using the
Indirect Tensile Test Device”. Creep compliance would be estimated from the |E*| master
curve using the procedure developed in 1999 by S.W. Park and R.A. Shapery [29]. The
master curve of dynamic modulus |E*| could be used to characterize the linear viscoelastic
behavior of asphalt mixtures and conversion between the time and frequency domains.

2.4. Asphalt Binder Test Program
2.4.1. Standard Solvent Extraction

The properties of CIR asphalt also show significant variants compared with RAP
asphalt from the milled pavement. Therefore, there is a need to characterize the extraction
of asphalt binder properties. The automatic asphalt analyzer (manufacturer: CONTROLS
Inc., Chicago, IL, USA) was used for the washing of the CIR loose mixture (around 3.5 kg)
with trichloroethylene (TCE) solvent, ultrasonic motion, simultaneous heating, and rotation
of the drum lined with screening mesh, which is specified in ASTM D8159-19 [30]. The
solvent mix incorporated with asphalt binder was moved to the rotary evaporator device
to remove the solvents from the asphalt binder by evaporation extracts. Asphalt binder
washed out from the mixture with the Automatic Asphalt Analyzer could be separated
from the asphalt. In short, the extracted asphalt binder from the RAP loose mixture could
be written as RAP, and the extracted asphalt from the CIR loose mixture could be written
as CIR.

2.4.2. Dynamic Shear Rheometer (DSR)

The viscous and elastic property of asphalt at medium and high temperatures was char-
acterized by dynamic shear rheometer equipment, which characterized high-temperature
and fatigue performance. The high-temperature rheological properties were be conducted
at a temperature of 34, 40, 46, 52, 58, 64, 70, 76, and 82 ◦C at loading frequencies of 0.628,
6.28, 9.99, 18.8, 31.4, and 62.8 rad/s for each temperature. The intermediate temperature
was conducted at a temperature of 13, 16, 19, 22, and 25 ◦C at loading frequencies of 0.628,
6.28, 9.99, 18.8, 31.4, 62.8 rad/s for each temperature. The test procedure was based on the
AASHTO 315 specification. At least three parallel samples were used for each test.

2.4.3. Asphalt Binder Cracking Device (ABCD)

The ABCD is a new empirical test for evaluating the low-temperature cracking po-
tential of asphalt binder. The cracking temperature and cracking stress can be obtained
from the test, which is specified in AASHTO TP 92(2014) [31]. Strain and temperature are
recorded until the cracking starts. The ABCD system consists of an air-cooled environmen-
tal chamber that can automatically cool asphalt specimens at a constant rate (20 ◦C /h)
from 25 ◦C to −60 ◦C. The ABCD invar rings are equipped with an electrical-strain reading
gauge, temperature control sensor, and silicone rubber specimen molds. Typical ABCD
setup and test results are shown in Figure 5. At least three parallel samples were used for
each test.
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life was 20 years, design speed was 90 km/h, the annual average daily traffic (AADT) in 
2019 was 778, design function of the traffic volume was compound, and the number of 
lanes was 2. The traffic value, including single axle, tandem axle, tridem axle, quad axle 
distribution, was set according to the Buch research report [30]. The climate was the near 
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2.5. Pavement Distress Prediction by Pavemeεnt M-E Design Analysis

The M-E Design [29] was used to evaluate the difference in the asphalt binder perfor-
mance between the RAP and CIR asphalt, especially for the permanent deformation and
fatigue cracking. The dynamic modulus pre-mist and post-mist conditions were also used
to predict the effect of moisture damage in the CIR asphalt layer on pavement distress.
The test parameters were the following: vehicle growth rate was 0.5%, the design life was
20 years, design speed was 90 km/h, the annual average daily traffic (AADT) in 2019 was
778, design function of the traffic volume was compound, and the number of lanes was 2.
The traffic value, including single axle, tandem axle, tridem axle, quad axle distribution,
was set according to the Buch research report [30]. The climate was the near place according
to the M-E used guide recommendation. The specific calibration factor was according to
the Michigan DOT User Guide for Mechanistic–empirical Pavement Design 2020, and the
pavement structure and thickness used in this road is shown in Figure 6.
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The phase-angle master curve at the reference temperature of 21 °C between the 
pre-mist and post-mist CIR is shown in Figure 8. It was apparent that the phase angle 
increased after MIST conditioning. At lower frequencies, the phase angle increased as 
little as 0.2 degrees, while it could be 1 degree at high frequencies. The reason is that after 
MIST conditioning, the asphalt mixture displayed more viscous action under loading. 
The results from the dynamic modulus test indicated that after the moisture damage, the 
asphalt mixture experienced a decrease in modulus and an improvement in phase angle, 
which meant that the asphalt mixture was softer after the moisture damage. 
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3. Results and Discussions
3.1. Dynamic Modulus Test Results

Figure 7 shows the dynamic modulus master curve at a reference temperature of 21 ◦C
for the pre-mist and post-mist CIR asphalt mixture. It was determined that the stiffness of
all mixtures would decrease after moisture conditioning. As we all know, a lower reduced
frequency represents slow traffic speeds or high pavement temperature, and a higher
reduced frequency indicates high traffic speeds or low pavement temperature. Both the
lower and high reduced frequencies showed that a reduction in stiffness in post-mist CIR
asphalt mixture compared with the pre-mist CIR asphalt mixture.

Materials 2021, 14, 2036 8 of 20 
 

 

  
Figure 6. Demonstration of the structure and materials used in this study. 

3. Results and Discussions 
3.1. Dynamic Modulus Test Results 

Figure 7 shows the dynamic modulus master curve at a reference temperature of 21 
°C for the pre-mist and post-mist CIR asphalt mixture. It was determined that the stiff-
ness of all mixtures would decrease after moisture conditioning. As we all know, a lower 
reduced frequency represents slow traffic speeds or high pavement temperature, and a 
higher reduced frequency indicates high traffic speeds or low pavement temperature. 
Both the lower and high reduced frequencies showed that a reduction in stiffness in 
post-mist CIR asphalt mixture compared with the pre-mist CIR asphalt mixture. 

10-3 10-2 10-1 100 101 102 103 104 105 106
102

103

104  Pre-mist
 Post-mist

D
yn

am
ic

 m
od

ul
us

 (M
pa

)

Reduced frequency(Hz)
 

Figure 7. Master curve of dynamic modulus at 21 °C of pre-mist and post-mist CIR asphalt mixture. 

The phase-angle master curve at the reference temperature of 21 °C between the 
pre-mist and post-mist CIR is shown in Figure 8. It was apparent that the phase angle 
increased after MIST conditioning. At lower frequencies, the phase angle increased as 
little as 0.2 degrees, while it could be 1 degree at high frequencies. The reason is that after 
MIST conditioning, the asphalt mixture displayed more viscous action under loading. 
The results from the dynamic modulus test indicated that after the moisture damage, the 
asphalt mixture experienced a decrease in modulus and an improvement in phase angle, 
which meant that the asphalt mixture was softer after the moisture damage. 

Figure 7. Master curve of dynamic modulus at 21 ◦C of pre-mist and post-mist CIR asphalt mixture.

The phase-angle master curve at the reference temperature of 21 ◦C between the
pre-mist and post-mist CIR is shown in Figure 8. It was apparent that the phase angle
increased after MIST conditioning. At lower frequencies, the phase angle increased as
little as 0.2 degrees, while it could be 1 degree at high frequencies. The reason is that
after MIST conditioning, the asphalt mixture displayed more viscous action under loading.
The results from the dynamic modulus test indicated that after the moisture damage, the
asphalt mixture experienced a decrease in modulus and an improvement in phase angle,
which meant that the asphalt mixture was softer after the moisture damage.

22



Materials 2021, 14, 2036
Materials 2021, 14, 2036 9 of 20 
 

 

 
Figure 8. Master curve of phase angle at 21 °C of pre-mist and post-mist CIR asphalt mixture. 

The rutting index of the pre-mist and post-mist CIR mixtures at the loading fre-
quency of 10Hz is displayed in Figure 9. The rutting parameter (|E*|/sinδ) quantifies the 
rutting property of the asphalt mixture. The MIST process reduced the rutting parameter 
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atures, which was very important because at high temperatures rutting was easier to 
accumulate on the pavement. The stiffness of the asphalt mixture decreased after fiber 
modification, thus weakening the rutting resistance of the asphalt mixture. It should be 
mentioned that the high value of error bar at −10 °C may be caused by moisture frozen in 
the mixture. 
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by the dynamic modulus ratio. For CIR, this was defined by the ratio of the dynamic 

Figure 8. Master curve of phase angle at 21 ◦C of pre-mist and post-mist CIR asphalt mixture.

The rutting index of the pre-mist and post-mist CIR mixtures at the loading frequency
of 10Hz is displayed in Figure 9. The rutting parameter (|E*|/sinδ) quantifies the rutting
property of the asphalt mixture. The MIST process reduced the rutting parameter of the
mixture. For example, the rutting parameter of the asphalt mixture decreased by 13% at
−10 ◦C and by 41% at 37 ◦C. This reduction effect was significant at high temperatures,
which was very important because at high temperatures rutting was easier to accumulate
on the pavement. The stiffness of the asphalt mixture decreased after fiber modification,
thus weakening the rutting resistance of the asphalt mixture. It should be mentioned that
the high value of error bar at −10 ◦C may be caused by moisture frozen in the mixture.
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The moisture susceptibility of the pre-mist and post-mist CIR mixture was evaluated
by the dynamic modulus ratio. For CIR, this was defined by the ratio of the dynamic
modulus of pre-mist CIR mixture to that of the post-mist CIR mixture. The results of the
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various mixtures at different temperatures and frequencies are presented in Figure 10. The
lower dynamic modulus ratio values were observed with a decrease in loading frequency
and increase in temperature. The reduction in stiffness was more pronounced at lower
frequencies, and after conditioning the material experienced a decrease in stiffness at all
temperatures. These results indicated that asphalt mixtures were more affected by humidity
regulation at lower traffic speeds and higher temperatures.
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3.2. Creep Compliance

Creep compliance at low temperature was used to determine the cracking resistance
for the asphalt mixture [32,33]. Creep compliance revealed low-temperature behavior and
predicted the thermally induced cracking in asphalt pavement at low temperature in the
U.S. [34]. The results for the pre-mist and post-mist CIR mixtures, are shown in Figure 11.
The temperature increases caused the creep compliance to increase as did the duration
time increase. It is clear that the post-mist CIR showed higher creep compliance under
various temperatures and times. For example, it increased by 55% from 4.396 × 10−6 to
6.85 × 10−6. This meant that the stiffness of the post-mist CIR mixture decreased and the
low temperature cracking resistance decreased compared with the pre-mist CIR mixture.

3.3. DCT Test Results

Low-temperature cracking resistance was evaluated by the DCT test, which investi-
gated the implications of the CIR mixture on low-temperature cracking. The fracture energy
directly expressed the cracking performance of the asphalt mixture, and the mixture with
the higher fracture energy had a better low-temperature cracking property. The fracture
energy of the pre-mist and post-mist CIR mixture is displayed in Figure 12b. Pre-mist CIR
mixture showed better low temperature cracking resistance compared with the post-mist
CIR mixture. The recommended low-temperature crack resistance threshold determined by
MnDOT is 400 J/m2 [33]. The peak load of the DCT test defines the force needed to initiate
the cracking in the asphalt mixture at low temperatures. The peak load represents the
cracking propagation possibility of the asphalt mixture; an asphalt mixture with a higher
peak load was harder to crack. The peak load of the two asphalt mixtures under different
temperatures is shown in Figure 12c. The maximum CMOD represents the deformation
that occurs in the asphalt mixture during the DCT test. The asphalt mixture with a higher
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maximum CMOD had better deformation ability under low temperatures. The maximum
CMOD of the pre-mist and post-mist CIR mixture is displayed in Figure 12d. The pre-mist
CIR mixture showed better low temperature cracking resistance compared with the post-
mist CIR mixture. The results of the DCT test were consistent with the results obtained
from creep compliance.
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3.4. DSR results

The complex modulus of RAP asphalt and CIR asphalt under six frequencies at
58 ◦C were displayed in Figure 13a. RAP and CIR asphalt were extracted from the loose
materials. Asphalt extracted from the loose materials did not need any aging to simulate the
short-term and long-term performance. It was determined that the presence of emulsion
asphalt decreased the complex modulus because it made the asphalt softer compared with
RAP. Simultaneously, the complex modulus of CIR and RAP asphalt increased with as
the frequency increased. For example, the complex modulus of the RAP asphalt binder
was 20.95 kPa at 1.00 Hz, and it increased 44.97% and 464.21% to 1.59 Hz and 10.00 Hz,
respectively. The reason for this is that asphalt shows higher elastic components and
properties with the increased frequency. In contrast, a lower frequency, which represents a
longer loading time, generally causes the asphalt to display more viscous properties. This
evidence could be used to reveal the reason that rutting distress appears more easily on
longitudinal-slope asphalt pavement over long distance. An automobile would generally
be driven at low speed over a long time, thus producing low-frequency-related properties.
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Figure 13b illustrates the master curves of phase angles at 58 ◦C. As the phase an-
gle decreased, the viscous component of asphalt decreased, and the elastic component
increased. The addition of emulsified asphalt increased the phase angle of the asphalt. The
master curves of the rutting factor for RAP asphalt and CIR asphalt at 58 ◦C are shown
in Figure 13c. It is worth mentioning that low temperature corresponded to the highly
reduced frequency. It was revealed that the rutting index increased with increasingly
reduced frequency. Meanwhile, the asphalt had more elastic components and a higher
resistance to deformation under low-temperature conditions. This was consistent with the
fact that a lower temperature indicated a higher rutting coefficient and better resistance
to deformation. For example, adding emulsion to the RAP asphalt binder caused the
rutting factor value to decrease throughout the reduced frequency, which indicated that the
stiffness of the asphalt binder had been reduced compared to that of the RAP asphalt. The
master curves of fatigue factor for the two types of asphalt at the reference temperature
of 19 ◦C are presented in Figure 13d. In order to resist fatigue cracking, an asphalt binder
should be elastic (able to dissipate energy by rebounding, not cracking) but not too stiff
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(excessively stiff substances will crack rather than deform and rebound). Therefore, the
complex shear modulus viscous portion |G*|×sinδ should be minimal. It is clear that the
addition of emulsified asphalt in the RAP asphalt decreased the |G*|×sinδ value of the
asphalt, which may improve the resistance of fatigue cracking properties.
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3.5. ABCD Results

In this section, the effect of added emulsion on the low-temperature performance of the
asphalt binder was evaluated. According to AASHTO TP 92-11, the cracking temperature
was determined based on the strain jump when the fracture stress was recorded. The test
results are shown in Figure 14. It should be noted that the addition of emulsion improved
the low-temperature cracking resistance of asphalt. It not only increased the fracture stress
but also decreased the cracking temperature. For example, the cracking temperature of
CIR with the added emulsion decreased from −26.45 ◦C to −29.2 ◦C. The main reason was
that the asphalt emulsion made the CIR asphalt binder softer than the RAP asphalt binder.
Since CIR asphalt is softer than RAP asphalt, it showed a lower cracking temperature,
while RAP asphalt had higher fracture stress.
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3.6. Pavement Distress Prediction by Pavement M-E Design

A pavement M-E design was conducted to predict pavement distress [35,36]. The
climate data of the place near Dickinson County was used in this study according to the
M-E used-guide recommendation. The dynamic modulus from the asphalt mixture and
complex shear modulus from the asphalt binder was the input material property that
could be used for distress predictions. As described in the method section, the pavement
M-E design was used as the pavement distress predictor in this paper because it uses
dynamic modulus values and complex shear modulus values to obtain the master curve
for asphalt concrete layers. The dynamic modulus values of pre-mist and post-mist CIR
asphalt mixture were measured, and the complex shear modulus (extracted from the RAP
and CIR) was measured by DSR equipment used in the M-E pavement analysis. The
pavement distress prediction results were analyzed based on the dynamic modulus of CIR
(pre-mist and post-mist). The complex shear modulus of CIR asphalt was used to do the
M-E analysis.

The pavement distress prediction results of the pre-mist and post-mist CIR mixture
dynamic modulus are shown in Figure 14. It should be mentioned that the dynamic
modulus of pre-mist and post-mist CIR mixture reflected the effect of moisture damage in
the CIR pavement layer on the pavement distress predictions, The M-E input parameters of
other pavement layers (top, base, and subbase) were based on the reference value from the
report [37]. In reality, the moisture damage not only caused deterioration to the leveling
layer, but it also affected the top, base, subbase, and subgrade layers. The distress prediction
between pre-mist and post-mist CIR mixture in this study only revealed the maximum
moisture damage of the CIR layer. Rut depths of the post-mist CIR pavement layer were
0.34 inches higher compared with the pre-mist mixture, which was caused by a reduction
in stiffness. It shows an analogous trend with the rutting-factor results based on asphalt
mixture dynamic modulus results. Bottom-up fatigue cracking results of the post-mist
CIR pavement layer increased by 6% compared with the pre-mist CIR pavement layer,
which implied a similar tendency with the creep compliance and disk-shaped compact
tension test results. Furthermore, the international roughness index of the post-mist CIR
pavement layer increased by 10% compared with the pre-mist CIR pavement layer. The
results of the average dynamic modulus at pre-mist and post-mist conditions are shown in
Table 2. Overall, the moisture damage of the CIR asphalt mixture deteriorated high- and
low- temperature performance but it was acceptable when used in a low-volume road.
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Table 2. Average dynamic modulus value pre-mist and post-mist condition.

|E*| (MPa) Average Value Pre-Mist Condition

F (Hz) 0.1 0.5 1 5 10 25

T (◦C)
−10 7098.3 8737.7 9418.5 10,529.2 11,181.8 12,379.7
10 2270.4 3125.8 3572.8 4873.0 5404.6 6018.4
21 623.6 956.2 1216.3 2037.7 2505.0 2979.3
37 320.2 475.5 664.4 1047.0 1341.7 1567.5

|E*| (MPa) Average Value Post-Mist Condition

F (Hz) 0.1 0.5 1 5 10 25
T (◦C)
−10 5363.1 7020.6 7789.8 9318.7 9902.8 10,851.1
10 1773.2 2591.1 2851.7 3864.8 4347.0 4898.0
21 440.6 710.4 1015.3 1556.9 1821.7 2189.7
37 198.0 296.8 429.8 669.4 764.8 999.5

The pavement distress prediction results of RAP and CIR complex shear modulus are
shown in Figure 15. It was found that CIR asphalt increased the rut depths of the total
pavement and asphalt layer, which was caused by a reduction in stiffness. However, bottom-
up fatigue cracking results decreased by 1.34%. This showed a similar trend compared with
the rutting and fatigue factors from the DSR results. Moreover, the international roughness
index (IRI) of CIR asphalt decreased when compared with the RAP asphalt. It should be
mentioned that the results just considered the DSR data (RAP and CIR asphalt) on 12.7 cm
CIR layers difference. The input value of other layers was based on the reference value
from the report [37,38]. The DSR results of RAP and CIR used in this study are shown
in Table 3. The pavement distress prediction results were studied by the complex shear
modulus (RAP and CIR). The dynamic modulus of the pre-mist CIR asphalt mixture was
used to do the M-E analysis. In fact, the dynamic modulus of the RAP asphalt mixture
should be used for the M-E design, so the M-E results in Figure 15 did not completely
reflect the predicted distress.
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Table 3. DSR results of RAP and CIR used in this study.

Frequency @ 10 rad/s for RAP

T (◦C) |G*| (Pa) Phase Angle◦

13 30,628,000 35
25 70,84,800 46
34 3,888,633 53.6
46 621,153 62.67
58 114,973 70.4

Frequency @ 10 rad/s for CIR

T (◦C) |G*| (Pa) Phase Angle◦

13 14,437,000 36
25 56,78,100 45
34 2,281,967 57.3
46 354,476 66.7
58 68,359 73.3

The pavement distress prediction results of the RAP and CIR complex shear modulus
are shown in Figure 16. It could be founded that CIR asphalt increased the rut depths
of the total pavement and asphalt layer, which was caused by a reduction in stiffness.
However, bottom-up fatigue cracking results decreased by 1.34%. It showed a similar
trend compared with the rutting and fatigue factors from the DSR results. Moreover, the
international roughness index (IRI) of CIR asphalt decreased when compared with the RAP
asphalt. It should be mentioned that the results just considered the DSR data (RAP and
CIR asphalt) on 12.7 cm CIR layers difference. The input value of other layers was based
on the reference value from the report [36]. The pavement distress prediction results were
studied by complex shear modulus (RAP and CIR). The dynamic modulus of the pre-mist
CIR asphalt mixture was used to do the M-E analysis. In fact, the dynamic modulus of the
RAP asphalt mixture should be used for the M-E design, so the M-E results in Figure 16
could not completely reflect the prediction distress.
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Dickinson, Michigan, in July 2020. The original roadway condition is shown in Figure 
17a,b. It was poor, and the surface layer was milled before the new pavement was placed. 
The construction procedures in the field are shown in Figure 17c,d. The use of cold 
in-place recycling restored the old pavement to the desired profile, eliminated existing 
wheel ruts, restored the crown and cross slope, and eliminate potholes, irregularities, and 
rough areas. It also eliminated transverse, reflective, and longitudinal cracks. The asphalt 
emulsion was applied with the milling loose asphalt mixture, and it was placed in the 
original place as the level layer. After the CIR asphalt pavement layer was compacted, a 
new top layer was paved over it. The service condition of the road will be estimated in 
the future. 

Figure 16. Pavement predicted distresses to complex shear modulus (RAP and CIR). Note: Note: IRI
smoothness (in/mile or 0.016 m/km), Total Rut (in or 0.0254 m), AC B-U(bottom-up) cracking (%
lane area), AC Rut (in or 0.0254 m), only consider the difference of 12.7 cm CIR layers.
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4. Field Construction and Pavement Condition Assessment

A demonstration project was paved by The Dickinson County Road Commission in
Dickinson, Michigan, in July 2020. The original roadway condition is shown in Figure 17a,b.
It was poor, and the surface layer was milled before the new pavement was placed. The
construction procedures in the field are shown in Figure 17c,d. The use of cold in-place
recycling restored the old pavement to the desired profile, eliminated existing wheel ruts,
restored the crown and cross slope, and eliminate potholes, irregularities, and rough areas.
It also eliminated transverse, reflective, and longitudinal cracks. The asphalt emulsion was
applied with the milling loose asphalt mixture, and it was placed in the original place as
the level layer. After the CIR asphalt pavement layer was compacted, a new top layer was
paved over it. The service condition of the road will be estimated in the future.
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20% between pre-mist and post-mist condition. The pavement M-E results showed that 
moisture damage to the CIR layer only increased bottom-up cracking by 2.9%. The lab 
test results suggest that the performance of CIR materials may have poor performance, 
but the M-E results showed that it is possible to apply CIR materials on low traf-
fic-volume roads. 

Figure 17. Original roadway condition and construction procedure: (a) Original road condition at
northbound lane station 20+00; (b) View of the original existing roadway condition; (c) Construction
procedure of CIR layer; (d) Compaction of the CIR layer.

5. Summary and Conclusions

This study concentrated on characterizing the CIR asphalt mixture moisture suscep-
tibility performance and extraction of asphalt binder properties to predict the pavement
distress and deterioration based on a mechanistic–empirical pavement design. Asphalt
mixture moisture susceptibility performance (pre-mist and post-mist) was estimated by the
dynamic modulus test, DCT test, and asphalt-binder performance (RAP and CIR asphalt
obtained from the standard solvent extraction process). Higher-temperature and medium-
temperature performances were evaluated by DSR equipment and low-temperature prop-
erties were estimated by the ABCD. Then the M-E pavement design was conducted to
predict the pavement distress. The following conclusions are summarized from this study:

(1) The dynamic modulus test showed that the moisture condition has a significant effect
on the CIR asphalt mixture, especially with high temperature and low frequency. The
dynamic modulus of the post-mist asphalt mixture decreased 13–43% at various tem-
peratures and frequencies, but pavement M-E results showed that moisture damage
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of the CIR layer only increased AC Rut and total Rut by 0.34 inches at low traffic
volume. It showed that CIR asphalt pavement may still be used for low-volume
roads.

(2) Compliance creep, and disk-shaped compact tension test results showed that MIST
conditioning decreased the low temperature cracking resistance of the asphalt mixture,
and the low-temperature cracking energy of the CIR asphalt mixture decreased 20%
between pre-mist and post-mist condition. The pavement M-E results showed that
moisture damage to the CIR layer only increased bottom-up cracking by 2.9%. The lab
test results suggest that the performance of CIR materials may have poor performance,
but the M-E results showed that it is possible to apply CIR materials on low traffic-
volume roads.

(3) The asphalt binder that included emulsion asphalt made the asphalt softer and
increased fatigue property and low temperature cracking resistance while decreasing
rutting resistance performance.

(4) Pavement M-E analysis based on DSR results of RAP and CIR binder showed that the
asphalt binder with emulsion increased the rutting predictions while reducing the
IRI, bottom-up fatigue-cracking predictions.

In summary, the implementation of CIR technology in the project improved the low-
temperature cracking and fatigue performance in asphalt pavement. Meanwhile, the
moisture damage to the CIR asphalt mixture accelerated the high-temperature rutting
and low-temperature cracking performance, but it is possibly acceptable when used for
low-volume roads.
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Abstract: Compaction of hot mix asphalt (HMA) requires high temperatures in the range of 125 to
145 ◦C to ensure the fluidity of asphalt binder and, therefore, the workability of asphalt mixtures. The
high temperatures are associated with high energy consumption, and higher NOx emissions, and
can also accelerate the aging of asphalt binders. In previous research, the authors have developed
two approaches for improving the compactability of asphalt mixtures: (1) addition of Graphite
Nanoplatelets (GNPs), and (2) optimizing aggregate packing. This research explores the effects of
these two approaches, and the combination of them, on reducing compaction temperatures while the
production temperature is kept at the traditional levels. A reduction in compaction temperatures
is desired for prolonging the paving window, extending the hauling distance, reducing the energy
consumption for reheating, and for reducing the number of repairs and their negative environmental
and safety effects, by improving the durability of the mixtures. A Superpave asphalt mixture was
chosen as the control mixture. Three modified mixtures were designed, respectively, by (1) adding 6%
GNP by the weight of binder, (2) optimizing aggregate packing, and (3) combining the two previous
approaches. Gyratory compaction tests were performed on the four mixtures at two compaction
temperatures: 135 ◦C (the compaction temperature of the control mixture) and 95 ◦C. A method
was proposed based on the gyratory compaction to estimate the compaction temperature of the
mixtures. The results show that all the three methods increase the compactability of mixtures and
thus significantly reduce the compaction temperatures. Method 3 (combining GNP modification
and aggregate packing optimization) has the most significant effect, followed by method 1 (GNP
modification), and method 2 (aggregate packing optimization).

Keywords: temperature reduction; compaction; asphalt mixture; Graphite Nanoplatelets (GNP);
aggregate packing

1. Introduction

High temperature is required for the construction of hot mix asphalt (HMA), which
is typically 145 to 165 ◦C for producing (mixing) asphalt mixtures, and 125 to 145 ◦C for
paving and compacting. The high temperatures lower the viscosity of asphalt binders
and thus ensure the workability of asphalt mixtures [1,2]. However, high production
temperature increases the fuel consumption for heating, the emission of greenhouse gases
and pollution gases, and the aging of asphalt binders. High compaction temperature
shortens the hauling distance, the time window for compaction, and the paving season
every year [3].

The most widely used temperature reduction technology is the Warm Mix Asphalt
(WMA), which reduces the production and compaction temperatures of HMA by
20–40 ◦C [3,4]. The temperature reduction of WMA is typically achieved by one of the
following approaches: (1) the addition of organic additives, (2) the addition of chemical
additives, or (3) the foaming processes [5,6]. Organic additives are mainly waxes. They melt
below the melting point of the binder, thus reducing the viscosity of binder during mixing
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and compaction which improves the coating and workability of the mix [4]. Chemical
additives are in the form of emulsions and surfactants, which work at the microscopic
interface of the binder and aggregates to reduce the frictional forces and facilitate lubri-
cation between the binder and aggregate during mixing and compaction [7,8]. Foaming
technologies involve the introduction of small amounts of water into the asphalt binder.
The water evaporates during the mixing process with the hot binder and, therefore, the
steam remains entrapped, generating a large volume of foam. The foam causes a temporary
viscosity reduction in the mix which results in improved aggregate coating and easier
compaction of the asphalt mix at lower temperatures [5,9]. Numerous studies have shown
the benefits of WMA on mitigating the issues caused by the high mixing and compaction
temperatures [10–16].

In previous studies, the authors have developed two different approaches for im-
proving the compactability of asphalt mixtures, which are (1) the addition of Graphite
Nanoplatelets (GNPs) [17–20] and (2) the optimization of aggregate packing [21]. In these
studies, the authors demonstrated that both methods increase the compactability of asphalt
mixtures, while retaining or improving relevant mechanical properties of asphalt mixtures,
such as resistance to rutting, cracking, and fatigue [18,21]. Given the improvement in the
compactability of asphalt mixtures, it is expected that these two methods can reduce the
compaction temperature of asphalt mixtures.

The objective of this study is to explore the effects of the two methods (adding GNP
and optimizing aggregate packing) and the combination of them on reducing compaction
temperatures. It is important to note that, although the GNP modification could also lead
to a reduction of the mixing temperature, the focus of this study is only on the reduction of
compaction temperature. Therefore, the mixing temperature is maintained at the traditional
level in this study. The produced mixtures are therefore in between HMA and WMA, which
can be classified as the hot-mixed warm-compacted (HMWC) mixtures, meaning that the
mixtures are mixed at the same temperature as HMA but compacted at a lower temperature
than HMA [22]. Similar to WMA, the HMWC mixtures have shown many advantages
over HMA due to the reduction of compaction temperature, for example, (1) extending
the hauling distance (beneficial for paving at remote locations and emergency paving
after natural disasters) [22,23], (2) facilitating cold-weather paving [24], (3) extending the
paving window [25], and (4) reducing the energy consumption for reheating. Moreover,
in some cases, the mixing temperatures of mixtures are predominantly governed by the
compaction temperature and the required hauling distance and paving window [26]. Under
such circumstances, the reduction of compaction temperature helps reducing the mixing
temperature as well.

In addition, a new method is proposed to determine the compaction temperature. Most
of previous methods assume that compaction is governed by the viscosity of asphalt binder
and therefore determine the compaction temperature by the viscosity–temperature relation-
ship of asphalt binder [27,28]. For polymer-modified binders (typically non-Newtonian),
the viscosity is shear rate-dependent, so it has been argued that viscosity should be mea-
sured at the shear rate representative for compaction of asphalt mixtures. However, the
representative shear rate is still under debate [1,2,27–30]. These methods use the binder
viscosity measured by a Rotational Viscometer (RV). The Dynamic Shear Rheometer (DSR)
has also been used for measuring the binder viscosity and determining the compaction
temperature [31]. In addition to the viscosity-based methods, phase angle of asphalt binder
(measured by DSR) was also used as an index for determining compaction temperature [32];
it is assumed that the change in phase angle characterizes the solid to liquid transition
of asphalt binder. It is important to note that all these methods are based on rheological
properties (viscosity or phase angle) of asphalt binder. However, many studies have ques-
tioned this approach, since the compactability of asphalt mixtures is also dependent on
many other factors, such as binder content, lubrication of binder, aggregate gradation, and
angularity [33–35].
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In this study, a new method for determining the compaction temperature is proposed
based on characterizing the compactability of mixtures by the gyratory compaction. The
density at 30 gyrations (φ30) is selected as compactability index, since previous studies
have shown that the φ30 approximately represents the field density of the mixture [36,37].
Given the desired field density, the compaction temperature is interpolated by gyratory
compaction results at different temperatures.

The paper is structured as follows. First, the two methods for improving compactabil-
ity are introduced in Section 2. An experimental study is then performed to investigate the
effects of the two methods and their combination on reducing the compaction temperature.
The material information and experimental plan of gyratory compaction are detailed in
Section 3, and the results of gyratory compaction and the method for estimating compaction
temperatures are presented and discussed in Section 4.

2. Two Approaches for Improving Compactability
2.1. GNP Modification

The GNPs are nano-discs with a sub-micrometer diameter and a thickness on the order
of nanometer. The GNPs could be produced from either graphene or natural graphite. If
the GNPs are prepared directly from graphene, each platelet typically consists of several
layers of graphene sheets, each of which is a single layer of carbon atoms. Depending
on its type and carbon purity, the cost of GNPs can be as low as $3 per pound, which is
comparable to some existing asphalt modifiers such as the SBS.

Recent studies have shown that addition of small amount (3% to 6% by weight of the
binder) of GNPs to asphalt binder can result in 20% to 40% reduction in the compaction
effort required for achieving the target air voids, 130% increase in the flexural strength
of asphalt binders, and almost 100% increase in the fracture energy of asphalt mixtures.
Meanwhile, other mechanical properties of binders and mixtures, e.g., rutting, stiffness,
fatigue, and rheology, are not adversely affected by the GNP modification [17,18].

The physical mechanisms of GNPs on improving the compactability of asphalt mix-
tures have been investigated in the past years [19,20]. It was found that the GNP addition
increases the viscosity of the binder, which implies that the improved compactability cannot
be attributed to the viscosity of asphalt binder. A tribological test was developed measuring
the lubricating effect of binder between rough surfaces [19]. The test fixture is shown in
Figure 1. As shown in Figure 1a, the tribological test fixture is developed based on the
AR 2000 TA Dynamic Shear Rheometer (DSR) equipment (TA Instruments, New Castle
DE, USA). As shown in Figure 1b, the fixture contains five different components: a lower
cup, three steel plates, a steel ball, a shaft, and a ring to attach the ball to the shaft. In the
lower cup, there are three plates with an angle of 45◦ with respect to the horizontal plane
and the asphalt sample. The steel ball is attached to the shaft, which then gets attached
to the DSR head. To better simulate the surface of the aggregates, the surfaces of the ball
and the plates were roughened by immersing the ball and the plates in hydrochloric acid
(HCl) for a period of time. Hydrochloric acid corroded the surfaces of the parts and made
them rough and looking like an orange skin. The roughness increases with the corroding
period. It was found that a corroding period of three days best simulates the roughness of
aggregate surfaces. Therefore, the corroding period was strictly controlled at three days, to
achieve consistent roughness for all the testing balls and plates. Figure 1c–f compares the
original smooth ball and plate and the ball and plate after they were roughened by the acid.
During the tribological test, the axial force was kept constant and equal to 10 N, whereas
the rotational speed was increased in logarithmic steps from 0.1 to 1433 rpm. The friction
coefficient was measured as the function of the rotational speed. The results showed that
the addition of GNPs lowers the friction coefficient between rough surfaces and therefore
explained the effect of GNPs on improving the compactability of mixtures.
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Figure 1. Tribological test fixture: (a) general view, (b) components of the fixture, (c) smooth ball,
(d) smooth plate (used), (e) rough ball, (f) rough plate.

Microscopically, it is believed that GNPs occupy the space between the asperities of
the aggregates as shown in Figure 2, which improve the lubricating effect of asphalt binders
and, thus, the compactability of asphalt mixtures.

Figure 2. Scheme of the GNP-modified asphalt film between aggregate surfaces.

2.2. Aggregate Packing Optimization

In a recent study on developing the Superpave 5 asphalt mix designs in Minnesota [21],
a method was developed to improve the compactability of asphalt mixtures by optimizing
the aggregate packing. In this method, aggregate sources are divided into the coarse and
fine aggregates. Then, the mass ratio between the coarse and fine aggregates (C/F ratio)
is adjusted to maximize the packing density of the mixture. This method is based on the
binary aggregate packing theory which shows that when mixing two aggregate sources
of different sizes, there exists an optimum C/F ratio which raises the maximum packing
density for the mixture [38–44].

One mixture from a previous study [21] is used to demonstrate this mix design method.
The mixture was originally designed as a traditional Superpave mixture (4% air voids at
Ndesign = 60) and was modified to a Superpave 5 mixture (5% air voids at Ndesign = 30)
by this method. The mixture contains five aggregate sources and two reclaimed asphalt
pavements (RAP). The aggregate gradations of the aggregate sources are plotted in Figure 3.
As shown, aggregate sources are separated into the coarse aggregates (C-1 and C-2) and
fine aggregates (F-1, F-2, and F-3) and RAP’s (R-1 and R-2).

Trial blends were designed by adjusting the C/F ratio of the aggregates while keeping
the binder content (5.6%) and the RAP contents (20% for R-1 and 10% for R-2) unchanged.
The aggregate gradations of the Trial blends are shown in Figure 4a. It is seen that as the
C/F ratio increases, the aggregate gradation changes from fine-graded to coarse-graded.
Densities of mixtures (φ) at 30 gyrations, φ30, are plotted in Figure 4b. It is seen that the
Trial 2 (C/F = 1.33) has the densest aggregate packing and thus achieves the maximum
φ30, 95.25 %Gmm, which represents a 1.08% increase compared to the original mix design.
Therefore, the aggregate gradation of the Trial 2 (C/F = 1.33) was selected for the modified
mix design.
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Figure 3. Gradation of aggregate sources. The line colors and styles indicate the type of aggregate.

(a) (b)

Figure 4. (a) Aggregate gradations of the trial blends. (b) Densities of the trial blends at 30 gyrations
in gyratory compaction. The error bar represents the difference between the two replicates.

Laboratory performance tests were conducted to compare the mechanical properties
of the modified and the original mixtures. They are the Semi-Circular Bending (SCB) [45],
Flow Number [46], and Diametral dynamic modulus [47]. Test specimens are prepared
by gyratory compaction to 30 gyrations. The average densities of the modified mixture
and the original mixture are 94.17 %Gmm and 95.25 %Gmm, respectively. The performance
test results are shown in Figure 5. It is seen that the modified mixture (Trial 2) had higher
fracture energy (at both −12 and −20 ◦C), flow number, and dynamic modulus than the
original mixture, indicating that the modified mixture would have better performance in
the field than the original mixture.
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(a) (b)

Figure 5. Performance tests results of the original and modified mixtures. (a) SCB fracture energy
and flow number results. The error bar indicates the standard error of three replicates. The arrows
indicate the corresponding axes for the data. (b) Dynamic modulus master curves where the reference
temperature is 12 ◦C.

3. Experimental Study
3.1. Materials Information

The traditional Superpave asphalt mixture mentioned in Section 2.2 was used as the
control mixture (Mix-C) in this study. Mix-C was used for the wearing course of a traffic
level 3 (20-year design Equivalent Single Axle Loads (ESAL’s) are between 1 to 3 million)
project in Minnesota in 2020. It was designed at 4% air voids with the Ndesign = 60. The
aggregate gradation of the Mix-C is shown in Figure 4a as the original gradation. More
information of the Mix-C is listed in Table 1.

Table 1. Material information of the Mix-C.

Mix ID NMAS (mm) Binder PG % AC % Virgin AC % RAP FAA (%) CAA1 (%) CAA2 (%)

Mix-C 12.5 58S-28 5.6 4.2 30 42 99 93

Note: NMAS = nominal maximum aggregate sizes, PG = performance grade, AC = asphalt content, RAP =
reclaimed asphalt pavement, FAA = fine aggregate angularity, CAA1 = coarse aggregate angularity of one
fractured surface, CAA2 = coarse aggregate angularity of two fractured surfaces.

Based on the raw materials of the Mix-C, three modified mixtures were designed by
(1) GNP modification, (2) optimizing aggregate packing, and (3) a combination of GNP
modification and optimizing aggregate packing. The first modified mixture is denoted as
Mix-GNP. It modified Mix-C by adding 6% GNPs by the weight of binder to the mixture.
The GNPs used in this study are made of a synthetic graphite material with 99.66% carbon
and 0.34% ash, characterized by an enhanced surface area equal to 250 m2/g. The same
GNPs have been used in previous studies [17–20]. In this study, the GNPs were added into
the mixture during the mixing process after aggregates and binder were thoroughly mixed
for 5 minutes by a mechanical mixer at 145 ◦C.

The second modified mixture was designed by optimizing aggregate packing. Details
of this approach is described in Section 2.2. This modified mixture is denoted as Mix-Agg.
The aggregate gradation of Mix-Agg is shown in Figure 3a as that of the Trial 2. Other
properties of Mix-Agg are the same as Mix-C as listed in Table 1.

The third modified mixture was designed by combining the two former approaches.
It contains 6% GNPs while it has the optimized aggregate gradation of the Mix-Agg. This
modified mixture is denoted as Mix-GNP&Agg.
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3.2. Experimental Plan

Laboratory gyratory compaction tests (AASHTO T312) [48] were performed for the
four mixtures to 100 gyrations at two compaction temperatures: 135 ◦C and 95 ◦C. The
135 ◦C was chosen since it is the recommended compaction temperature for Mix-C. Since the
focus of this study is on the reduction of compaction temperature, the mixing temperature
was kept constant at 145 ◦C for all mixtures. For each mixture, two samples were compacted.
Based on the gyratory compaction results at the two reference temperatures, the compaction
temperatures of the modified mixtures are estimated by the direct characterization of the
compactability of mixtures by gyratory compaction.

4. Results and Discussion
4.1. Gyratory Compaction Results

The gyratory compaction curves of the four mixtures at the two compaction tempera-
tures (135 ◦C and 95 ◦C) are shown in Figure 6. The compaction curves show the average
of two replicates, while the error bars show the differences between the two replicates. It is
seen that the three modified mixtures have higher compactability than the control mixture
(Mix-C) at both compaction temperatures. Among the modified mixtures, Mix-GNP&Agg
is the most compactable, followed by Mix-GNP and Mix-Agg. The compaction curves of
Mix-GNP and Mix-Agg are very close to each other at both temperatures, but it is seen
that Mix-GNP is slightly more compactable than Mix-Agg at the starting phase of gyratory
compaction while Mix-GNP is surpassed by Mix-Agg at the later phase of gyratory com-
paction. It is also noticed that the variability of compaction curves is higher at 95 ◦C than at
135 ◦C, which indicates that lower compaction temperature may increase the variability of
field density.

Figure 6. Gyratory compaction results at (a) 135 ◦C and (b) 95 ◦C.

Previous studies have shown that the field compaction effort of current asphalt pave-
ment projects is approximately equivalent to 30 gyrations in the gyratory compaction [36,37].
Therefore, we use the density of mixtures at 30 gyrations, φ30, to characterize the com-
pactability of the mixture. The higher the φ30, the more compactable the mixture is. The
results of φ30 for the four mixtures at the two temperatures are shown in Figure 7, where
the heights of the bars show the average φ30 of the two replicates, and the error bars show
the difference of φ30 between the two replicates.
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Figure 7. Bar chart of φ30 at the two compaction temperatures.

As shown in Figure 7, as expected, it is seen that mixtures are more compactable at
135 ◦C than at 95 ◦C, which can be attributed to the lower viscosity of binder at higher
temperatures. The comparison between φ30 at 135 ◦C and 95 ◦C shows that the effect of
temperature on compactability is more significant for the control mixture (Mix-C) than the
modified mixtures. Moreover, it is seen again that the variability of compactability is higher
at the lower compaction temperature.

Another way to evaluate the compactability of mixtures is by the corresponding
number of gyrations needed for achieving a certain density level. In this study, two density
levels are of particular interest: (1) the average field density of the control mixture (Mix-
C) and (2) the required field density level of the Superpave 5 mix design. The average
field density of the Mix-C was 93.9 %Gmm, which was obtained from the quality control
and quality assurance (QC/QA) data of the project. The required field density level of
Superpave 5 mixtures is 95 %Gmm, which is about 1–2% increase compared with the
traditional Superpave mixtures [21,49]. Based on the gyratory compaction results, the
numbers of gyrations needed for achieving the two density levels were calculated. An
example of such procedure is shown in Figure 8 for Mix-C. The results of all mixtures are
shown in Figure 9, where the heights of the bars show the average equivalent number of
gyrations of the two replicates, and the error bars show the difference of equivalent number
of gyrations between the two replicates.

Figure 8. Calculation of the number of gyrations needed for achieving the two density levels
for Mix-C.
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(a) (b)

Figure 9. The numbers of gyrations needed for achieving the two density levels: (a) 93.9 %Gmm and
(b) 95 %Gmm.

As shown in Figure 9a , for achieving the average field density (93.9 %Gmm), Mix-C
needs 28 gyrations at the recommended compaction temperature (135 ◦C), which is consis-
tent with previous studies [36,37], showing that the field compaction effort is approximately
equivalent to 30 gyrations in gyratory compaction. Because of the improved compactability,
the modified mixtures achieved 93.9 %Gmm at much lower compaction effort at 135 ◦C,
which are 20, 20, and 18 gyrations for Mix-GNP, Mix-Agg, and Mix-GNP&Agg, respectively.
At the lower compaction temperature (95 ◦C), due to the increase in binder viscosity, more
compaction effort is needed than at 135 ◦C. The increase in number of gyrations is the
most significant for Mix-C, which increased by 64% (from 28 to 46), while for the modified
mixtures, such increase becomes less significant. It is important to note that, even at the
lower compaction temperature 95 ◦C, all the modified mixtures need less compaction effort
(25, 26, and 20 gyrations for Mix-GNP, Mix-Agg, and Mix-GNP&Agg, respectively) than
the original compaction effort of Mix-C at 135 ◦C (28 gyrations), which implies that the
improved compactability of the modified mixtures would enable them to be compacted at
lower temperatures than 95 ◦C for achieving the density level of 93.9 %Gmm. More details
about the estimation of compaction temperatures will be discussed in Section 4.2.

Figure 9b shows the numbers of gyrations needed for achieving 95 %Gmm, the density
required by the Superpave 5 mix design. Similarly, it is seen that more compaction effort
is needed at 95 ◦C than at 135 ◦C. The comparison between Figure 9a,b shows that, as
expected, more compaction effort is needed for achieving 95 %Gmm than 93.9 %Gmm. The
increase is quite consistent, which is about 30% to 40% for all mixtures at both compaction
temperatures. It is important to note that, at 135 ◦C, all the modified mixtures require
less or equal compaction effort (28, 28, and 23 gyrations for Mix-GNP, Mix-Agg, and Mix-
GNP&Agg, respectively) to achieving 95 %Gmm than the original compaction effort of
Mix-C (28 gyrations). This result shows that, at 135 ◦C, all the modified mixtures would be
able to achieve higher field densities than 95 %Gmm (requirement of the Superpave 5 mix
design) with the regular field compaction effort. It is seen from Figure 9a,b again that the
variability of compactability is higher at the lower compaction temperature.

4.2. Compaction Temperature Estimation

A method is proposed for estimating the compaction temperature, which is based
on the direct characterization of the compactability of asphalt mixtures by the gyratory
compaction. A schematic diagram of this method is depicted in Figure 10. In this method,
results of gyratory compaction curves at multiple (≥2) temperatures are required. Previous
studies have shown that the field density is typically achieved at about 30 gyrations in the
gyratory compaction [36,37]. Therefore, we use the density of mixtures at 30 gyrations,
φ30, to estimate the field density level of the mixtures. For each mixture, the values of φ30
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are obtained at the multiple temperatures, as shown in Figure 10a. Then, based on the φ30
results at the these temperatures, the compaction temperature T∗ is interpolated given the
desired field density level φ∗

30, as shown in Figure 10b.

Figure 10. A schematic diagram for compaction temperature estimation: (a) Gyratory compaction
curves at multiple temperatures, (b) compaction temperature interpolation.

In this study, gyratory compaction tests were performed at two temperatures: 95 ◦C
and 135 ◦C. The φ30 results at the two temperatures are shown in Figure 7. As seen in
Figure 10b, a model for the relationship between T and φ30 is needed for the interpolation
of compaction temperature. Previous studies showed that the effect of temperature on
compactability is nonlinear [50–54]. The change of compactability with temperature is
more significantly at low temperatures than at high temperatures [52]. At extremely high
temperatures (over 150 ◦C), temperature can even have a negative effect on compactabil-
ity [50,51,54]. However, to the best knowledge of the authors, there is no generally accepted
model for the relationship between compaction temperature and the compactability of
asphalt mixtures. For simplicity and due to the limited number of data points, we employ
a linear function as the first-order approximation to the nonlinear relationship between T
and φ30.

φ30 = αT + β, (1)

where α and β are model coefficients. It is important to note that this linear approxima-
tion model is acceptable only when compaction temperature is close to the experimental
compaction temperatures, while it is expected that the linear approximation would be-
come increasingly inaccurate as compaction temperature gets away from the experimental
compaction temperatures. The linear model is applied to the four mixtures. The model
coefficients are obtained and listed in Table 2.

Table 2. Coefficients of the linear model between T and φ30.

Coefficients Mix-C Mix-GNP Mix-Agg Mix-GNP&Agg

α, %/◦C 10.42 4.32 5.63 3.74
β, % 71.97 85.97 83.24 87.89

The linear approximations of the relationships between T and φ30 are shown in Figure 11
for the four mixtures. Again, it is seen that the compactability of Mix-C is the most
temperature-sensitive, followed by Mix-Agg, Mix-GNP, and Mix-GNP&Agg.
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Figure 11. Estimation of the compaction temperatures by the linear model.

Based on the obtained linear models between T and φ30, we can then estimate the
compaction temperatures of the mixtures for achieving the desired field density level φ∗

30.
In this study, we consider two different φ∗

30 levels: 93.9 %Gmm and 95 %Gmm, which is the
average field density of the control mixture (Mix-C) and the required field density level of
the Superpave 5 mix design, respectively. As shown in Figure 11, for φ∗

30 = 93.9 %Gmm, the
compaction temperature for Mix-C is interpolated as 128.3 ◦C. For the other mixtures, it is
clear that the compaction temperatures are lower than 95 ◦C. However, their compaction
temperatures cannot be accurately estimated due to the limitation of the linear model. For
φ∗

30 = 95 %Gmm, the compaction temperatures for Mix-GNP and Mix-Agg are interpolated
as 124.2 ◦C and 123.4 ◦C, respectively. The compaction temperature for Mix-C is clearly
higher than 135 ◦C and the compaction temperature for Mix-GNP&Agg is clearly lower than
95 ◦C. However, only the estimation of the bounds can be made instead of the exact values,
because of the limitation of the linear model. The estimated compaction temperatures for
the four mixtures are listed in Table 3.

Table 3. Estimation of compaction temperatures.

φ∗
30, %Gmm Mix-C Mix-GNP Mix-Agg Mix-GNP&Agg

93.9 128.3 ◦C <95 ◦C † <95 ◦C † <95 ◦C †

95.0 >135 ◦C † 124.2 ◦C 123.4 ◦C <95 ◦C †

Note: † a bound is given for the compaction temperature, because the exact compaction temperature cannot be
estimated due to the limitation of the linear approximation.

As shown in Figure 11, the modified mixtures can significantly reduce the compaction
temperature of the control mixture. For both the two field density levels, Mix-GNP&Agg
would need the lowest compaction temperature followed by Mix-GNP, Mix-Agg, and
Mix-C. As shown in Table 3, for achieving the field density level of 93.9 %Gmm, the
compaction temperatures are lower than 95 ◦C for the modified mixtures, which means
the compaction temperature can be reduced by more than 30% compared to the original
compaction temperature (135 ◦C). For achieving the field density level of 95 %Gmm, Mix-C
need a compaction temperature higher than 135 ◦C, while the compaction temperatures
are reduced to lower than 135 ◦C for the modified mixtures. In particular, the compaction
temperature for the most compactable mixture, Mix-GNP&Agg, is reduced to even lower
than 95 ◦C. These results show that the three methods can effectively reduce the compaction
temperature of mixtures, with their effects comparable to the temperature reduction effect
of WMA.
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It is worthwhile to discuss the potential ways for improving the accuracy of com-
paction temperature estimation. One possible way is by increasing the number of experi-
mental compaction temperatures, which would enable the characterization of the nonlinear
relationship between T and φ30. Another way is by developing more realistic theoretical
models for the T-φ30 relationship.

5. Conclusions and Recommendations

In this paper, two approaches for improving the compactability of asphalt mixtures
were introduced. One is the addition of Graphite Nanoplatelets (GNPs), and the other is the
optimization of aggregate packing. An experimental study was performed to estimate the
effects of the two approaches and their combination on reducing compaction temperatures.
A method for determining compaction temperature was proposed based on the gyratory
compaction. The main conclusions of this research are summarized as follows.

1. GNP modification, aggregate packing optimizing, and their combination can significantly
improve the compactability of mixtures and thus reduce the compaction temperatures.

2. The combination of GNP modification and aggregate packing optimization has the
most significant temperature reduction effect, followed by GNP modification, and
aggregate packing optimization.

3. The three methods can reduce the compaction temperature of the original mixture by
more than 30%, which is comparable to the temperature reduction effect of WMA.

4. The proposed method for compaction temperature estimation is based on the di-
rect characterization of the compactability of asphalt mixtures. It can take into ac-
count many affecting factors which were not possible to consider with the traditional
viscosity-based method, for example, the properties of aggregates and the lubricating
effect of binder. Thus, the method can potentially be used in practice for estimating
the compaction temperatures for asphalt mixtures.

While the results presented in this proof-of-concept study are based on limited experi-
mental data, it is reasonable to conclude that the proposed two methods (GNP modification
and Aggregate packing optimization), and their combination, have good potential as prac-
tical methods for reducing the compaction temperatures of asphalt mixtures. It was also
observed that the variability of the compactability of mixtures increased with the decrease
in the compaction temperature, which implies that compaction temperature would influ-
ence the reliability of field compaction. Such an effect was not considered in the compaction
temperature estimation in this study. It is recommended that future studies can consider
the effect of compaction temperature on the reliability of field compaction. Moreover, it is
seen from this study that one of the main difficulties for the compaction temperature esti-
mation is the lack of knowledge on the relationship between the compaction temperature
and the compactability of mixtures. To improve the accuracy of compaction temperature
estimation, future research is suggested to explore the relationship between the compaction
temperature and the compactability of mixtures, using a combination of experimental
investigation and theoretical modeling.
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Abstract: The main contributing factor of the urban heat island (UHI) effect is caused by daytime
heating. Traditional pavements in cities aggravate the UHI effect due to their heat storage and
volumetric heat capacity. In order to alleviate UHI, this study aims to understand the heating and
dissipating process of different types of permeable road pavements. The Ke Da Road in Pingtung
County of Taiwan has a permeable pavement materials experiment zone with two different section
configurations which were named as section I and section II for semi-permeable pavement and fully
permeable pavement, respectively. The temperature sensors were installed during construction at the
depths of the surface course (0 cm and 5 cm), base course (30 cm and 55 cm) and subgrade (70 cm)
to monitor the temperature variations in the permeable road pavements. Hourly temperature and
weather station data in January and June 2017 were collected for analysis. Based on these collected
data, heat storage and dissipation efficiencies with respect to depth have been modelled by using
multi regression for the two studied pavement types. It is found that the fully permeable pavement
has higher heat storage and heat dissipation efficiencies than semi-permeable pavement in winter
and summer monitoring period. By observing the regressed model, it is found that the slope of the
model lines are almost flat after the depth of 30 cm. Thus, from the view point of UHI, one can
conclude that the reasonable design depth of permeable road pavement could be 30 cm.

Keywords: porous asphalt concrete; permeable road pavement; temperature distributions; urban
heat island effect

1. Introduction

With the development of cities, the population requires more facilities, which leads
to more roads and building construction [1]. Urban heat island (UHI) is a commonly
observed phenomenon worldwide [2]. The formation of UHI can be mainly ascribed to the
increased absorption and trapping of solar radiation in built-up urban fabrics, and to other
factors, including population density of built-up areas and vegetation fractions [3]. It is
an urban area where temperatures are significantly higher than those in the surrounding
areas [2]. Therefore, urban environmental problems will inevitably become more serious
and important [4]. Previous studies about the UHI effect showed that daytime heating is
the main contributing factor [5,6]. Some studies have also found that the high temperature
in the summer caused by UHI [7], that will cause public health problems such as the
increase of heat strokes during the day [8], and an increase in the number of tropical nights
leads to an increase in the morbidity and mortality of the elderly or people with chronic
diseases [9,10].

Pavement as a key contributor to higher surface and air temperatures have been
pointed by researchers [6,11–14]. Many references mentioned that traditional pavement
had high thermal conductivity properties tend to absorb large amounts of solar radiation
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during daytime and to release it to the cooler surrounding atmosphere subsequently at
night, further the formation of the UHI phenomenon [10,14–19]. Thus, the Environmental
Protection Agency (EPA) and many researches have recommend permeable pavements
to mitigate UHI [3,19–23], and, all around the world, many research results have been
presented and compared temperatures of traditional pavements and various permeable
pavements whether their tests in fields or in laboratories as shown next the paragraph.

In Taiwan, the in-situ study by Cheng et al. [18] and Paramitha et al. [24] utilized T-
type thermocouples to obtain temperature fluctuations in the diurnal cycle of dense-graded
asphalt concrete, permeable asphalt, permeable concrete, and permeable interlocking con-
crete block pavements in summer. From temperature fluctuations in diurnal cycle results
by Cheng et al. [18] pointed out that, due to solar radiation can penetrate deeply into the
structural porosity of porous asphalt concrete pavement, lead to the peak temperatures
at near-surface of it was higher than that of dense-graded asphalt concrete pavement.
In addition, the results by Paramitha et al. [24] found that temperature between pave-
ments different, especially at noon. Permeable pavements had lower temperature than
impermeable pavement at noon. In Japan, Tokyo, from Asaeda and Ca’s field experiment
results [25] found that the porous concrete pavement had higher maximum temperatures,
but lower minimum temperatures relative to the traditional concrete pavement in summer.
In a parking lot of Iowa, Kevern et al. [26] also utilized temperature sensors to obtain
temperature behaviors inside of traditional portland cement concrete and portland cement
pervious concrete. The research results conducted that portland cement pervious concrete
was hotter than the traditional portland cement concrete during daytime. However, the
portland cement pervious concrete was cooler than traditional concrete pavement during
nighttime. In Phoenix, Arizona, Stempihar et al. [23] also conducted temperatures compar-
ison of dense graded asphalt, porous asphalt, and porland cement concrete pavements. It
was observed that porous asphalt had higher daytime surface temperatures and lowest
nighttime temperatures than other materials. In addition to the field tests, the researchers
also obtained similar results in the laboratory.

In the laboratory study by Hassne et al. [19], temperature of asphalt slabs with different
air voids contents had been measured by J-type thermocouples. The outcome was found
that the asphalt mixture slab with high air content is easier to reach a stable temperature
than that the low air content. It also be found that asphalt mixture with high air voids
content heating and dissipation rates higher than that with the low air voids content.
Similarly, the laboratory-simulated study by Wu et al. [22] also showed that the porous
surface of the open-graded specimen had lower temperatures than air temperatures during
nighttime. Open-graded mixture also had better dissipation effect and declined faster
than the dense-graded specimen, especially under wind convection conditions. According
to the reference, the wind convection and evaporation in the environment can help to
temperatures of permeable pavements decline rapidly and increase dropping rate [22].
Haselbach et al. [27] showed that after a rainfall, porous concrete cooled more rapidly
than conventional concrete, thus indicating that evaporative dissipation was occurring. As
anticipated, ability of porous asphalt to exhibit cool temperatures at nighttime by quickly
dissipating high daytime temperatures makes it an excellent tool to mitigate the UHI effect.

In addition, a one-dimensional pavement model by Stempihar et al. [23] to measure
surface temperatures of porous asphalt, dense-graded asphalt, and portland cement con-
crete. Results showed that porous asphalt had higher surface temperatures than others in
daytime. However, porous asphalt had a lower surface temperature than others at night-
time. Even though temperatures of the porous asphalt pavement were rapidly increasing
as air temperatures increase, but the temperature of the porous asphalt pavement was
rapidly decreasing as air temperatures decrease. Consistent with results of Cheng et al. [28],
porous pavements had lower temperature than those for traditional pavements on very hot
days. Thus, the large-scale applications of porous pavements could help mitigate urban
heat island impacts.
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As mentioned in front, permeable pavements could effective to aid UHI effect miti-
gation. According to the Stempihar et al. [23] study, it becomes important to evaluate the
entire pavement structure and material properties when selecting pavement materials to
mitigate urban heat island. In the present study constructed two kinds of porous asphalt
road pavements, called that fully permeable and semi-permeable. These pavements differ
between their materials under the subgrade. Moreover, the temperature sensors were
embedded in two permeable road pavements for monitoring the temperature behaviors. In
the past, these the storage and dissipation efficiencies of permeable road pavements have
not been given much attention during hotter and cool period and are not easily available in
the literature. Thus, with the objective of understanding the heating and dissipating process
of permeable road pavements. The heat storage and dissipation efficiencies of pavements
were calculated by formulas and using regression models to find out the relationships of
pavements depths verse those. To further recommend the best permeable road pavement
for mitigating UHI effect.

2. Materials and Methods
2.1. Study Site

The study site, Ke Da Road, is approximately 10 km in south of Pingtung City, Taiwan.
The Ke Da Road is about 5.4 km in length, starting from the Formosa Highway and
towards the National Pingtung University of Science and Technology (NPUST) Campus.
The experiment zone in the present study is 0.2 km long as shown in Figure 1. Two different
kinds of permeable road pavements were constructed by measuring 100 m in length * 8.5 m
in width with a surface slope of 2%. The pavements were diverse such that section I
is semi-permeable while section II is fully permeable. As Figure 2 presented, two type
permeable road pavements had the same material configuration at surface course, base
course, and subgrade. The material is Porous Asphalt Concrete (PAC) at the surface course,
Permeable Concrete (PC) at the base course, and filter layer at the subgrade, respectively.
The material physical property of semi and fully permeable pavements is listed in Table 1.
In addition, under subgrade configuration where there is an impermeable cloth in section I
while a geotextile in section II. In general, high density polyethylene geomembrane (HDPE)
impermeable cloth is used in the slopeland engineering more frequently than used in
the road engineering. The HDPE impermeable cloth is used to block the infiltration of
water. However, the geotextile in Section II, which was woven with polyolefin fibers,
and has good water conduction and filtration. The main purpose of using the HDPE
impermeable cloth and the geotextile in permeable road pavements in this study is to
compare the difference for heat storage and dissipation capabilities under permeable
and non-permeable conditions. These geotechnical material specifications are listed in
Tables 2 and 3.
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Figure 2. The pavement designs of this study.

Table 1. Material Physical property of semi-permeable and fully permeable pavements.

Course Physical Property of
Materials Section I Section II

Surface Course

Porous Asphalt Concrete (PAC)
Asphalt Contents (%) 4.8

Void ratio (%) 19.5
Thickness (cm) 10

Base Course

Permeable Concrete (PC)
Water–Cement Ratio (%) 0.54
Amount of Cement(kg) 286
Aggregate Volume (m3) 0.712

Amount of Aggregate (kg) 1920
Material Quality (kg) 2335

Porosity (%) 24.1
Thickness (cm) 50

Subgrade Course
Filter Layer

No. 4 Sieve; Single particle size
Thickness (cm) 20

Type of Geosynthetic Material Impermeable Cloth Geotextile
Thickness (mm) 1.5 0.74

Table 2. Material specification of H.D.P.E impermeable cloth in Section I.

Physical Property Test Method Specification

Thickness (mm) ASTM D5199 2.0 ± 10%
Density (g/cm3) ASTM D1505/792 ≥0.90
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Table 3. Material specification of geotextile in Section II.

Physical Property Test Method Specification

Positive permeable rate (1/S) ASTM-D4491 or CNS 13298 ≥0.6
Apparent opening size (mm) ASTM-D4751 or CNS 14262 ≤0.4

2.2. Temperature Data Collection

In order to observe the temperature behaviors of permeable road pavements, five
type K thermocouple sensors (from Campbell Scientific, Inc.®, Logan, UT, USA and with
measurement temperature range from −55 ◦C to 125 ◦C) were embedded into the pave-
ments. As shown in Figure 3, the sensors were embedded within pavement at depths
of 0, 5, 30, 55 and 70 cm. The first temperature sensor was installed on the surface for
monitoring the surface temperature. The second and fifth temperature sensors were embed-
ded in the middle of the materials for monitoring the temperatures of the porous asphalt
concrete and the filter layer, respectively. In addition, the third and fourth temperature
sensors were arranged at equal distances depths, 25 cm and 50 cm, are apart from the
second sensor to investigate the heat conduction effect of various materials going forward.
On the other hand, a long term investigation was carried out from January to December
2017. Temperature data of the different permeable road pavements were automatically
recorded and collected by the CR1000 data logger (from Campbell Scientific, Inc.®) at
hourly intervals. The air temperatures of the environment were logged in NPUST weather
station. The analysis covers days with the negligible precipitation and relatively higher
air temperatures in 2017, which are extreme weather conditions for UHI impact. Based on
many studies, the UHI effect has been investigated during the summer [14,18,21,23–27].
However, researchers [21,23] suggested that cooler climates should be considered. Thus,
temperature distributions of permeable road pavements in January and in June are taken
into account in this study. Using data with no rainfall in January and June to represent the
variation of temperatures along different pavement depths in winter and summer.
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2.3. Calculation of Heat Storage and Dissipation Efficiency

In the present study, Equation (1) is adopted to evaluate the heat storage efficiency
and heat dissipation efficiency. The heat storage efficiency and heat dissipation efficiency
were defined as the average gradient of temperature with respect to corresponding time
intervals. The rising and dropping limbs of the temperature profile in Figures 4–7 are used
in the Equation (1) to estimate the heat storage efficiency and heat dissipation efficiency,
respectively. Equation (1) is used to calculate heat storage efficiency and heat dissipation
efficiency for the pavements in this study. Heat storage efficiency is that the highest
temperature of the day subtracts the lowest temperature, then the result is divided by time
intervals of the rising limb. On the other hand, heat dissipation efficiency is the lowest
temperature minus the highest temperature of the day, then the result is divided by time
intervals of dropping limbs.

Heat storage efficiency and Heat dissipation efficiency =
Tmax − Tmin

∆t
, (1)

where Tmax is the maximum temperature, ◦C; Tmin is the minimum temperature, ◦C; ∆t is
the corresponding time intervals, h.
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2.4. Regression Analysis of Permeable Road Pavement Temperatures with Respect to Depths

In order to understand the heating and dissipating capacities of permeable road
pavements, heat storage and dissipation efficiencies obtained from Equation (1) were
employed as a basis for modelling, the method is established by regression analysis using
the heat storage and dissipation efficiencies for various depths of 22nd to 28th in January
and 21st to 25th in June of 2017 at the experiment zone as dependent variables.

3. Results and Discussion
3.1. Temperature Distribution of Permeable Road Pavements in January

This study agrees with previous studies [17,23,26,28,29] which found that the tem-
perature at each depth changed basically synchronously with the air temperature are
shown in Figures 4 and 5. Amplitudes of pavements temperature variations decreased
while the depth increased. Results showed that temperatures of sections I and II always
warmer than air temperature during the hottest period of the day. Due to heat absorption
capacities of permeable road pavements leads to their surface temperatures are higher
than air temperature. Both sections subsequently cooled than air temperatures in the
early morning. In addition, the results also showed that the mean surface temperature of
section II approximately 1 ◦C was warmer than that section I. Although the mean surface
temperature of section II was higher than that of section I during the day, the mean surface
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temperature of section II approximately 3 ◦C cooled than that of section I early in the
morning. It is found that the dissipation capacity of fully permeable road pavement is
better than that of semi-permeable road pavement in winter.

3.2. Heat Storage and Dissipation Efficiency in January

As listed, Table 4 is a summary of heat storage and dissipation efficiencies at each
depth for permeable road pavements, from 22nd to 28th in January. The results showed
that heat storage efficiencies of section I were 5.3, 4.6, 2.4, 2.6, and 2.8 ◦C/h at depths of
0, 5, 30, 55, and 70 cm, respectively. It should be noted that the heat storage efficiency of
the surface was higher than that of other depths in section I. However, the heat storage
efficiencies gradually decreased as the depth increases until the depth of 30 cm. Under
the continuous pavement heat conduction, the heat storage efficiencies at depths of 55 cm
to 70 cm in section I slightly increased. The results also showed that heat dissipation
efficiencies at the surface of section I had higher about 2 ◦C/h than other depths. Below
the surface course, heat dissipation efficiencies almost the same in the base course and the
subgrade with heat dissipation efficiencies about 1 ◦C/h.

Table 4. Heat storage and dissipation efficiencies in 22nd–28th January.

Course Surface Course Base Course Subgrade

Section Item Air Temp. 0 cm 5 cm 30 cm 55 cm 70 cm

I

Time interval (h) − 7 7 7 6 6
Max. Temp. at rising limb (◦C) 26.0 48.9 45.3 35.7 35.5 36.5
Min. Temp. at rising limb (◦C) 16.1 12.0 13.2 18.1 19.7 19.5
Heat storage efficiency (◦C/h) − 5.3 4.6 2.4 2.6 2.8

Time interval (h) − 17 17 17 18 18
Max. Temp. at dropping limb (◦C) 26.0 47.2 43.8 35.0 34.7 35.8
Min. Temp. at dropping limb (◦C) 16.1 11.6 12.8 18.0 19.4 19.3
Heat dissipation efficiency (◦C/h) − 2.1 1.8 1.0 0.9 0.9

II

Time interval (h) − 7 7 7 6 6
Max. Temp. at rising limb (◦C) 26.0 49.7 40.0 37.2 34.9 36.2
Min. Temp. at rising limb (◦C) 16.1 9.0 12.7 14.0 16.6 17.4
Heat storage efficiency (◦C/h) − 5.8 3.9 3.3 3.1 3.1

Time interval (h) − 17 17 17 18 18
Max. Temp. at dropping limb (◦C) 26.0 48.0 38.9 36.2 34.2 35.5
Min. Temp. at dropping limb (◦C) 16.1 8.5 12.4 13.7 16.4 17.2
Heat dissipation efficiency (◦C/h) − 2.3 1.4 1.3 1.0 1.0

On the other hand, it was observed that section II had high heat storage efficiency
about 5.8 ◦C/h at surface. However, the heat storage efficiency at the depth of 5 cm was
lower about 2 ◦C/h than the heat storage efficiency at the surface. Although the surface
heat storage efficiency of section II was very high, the heat storage efficiency at the depth
of 5 cm in section II decreased a lot. Subsequently, the heat storage efficiency gradually
becomes the same as the depth increases. In terms of the heat dissipation efficiency of
section II, the heat dissipation efficiency was 2.3 ◦C/h at the surface, which was higher
about 1 ◦C/h than other depths. However, the heat dissipation efficiencies at depths of 5
cm to 70 cm in section II almost no difference.

In comparison with two sections, the heat storage and dissipation efficiencies at depths
of 0 cm, 30 cm, 55 cm, and 70 cm of section II were higher than that of section I. Hence,
it is found that heat storage and dissipation capacities of fully permeable road pavement
performs is better than that of semi-permeable road pavement in winter.

3.3. Temperature Distribution of Permeable Road Pavements in June

Using consecutive five days data with no rainfall in June to represent temperature
variation along pavement depths in summer. As shown in Figures 6 and 7, the temperature
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at each depth changed basically synchronously with the air temperature from June the
21st to the 25th. The results showed that temperatures of sections I and II always warmer
than air temperature during the hottest period of the day. However, temperatures of
two permeable road pavements were similar with air temperatures in the morning. In
addition, the mean surface temperature of section II was warmer approximately 5 ◦C than
of section I. Similar findings have also documented by previous research [30]. Meanwhile,
the mean surface temperature of section II cooled approximately 1 ◦C than that of section I
in the morning. In summer, fully permeable road pavement had better heat dissipation
comparing with semi-permeable road pavement.

3.4. Heat Storage and Dissipation Efficiency in June

The summary of heat storage and dissipation efficiencies of two sections from 21st
to 25th in June are listed in Table 5. The results showed that the heat storage efficiency of
section I was 4.3 ◦C/h originally decreased to 2.1 ◦C/h as the depth increased. In addition,
the results also showed that the heat dissipation efficiencies at the depth of 0 cm of section I
was similar with the heat dissipation efficiencies at the depth of 5 cm in section I. However,
below the surface course, the same heat dissipation efficiencies of 0.7 ◦C/h in section I.

Table 5. Heat storage and dissipation efficiencies in 21th–25th June.

Course Surface Course Base Course Subgrade

Section Item Air Temp. 0 cm 5 cm 30 cm 55 cm 70 cm

I

Time interval (h) − 8 8 7 6 6
Max. Temp. at rising limb (◦C) 35.5 59.3 53.6 41.7 42.1 40.8
Min. Temp. at rising limb (◦C) 26.5 24.7 25.8 28.8 29.4 27.5
Heat storage efficiency (◦C/h) − 4.3 3.5 2.3 2.1 2.1

Time interval (h) − 16 16 17 18 18
Max. Temp. at dropping limb (◦C) 35.5 60.0 54.2 41.7 42.1 41.0
Min. Temp. at dropping limb (◦C) 26.5 24.9 25.9 29.1 29.4 27.7
Heat dissipation efficiency (◦C/h) − 2.2 1.8 0.7 0.7 0.7

II

Time interval (h) − 8 8 7 6 6
Max. Temp. at rising limb (◦C) 35.5 64.5 51.0 44.6 43.4 42.7
Min. Temp. at rising limb (◦C) 26.5 24.2 27.5 28.6 30.2 28.3
Heat storage efficiency (◦C/h) − 5.0 2.9 2.3 2.4 2.4

Time interval (h) − 16 16 17 18 18
Max. Temp. at dropping limb (◦C) 35.5 65.4 51.6 46.4 43.4 42.5
Min. Temp. at dropping limb (◦C) 26.5 24.4 27.8 28.8 30.6 28.6
Heat dissipation efficiency (◦C/h) − 2.6 1.5 1.1 0.7 0.8

On the other hand, it was observed that section II had high heat storage efficiency of
about 5.0 ◦C/h on surface. Although the surface heat storage efficiency of section II was
very high, the heat storage efficiency at the depth of 5 cm in section II decreased a lot by
comparing the surface. Then, the heat storage efficiency gradually became the same as
the depth increased. It was also observed that the heat dissipation efficiency of section II
gradually decreased as the depth increased.

In comparison with two sections, the heat storage efficiency at the depth of 0 cm in
section II was higher than section I. However, the heat storage efficiencies at the depth of
5 cm in section II was lower than that in section I. As the depths increased, the heat storage
efficiencies of section II almost the same with section I. Thus, more heating store on the
surface of fully permeable road pavement than semi-permeable road pavement in summer.
However, section II has higher heat dissipation efficiencies comparing with section I. The
dissipation capacity of fully permeable road pavement is better than in semi-permeable
road pavement in summer.
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3.5. Modelling Permeable Road Pavement Temperature with Respect to Depth

The relationship of heat storage efficiencies and depths in semi and fully permeable
road pavements are illustrated in Figure 8a,b. From the trend, it shows that the heat storage
efficiency decreases while the depth increases. It can be clearly seen from the figures that
the heat storage efficiencies of the upper course in semi and fully permeable pavements
are higher than that in the lower courses for winter and summer. It is also found that the
slope of the regressed model line is almost flat after depth equal to 30 cm. In addition,
the regressed model line for winter is higher than that for summer. Also, the permeable
road pavements storage less heat in summer comparing with in winter. Meanwhile, multi
regression models were developed for estimating heat storage efficiencies at different
depths of semi and fully permeable road pavements as presented by Equations (2) and (3),
respectively. It can be seen that these two models will have good performance because
their coefficients of determination (R2) are 0.94 and 0.97.

Materials 2021, 14, 3431 11 of 14 
 

 

 
(a) 

 
(b) 

Figure 8. Relationships between heat storage efficiency verse permeable road pavements depth (a) Model for semi-per-

meable road pavement. (b) Model for fully permeable road pavement. 

The model predicting heat storage efficiency at specified depth can be presented by 

the following equation: 

yIS = −0.77226ln(x) + 0.00984x + 0.68D + 4.59208, (2) 

yIIS = −1.0439ln(x) + 0.02974x + 0.84D + 4.81222, (3) 

where yIS is the heat storage efficiency of section I for winter and summer, °C/h; yIIS is 

the heat storage efficiency of section II for winter and summer, °C/h; x is the specified 

pavement depth, cm; D is dummy variable that is 1 for winter and 0 for summer. 

On the other hand, the relationship between heat dissipation efficiency and depth of 

semi and fully permeable road pavements are shown in Figure 9a,b. It is observed that 

heat dissipation efficiencies of permeable road pavements decrease while the depth in-

creases. Obviously, the heat dissipation efficiencies in the surface course of semi and fully 

permeable pavements are larger than in the lower courses of semi and fully permeable 

pavements in winter and summer. It is also found that the slope of the regressed model 

line is almost flat after depth equal to 30 cm. One can see in these Figures, the regressed 

model line for winter are slightly higher than that for summer in each permeable road 

pavement. It is clear that no matter which season, the heat dissipation efficiencies of per-

meable road pavements are similar. In addition, the heat dissipation efficiency verse depth 

of fully permeable road pavement performs better than that of semi-permeable road pave-

ment. For example, when the dissipation efficiency is 1 °C/h for semi-permeable road 

pavement at 25 cm depth, however the same dissipation efficiency rate is found at 30 cm 

depth in fully permeable road pavement, as shown in Figure 9a,b. By introducing dummy 

variable for winter and summer seasons, multi-regression models have been developed 

to form heat dissipation efficiencies at different depths of semi-permeable and fully per-

meable pavements as shown by Equations (4) and (5), respectively. It is observed that R2 

are 0.95 and 0.91, indicating that two models will have good performance. 

= −0.77226ln(x) + 0.00984x + 0.68D + 4.59208

If summer D=0 , winter D=1; R² = 0.94112

0

2

4

6

8

0 20 40 60 80H
ea

t 
st

o
ra

g
e 

ef
fe

ci
en

cy
(°

C
/h

)

Depth(cm)

Heat Storage Effeciency of Semi-

Permeable Road Pavement
 Observed winter Observed summer

 Estimated winter  Estimated summer

yIS  = −1.0439ln(x) + 0.02974x + 0.84D + 4.81222

If summer D=0 , winter D=1; R² = 0.96651

0

2

4

6

8

0 20 40 60 80H
ea

t 
st

o
ra

g
e 

ef
fe

ci
en

cy
(°

C
/h

)

Depth(cm)

Heat Storage Effeciency of Fully 

Permeable Road Pavement
 Observed winter Observed summer

 Estimated winter  Estimated summer

yIIS  

Figure 8. Relationships between heat storage efficiency verse permeable road pavements depth (a) Model for semi-permeable
road pavement. (b) Model for fully permeable road pavement.

The model predicting heat storage efficiency at specified depth can be presented by
the following equation:

yIS = −0.77226 ln(x) + 0.00984x + 0.68D + 4.59208, (2)

yIIS = −1.0439 ln(x) + 0.02974x + 0.84D + 4.81222, (3)

where yIS is the heat storage efficiency of section I for winter and summer, ◦C/h; yIIS is
the heat storage efficiency of section II for winter and summer, ◦C/h; x is the specified
pavement depth, cm; D is dummy variable that is 1 for winter and 0 for summer.

On the other hand, the relationship between heat dissipation efficiency and depth
of semi and fully permeable road pavements are shown in Figure 9a,b. It is observed
that heat dissipation efficiencies of permeable road pavements decrease while the depth
increases. Obviously, the heat dissipation efficiencies in the surface course of semi and fully
permeable pavements are larger than in the lower courses of semi and fully permeable
pavements in winter and summer. It is also found that the slope of the regressed model line
is almost flat after depth equal to 30 cm. One can see in these Figures, the regressed model
line for winter are slightly higher than that for summer in each permeable road pavement.
It is clear that no matter which season, the heat dissipation efficiencies of permeable road
pavements are similar. In addition, the heat dissipation efficiency verse depth of fully
permeable road pavement performs better than that of semi-permeable road pavement.
For example, when the dissipation efficiency is 1 ◦C/h for semi-permeable road pavement
at 25 cm depth, however the same dissipation efficiency rate is found at 30 cm depth in
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fully permeable road pavement, as shown in Figure 9a,b. By introducing dummy variable
for winter and summer seasons, multi-regression models have been developed to form
heat dissipation efficiencies at different depths of semi-permeable and fully permeable
pavements as shown by Equations (4) and (5), respectively. It is observed that R2 are 0.95
and 0.91, indicating that two models will have good performance.
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Figure 9. Relationships between heat dissipation efficiency verse permeable road pavements depth (a) Model for semi-
permeable road pavement. (b) Model for fully permeable road pavement.

The model predicting heat dissipation efficiency at specified depth can be presented
by the following equation:

yID = −0.37861 ln(x) + 0.00179x + 0.12D + 2.16698, (4)

yIID = −0.4639 ln(x) + 0.00763x + 0.06D + 2.32511, (5)

where yID is the heat dissipation efficiency of section I for winter and summer, ◦C/h; yIID is
the heat dissipation efficiency of section II for winter and summer, ◦C/h; x is the specified
pavement depth, cm; D is dummy variable that is 1 for winter and 0 for summer.

4. Conclusions

In this paper, two permeable road pavements, including semi and fully permeable
road pavements, were monitored for temperatures at the depths of 0, 5, 30, 55, and 70 cm
in January and June. Based on the collected temperature data, heat storage and dissipation
efficiencies with respect to depth have been studied and modelled by using multi regression
for the studied pavements. Through the collected and modelled results, the following
conclusions are obtained:

• From temperature results in the two seasons, the maximum surface temperatures of
permeable road pavements are higher than those of air temperatures in daytime. Mean-
while, the minimum surface temperatures of permeable road pavements are lower
than that of the air temperature at early morning. It is also found that temperature
variations of permeable road pavements have the same trend as air temperatures.

• According to the calculated heat storage and dissipation efficiencies, it is revealed
that the heat storage and dissipation efficiencies of fully permeable road pavement
are higher than those of semi-permeable road pavement in both January and June.
No matter which season, it is found that heat storage and dissipation capacities
with respect to depth in fully permeable road pavement performs better than that in
semi-permeable road pavement for UHI.

• Through the results of modelling, urban heat island effect is easily to occur in summer.
Reduction rates in depth of heat storage and the dissipation efficiencies in fully
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permeable road pavement has better capacities in comparison with those of semi-
permeable road pavement in summer. Thus, this further proves that using fully
permeable road pavement is better than semi-permeable road pavement in hotter
environments to aid urban heat island effect.

• Multi regression models were developed to relate the heat storage and dissipation
efficiencies and depth for semi and fully permeable road pavements in this study. It
is found that the slope of the regressed model lines is almost flat after the depth of
30 cm. Thus, from the view point of UHI, one can conclude that a reasonable design
depth of permeable road pavement could be 30 cm.
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Abstract: Based on the manual of macroporous noise-reducing asphalt pavement design, the indoor
main drive pavement function accelerated loading test system was applied to investigate the impact of
speed, loading conditions (dry and wet) and structural depth on the noise reduction of macroporous
Open Graded Friction Course (OGFC) pavement, as well as its long-term noise reduction. Combined
with the noise spectrum of the weighted sound pressure level, the main components and sensitive
frequency bands of pavement noise under different factors were analyzed and compared. According
to experimental results, the noise reduction effect of different asphalt pavements from strong to weak
is as follows: OGFC-13 > SMA-13 > AC-13 > MS-III. The noise reduction effect of OGFC concentrates
on the frequency of 1–4 kHz when high porosity effectively reduces the air pump effect. As the effect
of wheels increases and the depth of the road structure decreases, the noise reduction effect of OGFC
decreases. It indicates the noise reduction performance attenuates at a later stage, similar to the noise
level of densely graded roads.

Keywords: asphalt pavement; accelerated loading test; weighted sound pressure level; pavement
noise; noise spectrum

1. Introduction

With the economic development, the number of vehicles has increased rapidly. Con-
comitant with this, the traffic noise pollution caused by vehicles has become more and more
serious, not only bringing negative impacts on the surrounding ecological environment
but also endangering human health [1–4]. Traffic noise mainly includes vehicle noise
and pavement noise, and the latter is caused by the friction between tires and the road
during acceleration, deceleration and braking of the vehicle, which is greatly affected by
traffic conditions, road type, road gradient, driving speed, etc. [5,6]. The shaping factors of
pavement noise are air pumping effect, tire vibration and aerodynamic noise [7]. According
to previous studies, when the speed of a car is over 30 km/h and the speed of a truck or
bus is over 50 km/h, pavement noise becomes the main component of traffic noise [8].

The influence factors of tire or pavement noise can be divided into tire factors and
road factors. The former factor mainly includes tire structure and tread pattern design, and
the latter factor includes the surface structure characteristics of the road surface and its own
acoustic impedance (or sound absorption) characteristics, etc. [9–11]. Asphalt pavement
is designed to provide a safe [12], high performance [13–16], long service life [17–20] and
comfortable driving with low road noise [4,7,8]. The road industry usually designs low-
noise pavement to reduce tire pavement noise, and the representative pavement is porous
asphalt pavement (OGFC asphalt pavement) [21]. According to the previous study [22,23],
the noise generated by OGFC with a thickness of 40–50 mm is 3–6 dB lower than that
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of ordinary asphalt concrete pavement, which is equivalent to half of the traffic volume.
The research and application of macroporous asphalt pavement started early in China.
However, it is limited to a large-scale application due to its short service life. The connecting
pores of macroporous asphalt pavement are easily blocked, leading to excessively rapid
degradation of drainage and noise reduction performance. As a result, how to balance
the durability of the macroporous asphalt mixture with the anti-skid and noise reduction
function to optimize the design of the mixture ratio has attracted great attention.

Currently, the method of outdoor pavement noise testing is relatively mature, which
mainly uses special vehicles or trailers to collect noise on the test road at different driving
speeds, expressed by sound pressure levels [24,25]. To follow the design manual, it is
necessary to carry out a large number of designs of noise-reducing asphalt mixtures and
to perform amount-of-noise tests [26,27]. Due to limited indoor fields and the size of
the test piece, it is difficult to use the vehicle driving mode to conduct tests. Chang’an
University has developed an indoor test method, which simulates the noise generated by
the interaction between tires and the road surface when the vehicle is running, making
the test tire roll freely from the track with a certain slope and dive onto the road slab test
piece. Additionally, it can analyze the noise characteristics of the moment when the tire is
in contact with the road slab test piece [28]. This method greatly reduces the cost of paving
the test road, but it has high requirements for background noise control, and it is difficult
to control the tire rolling speed during the test [29,30].

In order to accurately and robustly test the driving noise between the tire and different
pavement, this study adopts the main driving road function accelerated loading test system,
which is an all-weather road function accelerated loading simulation test system and can
realize the real simulation of the interaction between the tire and the road. This system can
be used to control the variable parameters, such as test temperature, humidity, ultraviolet
aging, rainfall, tire axle load, the number of actions, etc. The noise law and noise reduction
mechanism of different asphalt pavements are comprehensively analyzed to identify the
main influence factors of pavement noise. Besides, the study of the attenuation law of
pavement noise reduction performance under long-term action was conducted, aiming to
provide a reference for the optimization design of durable noise reduction pavement.

1.1. Tire Noise Generation Mechanism

Tire or pavement noise can be divided into tire vibration noise and aerodynamic noise,
and the former one is caused by the impact of tread patterns on the road surface, vibration
due to an uneven road surface, the friction between tires and road surface, etc. [5]. As
shown in Figure 1, during the process from tire tread touching the road to leaving, the tread
pattern impacts on the road surface and the deformation of tread cause the vibration along
the radial direction of tread, and this induces the whole tread and sidewall vibrations. The
noise pressure mainly depends on the tire rubber material, tread pattern design and road
smoothness characteristics. Vibration noise is one of the sources of high-frequency part of
tire or pavement noise (noise frequency is greater than 2 kHz) [7].
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Aerodynamic noise includes air pumping effect, air turbulence effect, acoustic tube
resonance effect and Helmholtz resonance effect, among which air pumping noise con-
tributes the most to aerodynamic noise [31]. When the tire is rolling on the pavement, once
the tread of the contact part is deformed, there will be many small cavities between the
tread patterns and the pavement. The tire is in close contact with the pavement during
its advancement, the air in the small cavity is squeezed, part of the air is discharged to
form a partial unstable air flow, and the remaining part forms a larger pressure air mass
in the cavity. When the tire leaves the pavement, the volume of the compressed small
cavity suddenly increases, forming a partial vacuum, and the air is sucked in abruptly.
This phenomenon is called the “air pumping effect”, as shown in Figure 2. Air pumping
noise frequency is around 1 kHz in the middle frequency range, which is the main source
of high-speed driving noise [32].
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1.2. Noise Evaluation Based on a Weighted Sound Pressure Level

The sound volume can be characterized by the amplitude, frequency and phase of
the sound pressure, which is a function of space and time. In order to describe it more
accurately, the sound pressure level is usually used to express the acoustic value. The
mathematical expression is:

Lp = 10lg

[
1
N

N

∑
i=1

100.1(Lpi−Kli)

]
− K2 − K3 (1)

In the formula, Lp is the sound pressure level of the test object, dB (A); N is number
of measuring points per unit time; Lpi is the sound pressure level of point i, dB (A); Kli
is the background noise correction value of point I; K2 is the correction value for the use
environment; K3 is the correction value of temperature and air pressure.

Human ears are different in sensitivity to noise of different frequencies. Therefore,
in order to make the objective measurement of pavement noise consistent with human
hearing, a certain frequency weighting network correction is required for pavement noise,
among which the A-weighted sound pressure level frequency response is closest to the
human hearing characteristics. The measurement method is simple and reasonable and
has become the most widely used evaluation parameter for noise measurement. According
to the international standard IEC 61672A, the A-weighting network curve function is:

A( f ) = 20lg
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4 f 4

(
f 2 + f 2
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4
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
− A1000 (2)

In the formula, A1000 is the sound pressure level of 1 kHz; f represents the calculation
frequency; f1 = 20.6 Hz, f2 = 107.7 Hz, f3 = 737.9 Hz and f4 = 12194 Hz.

Moreover, the sound transmission has significant time and frequency domain charac-
teristics; that is, pavement noise is essentially composed of sounds of different frequencies.
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In order to get the whole picture of the characteristics of tire pavement noise on differ-
ent roads, it is necessary to convert the time-domain waveform of pavement noise into
a spectrogram through the Fast Fourier Transform (abbreviated as FFT) algorithm. The
converted frequency domain oscillogram shows the frequency composition of the noise
and the corresponding signal energy. The structure is analyzed to determine the specific
noise source for special noise control.

The real-time processing of sound signals is realized to ensure the speed of calculation
when there are a lot of data, mainly using the FFT algorithm. FFT expression is as follows:

X( f ) =
∞∫

−∞

x(t)e−2π f tdt (3)

In the formula, x(t) is a continuous time-domain signal of pavement noise; f is the
frequency that needs to be analyzed; X( f ) is the frequency-domain signal obtained after
FFT of x(t). The algorithm converts the pavement noise collected in the indoor test from
the time-domain signal, which is difficult to process, into the frequency-domain signal
(including frequency, amplitude and phase), which is easy to analyze.

In the program, the analog signal is converted into a digital signal through Analog-to-
Digital Converter (ADC) sampling for the sake of the FFT transformation. The MATLAB
function f f t(x) is utilized to calculate the amplitude of FFT, which is

X = abs( f f t(x)) (4)

In the formula, x is input digital signal sequence; X is the relative amplitude of the
corresponding frequency of x.

In order to calculate the continuous digital signal of pavement noise, the discretization
is needed. In a set of equally spaced samples, discrete points are used to approximately
substitute the signal of finite length. The expression is as follows:

X[k] =
N−1

∑
n=0

x[n]e−j2πkn/N (5)

In the formula, X[k] is the relative amplitude of N frequency points; x[n] is sampling
signal; N is the length of input sequence, that is, the number of sampling points. It can be
inferred from Equation (5) that the frequency resolution can be improved by increasing the
sampling point or sampling time.

The FFT algorithm can automatically decompose the spectrogram into several discrete
frequency regions through the A-weighting filter and then apply the A-weighting to every
FFT frequency region, as shown in Figure 3, which simplifies the execution process and
increases the frequency resolution.

At first, we should determine the A-weighting filter coefficient αA(f) under the fre-
quency of each FFT sample X[k], as shown in Figure 3. The A-weighting FFT sample XA[k]
is given by the following formula:

XA[k] = aA( fk)X[k] (6)

For the sake of the determination of the A sound level, it is necessary to require the
integration of total signal energy. The Parseval’s relation is used to estimate the signal
energy in the frequency domain. Parseval’s theorem indicates that the sum (or integral) of
the function squares is equal to the sum of the squares of the Fourier transform (or integral),
as shown in Equation (7). In addition, since the input signal is the real-value, the samples
have complex conjugate symmetry, and the spectrogram is symmetric about half of the
frequency samples, as shown in Equation (8).
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Only the signal energy of half of the frequency samples needs to be estimated by
utilizing the symmetrical feature of the spectrogram so as to reduce the calculation amount.
In order to obtain the final numerical output in dBA form, a reference signal level is also
needed. Assuming a suitable reference signal level is ε̃re f , there is:

dBA = 10lg

(
ε̃x

ε̃re f

)
= 10lg(ε̃x)− 10lg

(
ε̃re f

)
(9)

10lg
(

ε̃re f

)
is a fixed constant. The signal level expressed in dBA is as follows:

N = 10lg
(

ε̃re f

)
+ C (10)

In the formula, N is the sound pressure level signal level in dBA; C is the calibration
constant, which can be determined through laboratory tests.

2. Experiment
2.1. Material Design

The indoor test mainly uses four types of mixtures: OGFC-13, SMA-13, AC-13 and
MS-III at the micro-surface [33]. Both coarse aggregate and machine-made sand use diabase
gravel, and the key indicators of aggregate are shown in Table 1. The mineral powder uses
limestone ground filler. The aggregate and mineral powder were both supplied by Furong
Quarry, Heyuan, Guangdong, China. OGFC-13 uses high-viscosity composite-modified
asphalt, SMA-13 and AC-13 use SBS-modified asphalt, and MS-III at the micro-surface uses
modified emulsified asphalt. All kinds of asphalt binders were supplied by Guangzhou
Xinyue Transportation Technology Co. Ltd., Guangdong, China. The specific indicators are
shown in Tables 2–6.
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Table 1. Technical indicators of coarse aggregate.

Test Item
Technical Requirement

Test Result Monomial
AssessmentUnit Design

Requirement

Stone crushing value % ≤15 7.9 Eligibility
Los Angeles abrasion loss % ≤22 9.4 Eligibility
Apparent relative density — ≥2.60 2.888 Eligibility

Adhesion to modified asphalt Level ≥5 5 Eligibility
Polish value — ≥42 45 Eligibility

Table 2. The technical index of fine aggregate.

Sample Specifications 0–3 mm

Test Item
Technical Requirement

Test Result Monomial
AssessmentUnit Design

Requirement

Apparent relative density — ≥2.50 2.909 Eligibility
Robustness (>0.3 mm part) % ≤12 2.5 —

Sand equivalent % ≥65 73 Eligibility
Angularity (flow time) s ≥30 39.6 Eligibility

Table 3. The technical index of high-viscosity modified asphalt.

Test Item Technical
Requirement Test Result Monomial

Assessment

Penetration 25 ◦C, 100 g, 5 s, 0.1 mm 40 49 Eligibility
Ductility 5 ◦C, 5 cm/min, cm ≥50 70 Eligibility

Softening point (◦C) ≥80 >90 Eligibility
Flash point (◦C) ≥260 337 Eligibility

Viscosity 25 ◦C (N*m) ≥25 28 Eligibility
Tenacity 25 ◦C (N*m) ≥15 16 Eligibility

60 ◦C dynamic viscosity (Pa.S) >250,000 >580,000 Eligibility
Rolling thin film oven test (RTFOT)

Residue (163 ◦C, 85 min)
Mass change (%) ±1.0 −0.054 Eligibility

Penetration ratio (%) ≥65 79.5 Eligibility

Table 4. The technical index of SBS-modified asphalt.

Test Item Technical
Requirement Test Result Monomial

Assessment

Penetration 25 ◦C, 100 g, 5 s, 0.1 mm 40–60 54 Eligibility
Penetration index PI ≥+0.0 +0.17 Eligibility

Ductility 5 ◦C, 5 cm/min, cm ≥20 34 Eligibility
Softening point (◦C) ≥75 86.5 Eligibility

Flash point (◦C) ≥230 340 Eligibility
Solubility (%) ≥99 99.8 Eligibility

Storage stability *:
163 ◦C, 48 h, poor softening point ◦C ≤2.0 1.2 Eligibility

Elastic recovery 25 ◦C, % ≥90 96 Eligibility

Kinematic viscosity (Pa·s) 135 ◦C ≤3 2.38 Eligibility
165 ◦C No requirement 0.62

Rolling thin film oven test (RTFOT)
Residue

(163 ◦C, 85 min)

Mass change (%) ±1.0 −0.016 Eligibility
Ductility 5 ◦C, 5 cm/min, cm ≥20 21 Eligibility

Penetration ratio (%) ≥65 81.6 Eligibility
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Table 5. The technical index of modified emulsified asphalt.

Test Item Unit Technical
Requirement Test Result Monomial

Assessment

Residue on sieve (1.18 mm) sieve, no more than % ≤0.05 0.03 Eligibility
Particle charge — positive ion (+) positive ion Eligibility

Viscosity (Asphalt Standard Viscometer C25,3) s 8–25 18 Eligibility

Evaporation residue

Residual content % ≥63 65.3 Eligibility
Penetration (25 ◦C) 0.1 mm 40–150 79 Eligibility

Softening point ◦C ≥55 66.0 Eligibility
Ductility (5 ◦C) cm ≥25 51 Eligibility

Solubility % ≥97.5 99.7 Eligibility
Elastic recovery (10 ◦C) % ≥60 71 Eligibility

Storage stability (1 d) % ≤1 0.5 Eligibility

Table 6. The mixture design index.

Sieve Mesh 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 Asphalt-Aggregate
Ratio (%) Porosity (%)

OGFC-13 100 95 55.9 11.8 11.4 11 8.4 7 5.5 4.2 5.2 21.6
AC-13 100 90 68 38 24 15 10 7 5 4 4.3 3.8

SMA-13 100 89 63 25 19 15 14 13 12 10 5.9 4.1
MS-III 100 100 100 90 70 50 34 25 18 15 7.2 3.8

2.2. Experiment Procedure

(1) Test condition

To ensure the indoor temperature is 25 ◦C and the temperature is constant during the
test; the tire load is 250 kN; the tire ground pressure is set at 0.7 MPa; the sampling time is
120 s; the microphone is fixed and connected to the computer.

(2) The noise measurement process is shown in Figure 4 and the noise acquisition process
is shown in Figure 5.

(3) Background noise measurement and modification
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Before the test, make the driving wheel (that is, the tire) idling without contact with
the surface of the test piece. The measured noise at the same position is the background
noise, and the value measured in the test is 38.1 dB(A).

In order to ensure the accuracy of pavement noise measurement, it is necessary to
determine the background noise of the test system environment [34]. When the difference
between the measurement noise and the background noise is more than 10 dB(A), the
background noise can be ignored; when the difference is between 6 and 10 dB(A), the mea-
surement noise should be corrected, and the measurement result should be subtracted from
the correction value in Table 7; when the difference is less than 6 dB(A), the measurement
is invalid.

Table 7. Background noise correction value.

Difference Between the Measurement
Noise and the Background Noise/dB(A) 6–8 9–10 >10

Correction value 1 0.5 0

3. Result and Discussion
3.1. Impact of Driving Speed on Noise

Taking the case of macroporous asphalt pavement, the noise changes of the OGFC
pavement are explored at different tire-rolling speeds to adjust the running speed (in terms
of the time of one revolution) and record the noise sound pressure level of the OGFC
pavement at different running speeds, as shown in Figure 6.

The OGFC–asphalt mixture tire or pavement noise sound pressure level increases
with the increment of driving speed, especially at a speed above 1500 ms/r, when this
effect is more significant.

A semi-logarithmic spectrum graph is drawn, as shown in Figure 7. It can be seen
that OGFC pavement noise is a typical broadband noise, distributed in the frequency
range of 200–5000 Hz. The peak value of the spectrum curve at different driving speeds
appears in the frequency range of 600–700 Hz. Compared with the background noise, the
noise peak value moves to high frequency, which shows that the background environment
noise is mainly affected by the driving wheel rotation system, primarily at low frequencies.
When the tires interact with the road surface, the pavement noise becomes prominent,
and the vibration intensity is greater in the higher frequency range. From the analysis of
the frequency spectrum structure, the noise measurement system has a good ability to
distinguish pavement noise.
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3.2. Impact of Wet and Dry Conditions on Noise

This test uses artificial watering to create wet pavement. Water was evenly sprayed
on the surface of the test piece to simulate rainfall. The running speed was 1500 ms/r, and
the noise test results are shown in Table 8.
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Table 8. A comparison of OGFC pavement noise in dry and wet conditions.

Pavement State Sound Pressure Level/dB(A) Noise Reduction
Level/dB(A)

Dry 49.2
0.6Wet 49.8

The test result shows that asphalt pavement is noisier in a wet state than in a dry state.
At the same speed, OGFC asphalt pavement with high porosity has a more significant noise
reduction effect in a wet state than in a dry state. The frequency spectrum characteristics of
OGFC pavement noise under dry and wet conditions are further analyzed in Figure 8.
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The low frequency (600 Hz) of OGFC pavement noise under dry or wet conditions does
not change significantly. The noise on dry pavement in the mid-frequency (600–1200 Hz)
range is slightly greater than that on wet pavement. The increase in sound pressure of wet
pavement noise compared to dry pavement noise is mainly reflected in the high-frequency
range (=2000 Hz). The reason is that the water film produced by the OGFC pavement in a
wet state reduces the adhesion between the tire and the pavement, causing the noise in
the mid-frequency range to decrease, while the amount of water and wheel speed mainly
cause the increase in the high-frequency range noise.

3.3. Impact of Mixture Type on Pavement Noise

In order to explore the impact of mixture type on pavement noise, four representative
pavements, namely porous drainage asphalt pavement (OGFC), ordinary asphalt pavement
(AC), asphalt mastic pavement (SMA) and micro-surface pavement (MS-III), are used as
the research objects. The measurement test condition is a dry state. The running speed is
1500 ms/r, and the test results are shown in Table 9.
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Table 9. Measurement and analysis results of different pavement noises.

Gradation Type Background
Noise OGFC-13 MS-III AC-13 SMA-13

Porosity /% — 21.6 3.8 3.8 4.1
Structural depth/mm — 1.94 0.83 0.42 1.14
Sound pressure level

/dB(A) 38.1 49.2 57.3 52.9 51.8

It can be known from Table 5 that the porosity and structural depth of OGFC are much
larger than those of SMA, AC and micro-surface. The corresponding A-weighted sound
pressure level shows that OGFC has the best noise reduction effect, SMA has good noise
reduction performance. Meanwhile, AC is poorer, and the micro-surface has the largest
noise. The noise mechanism of different pavement structures is not the same, which can be
reflected in the composition of the noise. The noise sound pressure level is only a part of
the composition. In order to find the main frequency bands that affect the pavement noise,
the spectrum analysis of the four pavement noises is performed, as shown in Figure 9.
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OGFC, AC, SMA and micro-surface pavements have significant tire or pavement noise
characteristics, whose pavement noise spectra are all broad and continuous. The peaks
of AC, SMA, micro-surface and OGFC move to low frequencies in sequence. The peak of
pavement noise is located in the most sensitive frequency range of the human ears, so this
article mainly studies the frequency range of 500–2000 Hz. Comparing the spectrum curve,
it is found that the pavement noise difference in the frequency range of 700–1600 Hz is
significant, and this frequency domain is the main area where the air pump effect occurs.

There are many pores in OGFC, and the pores are connected to each other and
communicate with the outside through the surface. When sound waves occur on the
surface of the material, they are reflected or penetrated into the interior and propagate
forward, causing the air in the pores to move and create friction with the irregular pore
inner walls. The viscous effect and heat conduction effect convert sound energy into heat
energy and consume it, which greatly reduces the pumping noise of 700–1600 Hz and
effectively reduces pavement noise. The peak frequency is lower than other pavements
(600–700 Hz). In previous studies, it was found that the macroporous structure of the
pavement changes the propagation characteristics of tire noise, including the fact that the
slits in the surface structure directly reduce aerodynamic noise, while the connected pores

73



Materials 2021, 14, 4356

inside the pavement structure also absorb part of the tire noise [35]. In Europe, there are
test results showing that vehicle noise can even be reduced by up to 10 dB(A) with porous
pavement structures. European test results show that vehicle noise can even be reduced by
up to 10 dB(A) with macroporous pavement structure [36].

Although the porosity of SMA is low, its surface has more coarse aggregates and
rich surface texture. With the decrease in the wavelength of the texture structure and
the increase in the amplitude, the Helmholtz resonance phenomenon occurs with the
reflection in the internal cavity, which provides a free channel for air movement in the
contact area and effectively weakens the pumping noise. Compared with AC and micro-
surface, SMA pavement noise is also reduced in low-frequency bands, indicating that its
dynamic modulus and internal damping help to attenuate the low-frequency noise of tire
vibration. The sound pressure level in the full frequency range of the spectrum curve at
the micro-surface is far greater than that of other pavements such as AC, especially the
low-frequency noise increase rate, which is more obvious. It is because the micro-surface is
not compacted, the surface structure is uneven, the top surface of large-size aggregates is
uneven, the superposition of common-size aggregates and the fine aggregate enrichment
area is recessed, resulting in a significant increase in tire impact noise and vibration noise.
Narayanan et al. conducted noise tests on different pavements by orienting the design with
different porosity, pore size and morphology of the surface structure (depth, width, shape)
and using TPTA (Tire-Pavement Test Apparatus). They initially analyzed that the noise
level is related to the depth of the road surface structure, but the influence of the depth of
the road surface structure and the porosity inside the pavement remains to be studied [37].

3.4. Analysis on the Law of Pavement Noise Attenuation
3.4.1. Impact of Tire Action Times on Noise Decay

It can be known from engineering practice that OGFC has a good pavement noise
reduction effect. Nevertheless, with the extension of operating time, the squeeze of the
vehicle and the blockage of dust and other debris will result in a smaller porosity and a
small increase in the noise level of the OGFC. However, lacking long-term monitoring data
of OGFC noise, it is impossible to grasp the law of OGFC noise attenuation.

The indoor accelerated loading test system can simulate the impact of long-term
traffic load well by increasing the number of tire actions on the OGFC pavement, thereby
obtaining the long-term noise characteristics of the OGFC pavement. After the preset
number of actions (7 × 104 times), the long-term noise measurement results of OGFC-13,
SMA-13, AC-13 and MS-3 at the micro-surface are shown in Figure 10.

It can be seen from Figure 10 that the noise on the four pavements increases with the
number of tire actions, among which the tire noise at the micro-surface has always been at
the highest level, mainly related to the roughness and flatness of the surface texture. The
noise level of densely graded SMA-13 is slightly better than that of AC-13 pavement, which
is mainly affected by the damping coefficient of SMA pavement and the larger macroscopic
structure depth. The noise attenuation laws of the two densely graded pavements are also
similar. As for the large-pore OGFC pavement, its initial noise reduction performance is
relatively good, which is at the lowest noise level; when the number of driving operations
reaches more than 40,000, the tire noise increases rapidly, which is mainly due to the
falling off of aggregate and mortar on the pavement and the decrease in interconnected
pores in the mixture. The attenuated noise level in the later stage is closer to the densely
graded noise, indicating that the noise reduction function of the macroporous pavement
is basically lost at this time. Through the road noise tests at different ages, it was found
that the tire noise increased with the aggravation of road wearing [38]. It is consistent
with our main finding of the four pavement noise variation patterns under the actions of
different wheel-tires conducted by the laboratory accelerated loading system developed in
this paper. This also proves that the device can simulate the action of wheel tires on the
pavement well.
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According to the frequency spectrum analysis based on the measured noise data, the
changes in the noise characteristics of OGFC are observed as the number of tire actions
increases, as shown in Figure 11. The noise level of the newly built OGFC pavement is
greater than that of the OGFC pavement after the action of tires in the range of 100–600 Hz,
while the higher-frequency domain above 700 Hz is the opposite, which is because the effect
of the traffic load may cause the single stone protruding on the OGFC pavement to fall off
and become smoother, the impact on the tires is reduced, and the low-frequency vibration
and noise generated are also reduced accordingly. Furthermore, with the compaction
of the tires, the connected porosity of the OGFC pavement decreases, and the effect of
reducing the pumping noise becomes smaller accordingly. The internal and external
pressure between the tire and the road cannot be kept constant, resulting in increased noise
in the high-frequency range of the OGFC pavement, and the peak of the spectrum has to
move to the high-frequency direction.
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3.4.2. Impact of Structural Depth on Noise Decay

After OGFC pavement has passed tire action times (7 × 104 times), the structural
depth change is shown in Figure 12. OGFC pavement is compacted under the action of
tires, and the structural depth decreases rapidly, and then the decrease rate becomes slower
and tends to be stable.
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The correlation between the structural depth attenuation process and noise of con-
structing a large-pore pavement is shown in Figure 13. OGFC structural depth and noise
show a good secondary correlation. As the number of tire actions increases, the structure
depth decreases, OGFC pavement noise tends to increase, and the correlation is good. The
main reason is that the initial OGFC pavement has a large structural depth, rich surface
texture, and dense through-holes formed on the surface and inside of the road, which
has good sound absorption performance. When the depth of the structure becomes lower
under the load of the tire, the connected pores are correspondingly reduced, and the air in
the pores is squeezed when the tire interacts with the road surface. When the interaction
between the tire and the road surface ends, the pores suck in a large amount of air due to
the imbalance of internal and external pressure, and the pumping noise increases.
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4. Conclusions

(1) OGFC tire or pavement noise increases with the increase in driving speed, and the
noise structure is different at different speeds. OGFC pavement noise at low speeds
increases the noise level in the high-frequency range due to tire or road sticky action.
Regarding the noise at higher speeds, in addition to the effect of sticky action, there
is also pumping noise and vibration noise from tire patterns, which violently beat
the pavement.

(2) The noise reduction performance of OGFC comes from its porosity up to 20%, which
effectively reduces air pump noise. SMA has a rich surface texture and high internal
damping, and its noise reduction performance is inferior only to OGFC pavement.
The higher noise at the micro-surface is due to the unevenness and nonuniformity of
the pavement macroscopic structure. The noise reduction effect of different asphalt
pavements is OGFC-13> SMA-13> AC-13> MS-III.

(3) With the decrease in the structural depth, the OGFC pavement noise has an increasing
tendency, and the OGFC pavement structural depth has a good quadratic parabolic
relationship with the noise sound pressure level. In the later stage of the driving
action, the noise reduction function of OGFC tends to disappear due to the speed of
the connected pores. Meanwhile, the pavement noise characteristics are similar to
those of densely graded asphalt pavement.

Future studies will be focused on the slipperiness characteristics and the in situ
validation of the macroporous asphalt pavement based on the weighted sound pressure
level sensor.
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Abstract: The high pavement temperature plays an important role in the development of urban heat
island (UHI) in summer. The objective of this study was to develop water retentive and thermal
resistant cement concrete (WTCC) to enhance the pavement cooling effects. The WTCC was prepared
by combining a water retentive material and a high aluminum refractory aggregate (RA) with porous
cement concrete (PCC). Water retention capacity test, fluidity test, and compressive strength test were
used to determine the composition ratio of the water retentive material. Mechanical performance and
cooling effects of WTCC were evaluated by compressive and flexural strength tests and temperature
monitoring test. The mass ratios of fly ash, silica fume, cement, and water in the water retentive
material were determined as 65:35:15:63.9. The compressive strength and the flexural strength of
WTCC after 28 days curing were 30.4 MPa and 4.6 MPa, respectively. Compared with stone mastic
asphalt (SMA) mixture, PCC, and water retentive cement concrete (WCC), surface temperature of
WTCC decreased by 11.4 ◦C, 5.5 ◦C, and 4.1 ◦C, respectively, and the internal temperatures of WTCC
decreased by 10.3 ◦C, 6.1 ◦C, and 4.6 ◦C, respectively. The water retentive material has benefits of
strength improvements and temperature reduction for WTCC. Based on the results, WTCC proved
to have superior cooling effects and the potential to efficiently mitigate the UHI effects and be used
in medium traffic roads.

Keywords: urban heat island effects; water retentive material; water retentive and thermal resistant
cement concrete; pavement temperature reduction

1. Introduction

With global warming and fast urbanization, temperatures in metropolitan areas are
significantly greater than the surrounding suburban areas in summer, and this phenomenon
is named urban heat island (UHI) [1,2]. Studies demonstrated that pavement contributes
highly to the development of UHI because the pavement temperature is very high in sum-
mer, and the pavement area percentage in urban areas may be up to 40% [3–5]. Especially,
asphalt pavements have a more significant influence on the UHI effects because the heat
absorptivity and the temperature of asphalt pavement are higher than other pavements [6].
The high temperature not only causes pavement distress [7] but also aggravates the UHI
effects [1,8]. Therefore, developing new pavement technologies to reduce the pavement
temperature has a great significance for pavement durability and sustainability of the
environment.

There are mainly four ways to reduce the pavement temperature: (a) increasing the
albedo of pavement surface; (b) decreasing the thermal conductivity of pavement materials;
(c) utilizing water retentive pavements; and (d) using phase change materials. Increasing
the albedo of pavement, known as reflective pavement, has been used for a long time to
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reduce the pavement temperature [1,9]. In the eastern San Francisco Bay Area of California,
the albedo and the temperature of different asphalt pavements were measured. Results
indicated that the temperature and the albedos correlated well with each other. The albedo
of chip-seal was about 70% of the aggregates, resulting in a surface temperature reduc-
tion of about 9.0 K compared with the traditional asphalt pavements [10]. Furthermore,
coloring additives together with proper aggregates were used to increase the albedo of
the pavements, and surface temperature decreased about 12 K compared to weathered
asphalt [11]. In general, reflective pavements are mainly carried out using the following
strategies: (a) use of white high reflective paints on the surface of the pavement [11,12];
(b) use of infrared reflective colored paints on the surface of the pavement [3,13]; (c) use
of heat reflecting paints to cover aggregates [9]; and (d) use of color changing paints on
the surface of the pavement [14]. The durability of the reflective pavements is the main
concern in the practices.

Apart from the reflective pavements, permeable pavements and thermal resistant
pavements are other pavement technologies available to reduce the pavement temperature
through decreasing the thermal conductivity of pavement materials. The permeable
pavements are paved by porous cement concrete or porous asphalt mixtures, which have a
high air void (AV) content and lower thermal conductivity than traditional dense-graded
asphalt mixtures [15,16]. Studies reported that the insulation properties of permeable
pavements contributed to a temperature reduction [17,18]. Alternative aggregates with
a lower thermal conductivity incorporated into asphalt mixtures have been applied to
reduce pavement temperature. The thermal conductivity of ceramic, floating beads, and
refractory gravel is lower than ordinary aggregates. Pavement temperature reduction
was observed when the ordinary aggregates were substituted by these lower thermal
conductivity aggregates [2,6]. In addition, water retentive pavements were used to decrease
the pavement temperature by dissipating the heat through water evaporation [8]. Water
absorption capability and water retention capacity of sintered ceramic pervious brick (CB),
pervious concrete brick (PB), and open-graded pervious concrete (PC) were investigated.
Results revealed that CB and PB could reduce the surface temperature by up to 20 ◦C and
12 ◦C with cooling periods of 16 h and 12 h, respectively [19]. To extend the evaporative
cooling period of water retentive pavements, water retentive materials that use highly
absorptive filler, such as sepiolite, fly ash, or blast furnace slag, were added into the pore
structures of pervious pavements [5,20,21]. Super absorbent polymer (SAP) was added
into porous asphalt mixtures, showing a significant cooling effect [22]. Recently, phase
change materials incorporated with a lightweight aggregate were used in asphalt mixtures
to reduce pavement surface temperature [23,24]. Surface temperature decreased about 4 ◦C
under a test temperature range between 30 ◦C and 60 ◦C [24]. The phase change materials
also were used in a cement mortar to accumulate heat [25].

In this study, a water retentive material was designed and combined with a thermal
resistant aggregate and porous cement concrete (PCC) to develop a water retentive and
thermal resistant cement concrete (WTCC). With lower thermal conductivity PCC and
water evaporation of a water retentive material, the WTCC may have the potential to
enhance the pavement cooling effects. The mechanical performance and the cooling effects
of WTCC were also evaluated and compared with stone mastic asphalt mixtures (SMA),
PCC, and water retentive cement concrete (WCC). The schematic development of WTCC
and the test program is shown in Figure 1.
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Figure 1. Schematic development of WTCC and test program.

2. Materials and Sample Preparation

The main raw materials for preparing WTCC included thermal resistant aggregate,
cement, silica fume, fly ash, and water. In addition, SMA, PCC, and WCC were also
prepared and compared with WTCC. A summary of the main composition of these mixtures
is shown in Table 1. A water retentive material was designed for preparing the WCC and
the WTCC.

Table 1. Brief of the composition of different mixtures.

Mixture Type Binder Aggregate Water Retentive
Material

SMA SBS modified asphalt Serpentinite No
PCC Cement Serpentinite No
WCC Cement Serpentinite Yes

WTCC Cement High aluminum
refractory aggregate Yes

Styrene-butadiene-styrene (SBS) modified asphalt was used for SMA, while cement
graded 42.5 was used for PCC, WCC, and WTCC. The properties of SBS modified asphalt
and cement are listed in Tables 2 and 3, respectively. Two types of coarse aggregates—
serpentinite aggregate (SA) and thermal resistant aggregate of high aluminum refractory
aggregate (RA)—were used, and the properties of the coarse aggregates are summarized in
Table 4. SA with different sizes was used for SMA, PCC, and WCC, while RA with a uniform
size of 5–10 mm was used for WTCC. RA was produced by Xi’an Hua Rong Refractories
Co., Ltd. The thermal conductivity of RA was 0.5 W·(m·K)−1, which is significantly lower
than the ordinary aggregates of SA.

Table 2. Properties of SBS modified asphalt.

Properties Value

Penetration (25 ◦C, 100 g, 5 s) (0.1 mm) 66.2
Ductility (5 cm/min, 5 ◦C) (cm) 36.5

Kinematic viscosity (135 ◦C) (Pa·s) 1.965
Softening point (◦C) 74.9
Elastic recovery (%) 99.0
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Table 3. Properties of cement.

Properties Value

Specific surface area (Blaine method) (m2·kg−1) 362
Normal consistency (%) 28.0

Setting time (min) Initial setting time 230
Final setting time 295

Flexural strength (MPa) 3 days 4.2
28 days 7.9

Compressive strength (MPa) 3 days 20.1
28 days 44.5

Table 4. Properties of coarse aggregates.

Properties SA RA Limits

Crushed value (%) 6.8 26.8 ≤30
Los Angeles abrasion loss (%) 5.6 28.4 ≤35

Apparent specific gravity (g·cm−3) 2.964 2.830 ≥2.45
Bulk specific gravity (g·cm−3) 2.896 2.732 -

Water absorption (%) 0.71 5.89 ≤3.0
Thermal conductivity (W·(m·K)−1) 2.2 0.5 -

2.1. Water Retentive Material

Water retentive material was designed to improve the absorption and the retention
capacities of WCC and WTCC. The water retentive material was composed of fly ash,
cement, and silica fume. Fly ash is a porous material with strong water absorption and
retention capacity. Silica fume is a non-crystalline polymorph spherical particle with
smooth surface, large specific surface area, and high activity. In the water retentive material,
silica fume mainly acted as a lubricant to improve the fluidity, and cement provided the
strength. The chemical compositions of fly ash and silica fume are shown in Table 5.

Table 5. Chemical compositions of fly ash and silica fume.

Elements Fly Ash Silica Fume

SiO2 (%) 38.29 85.6
Al2O3 (%) 22.83 0.81
Fe2O3 (%) 20.15 0.9
CaO (%) 1.18 0.3
MgO (%) 7.76 0.7

Ignition Loss (%) 15.2 1.0
Na2O (%) / 1.3

Specific surface area (m2/g) 1.7 20.8

To prepare the water retentive material, first, cement, fly ash, and silica fume were
weighted according to the composition ratio. Next, all the materials were mixed together
with water, and the mixture was stirred until uniform consistency slurry was formed. The
water retentive material should have good workability in order to easily infiltrate the pore
structure of PCC as well as good water retention capacity to store water. The composition
ratio of the water retentive material was determined based on water retention capacity
(WR), fluidity (FL), and compressive strength and is discussed in the following section.

2.2. Stone Mastic Asphalt (SMA)

SMA with a nominal maximum aggregate size (NMAS) of 13.2 mm (SMA-13) was
investigated and used as the surface layer of SMA pavements. SMA-13 was designed based
on the Marshall mixture design method [26]. The asphalt content was 6.1%, and the AV

82



Materials 2021, 14, 6141

content was 3.5%. The gradation of SMA-13 is shown in Figure 2. A rolling compaction
machine was used to prepare the specimen with a length of 300 mm, a width of 300
mm, and a height of 50 mm. Another dense graded asphalt mixture with a NMAS of
19 mm (AC-20) was compacted with the same dimensions. AC-20 was the bottom layer
of SMA pavement. The SMA-13 specimen was bonded with the AC-20 specimen using
emulsified asphalt to simulate the SMA pavement structure. Thus, the total height of the
SMA specimen was 100 mm.
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2.3. Porous Cement Concrete (PCC)

PCC is the matrix for preparing WCC and WTCC and providing strength for them.
Two types of PCC were prepared in this study. One was PCC prepared by SA (PCC-SA),
and the other was PCC prepared by RA (PCC-RA). WCC was prepared by pouring the
water retentive material into PCC-SA, and WTCC was prepared by pouring the water
retentive material into PCC-RA. PCC-SA and PCC-RA were designed based on target valid
interconnected AV content (AVvalid), workability, and flexural strength. The target AVvalid
of the PCC was 18–22%, and the AVvalid was calculated based on the Equation (1). The
specimens used in the AVvalid measurement were cubic specimens with lengths, widths,
and heights of 150 mm after 7 days of curing. The compositions of the PCC-SA and the
PCC-RA are shown in Table 6.

AVvalid = (1 −
mwater − mdry

V · ρw
)× 100% (1)

where mwater is saturated specimen mass in water, g; mdry is mass of specimen in air, g; V
is the volume of specimens, cm3; and ρw is density of water, g/cm3.

Table 6. Compositions of PCC-SA and PCC-RA.

Type
Materials Mass in One Cubic Meter/kg

AVvalid (%)
Cement Silica Fume Aggregate Water

PCC-SA 266 30 1427 107 19.5
PCC-RA 266 30 1395 121 21.4

3. Test Methods

Water retention capacity test, fluidity test, and compressive strength test were used to
evaluate WR, FL, and compressive strength of the water retentive material. In addition, the
compressive strength test, the flexural strength test, and the temperature monitoring test
were utilized to evaluate the mechanical performance and the cooling effects of WTCC.
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3.1. Water Retention Capacity Test

The water retentive material should have good WR to store as much as water as
possible. The greater WR is, the longer the evaporation time lasts. WR was determined by
the following steps:

1. Water retentive material was prepared according to the composition ratio. A cylindri-
cal specimen with a height of 5 cm and diameter of 5 cm was fabricated.

2. The specimens were cured at a constant temperature of 20 ± 2 ◦C and a humidity of
95% for seven days.

3. Specimens were dried at a constant temperature of 105 ± 2 ◦C for 24 h, and the
original mass of the specimens (m0) was measured.

4. Specimens were immersed into water until the mass was constant. The mass of the
saturated specimen was measured as m1. The WR is calculated by the Equation (2).

WR =
m1 − m0

V
× 100% (2)

where V is the volume of specimens, cm3.

3.2. Fluidity Test

The FL was determined via flow cone method according to JTG 3420-2020 [27]. A
volume of 1725 mL ± 5 mL of water retentive material was poured into a flow cone by
opening the outlet and allowing the water retentive material to free flow out from the flow
cone. The flowing time was recorded as the FL. The greater FL was, the better the fluidity
was.

3.3. Compressive Strength and Flexural Strength Test

For the water retentive material, compressive strength test was performed on cylin-
drical specimens with a height of 50 mm and diameter of 50 mm. The specimens were
cured at a temperature of 20 ± 2◦C and a humidity of 95% for seven days. A loading rate
of 5 mm/min was applied until the specimens failed. The compressive strength (Rc) of the
water retentive material was calculated based on Equation (3).

Rc =
P
A

(3)

where P is the peak force, kN; and A is the area of upper surface of specimen, mm2.
For PCC, WTCC, and WCC, both compressive strength and flexural strength were

evaluated. Prismatic specimens with a height of 150 mm, a width of 150 mm, and a length
of 550 mm were prepared for the measurement of flexural strength. Four point bending test
was used to measure the flexural strength. Cubic specimens with height, width, and length
of 150 mm were prepared for the compressive strength test [27]. The compressive strength
was calculated based on the Equation (3), and the flexural strength (Ff) was calculated based
on the Equation (4). The compressive strength and the flexural strength of the specimens
after 7 days, 28 days, and 90 days curing were evaluated.

Ff =
PL
bh2 (4)

where L is the length between two fixing supports, mm; and b and h are width and height
of specimen, mm.

3.4. Temperature Monitoring Test

Temperature monitoring test was designed to evaluate the cooling effects of SMA,
PCC, WCC, and WTCC. The specimens of PCC, WCC, and WTCC used in the temperature
monitoring test had a length of 300 mm, a width of 300 mm, and a height of 100 mm.
Vibration compaction was used to prepare the specimen of PCC, WCC, and WTCC. Before
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compaction, one temperature sensor was embedded at the depth of 50 mm, and another
temperature sensor was embedded at the surface of the center of each specimen.

In actual pavement, the heat only can be transferred from the surface of the pavement.
To simulate the field condition, a testing box was designed to avoid the heat transferring
from the bottom and the side of the specimen. As shown in Figure 3, the testing box was a
wood box filled with insulating foam and tested mixtures. The thickness of the insulating
foam was 5 cm. The bottom and the side of the specimens were wrapped by the same
mixtures with the tested specimens.
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A multi-channel automatic temperature recorder, produced by Hang Zhou Ze Da
Instrument Co., Ltd., (Hangzhou, China) was used in the temperature monitoring test.
The measuring accuracy was 0.1 ◦C, and the temperature was recorded every 10 min.
Before testing, a mass of 500 mL water was sprinkled on the surface of the specimens to
simulate the rainfall. Temperature sensors were connected to the multi-channel automatic
temperature recorder. To evaluate the field cooling effects, one day with maximum and
minimum air temperatures of 35 ◦C and 19 ◦C in summer was selected to perform the
temperature monitoring test.

4. Results and Discussion
4.1. Design of Water Retentive Material

The composition ratio of fly ash, cement, silica fume, and water in the water retentive
material was determined based on WR, FL, and compressive strength. The cement not only
provided strength for the water retentive material but also prevented fly ash and silica
fume from losing the water retentive material. However, excessive cement may clog the air
voids and had a negative effect on the absorption capacity. Based on common sense and
practices, the maximum percentage of cement is recommended as 15% of the total mass
of fly ash and silica fume [28]. In addition, WR greater than 0.25 g/cm3, FL between 15
and 20 s, and compressive strength greater than 2.0 MPa are generally required to ensure
workability and strength for the water retentive material [28].

The mass ratio of fly ash to silica fume (F/S) was firstly determined. Three F/Ss of
65/35, 60/40, and 55/45 were investigated by the water retention capacity test. Figure 4a
shows the WR under different F/S. WR decreased with the decrement of F/S. Results
indicate that increasing the percentage of fly ash can increase the WR of the water retentive
material. When the F/S was greater than 60/40, the WR could satisfy the requirement
of being greater than 0.25 g/cm3. Secondly, the mass of water to the total mass of fly
ash, silica fume, and cement (W/FSC) was determined based on the FL. The fluidities
of three W/FSCs of 1.8/1, 2.0/1, and 2.2/1 were evaluated. Figure 4b presents the FL of
different W/FSCs under the F/Ss of 65/35 and 60/40. The FL decreased with the increasing
W/FSC. Under the same W/FSC, FL under F/S of 60/40 was greater than F/S of 65/35,
demonstrating that silica fume had a positive influence on the fluidity of the water retentive
material. Under the F/S of 65/35 with W/FSC of 1.8/1 and F/S of 60/40 with W/FSC of
2.0/1, FL satisfies the requirement of between 15 and 20 s. Compared with W/FSC of 2.0/1,
the water retentive material under W/FSC of 1.8/1 with less water had better durability
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because water had a negative influence on the durability. Thus, the composition of the
water retentive material was determined as F/S of 65/35, cement mass of 15% of the total
mass of fly ash and silica fume, and W/FSC of 1.8/1. In other words, the mass ratio of fly
ash, silica fume, cement, and water was 65:35:15:63.9. Finally, the compressive strength test
was performed, and the compressive strength was 2.7 MPa, which is greater than 2.0 MPa.
The design procedure of water retentive material is summarized in Figure 5.
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4.2. Preparation of WTCC

The WTCC was prepared by pouring water retentive material into PCC-RA, while
WCC was prepared by pouring water retentive material into PCC-SA after 7 days of curing.
The flexural strengths of PCC-SA and PCC-RA after 28 days of curing were 4.8 MPa and
4.3 MPa, respectively. The flexural strength of RCC-RA was smaller than RCC-SA because
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the strength of RA was smaller than SA. Based on the specification of design of highway
cement concrete pavement of China, the minimum flexural strength of 4.5 MPa is specified
for medium traffic roads, and the minimum flexural strength of 4.0 MPa is specified for
light traffic roads [29]. Therefore, PCC-SA could be used for the medium traffic roads,
while PCC-RA only could be used for the light traffic roads.

The preparation of WCC and WTCC was based on the following steps: (1) Dust was
removed from the surface of the specimens, and some water was sprayed on the surface
of the specimens. (2) We placed the specimens on a vibration table and poured the water
retentive material on the surface of specimen. The surface of the specimen was covered by
a geotextile. (3) We turned on the vibration table until the water retentive material could
not infiltrate the specimens. (4) The water retentive material that remained on the surface
was removed, and the specimens were cured under the temperature of 20 ± 2 ◦C and the
humidity of 95% for 28 days.

4.3. Mechanical Performance of WTCC

Figure 6a,b show the compressive strength and flexural strength of different pave-
ments after 7 days, 28 days, and 90 days curing, respectively. The compressive strength
and flexural strength of WTCC at 28 days is 30.4 MPa and 4.6 MPa, respectively, which
satisfies the requirement of medium traffic roads. Even though the WTCC used in the
square, bicycle lane, and sidewalk is more appropriate, the WTCC has a potential used in
the medium traffic roads based on the mechanical performance.
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flexural strength.

The compressive strength and the flexural strength increased with the curing time. The
flexural strength of WCC was greater than PCC-SA, and the flexural strength of WTCC was
greater than PCC-RA, indicating that the water retentive material functionally improved
the flexural strength. After the water retentive material was added into the PCC-SA and
the PCC-RA, the pore structures were filled with water retentive materials, leading to
AV content decrement. The strength increased with the decrement of AV content, and
the self-strength of the water retentive material could also improve the strength of the
specimen. In addition, compared with PCC and WTCC, both compressive strength and
flexural strength of WCC were the largest. It also demonstrates that the water retentive
material and the higher strength of SA had contributions to the strength of the specimen.

4.4. Cooling Effects of WTCC

Figure 7 shows the surface temperature of four specimens under the field air tempera-
ture. As shown in Figure 7a, the temperature changes showed a consistency with the air
temperature. At the start of the test, the temperature of cement concrete pavement was
lower than SMA due to a lower heat absorptivity of cement concrete than asphalt mixtures.
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The highest surface temperature appeared at about 15:00, and the surface temperature of
SMA was the highest. The highest surface temperatures of SMA, PCC, WCC, and WTCC
were 62.9 ◦C, 57.0 ◦C, 55.6 ◦C, and 51.5 ◦C, respectively. Compared with SMA, PCC, and
WCC, the highest surface temperatures of WTCC decreased by 11.4 ◦C, 5.5 ◦C, and 4.1 ◦C,
respectively. Figure 7b shows the average surface temperature of the four mixtures. Com-
pared with SMA, PCC, and WCC, the average surface temperatures of WTCC decreased by
2.9 ◦C, 4.0 ◦C, and 6.1 ◦C, respectively. Figure 8a shows the temperature distribution at the
depth of 50 mm under the field air temperature. The temperature at the depth of 50 mm of
SMA was also the highest. Compared with SMA, PCC, and WCC, the highest temperatures
at the depth of 50 mm of WTCC decreased by 10.3 ◦C, 6.1 ◦C, and 4.6 ◦C, respectively.
Figure 8b shows the average of the temperature at the depth of 50 mm. Compared with
SMA, PCC, and WCC, the average surface temperatures of WTCC decreased by 3.5 ◦C,
4.0 ◦C, and 6.4 ◦C, respectively. A significant temperature reduction was found in WTCC.
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The temperature of WCC was slightly smaller than PCC due to the heat dissipa-
tion through water evaporation of the water retentive material. However, as shown in
Figures 7 and 8, the temperature of WCC approached the same as the temperature of PCC
after 18:00. Water in the water retentive material was consumed during continuous evapo-
ration. When the water was exhausted, temperature reduction through water evaporation
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failed. Therefore, it is suggested to supplement water for pavement at 12:00 to prolong and
enhance the cooling effects. This work can be done by incorporating it in the cleaning work
of pavements. Because WTCC uses thermal resistant aggregates, the temperature of WTCC
was still the lowest, even when the water in the water retentive material was exhausted.

Based on the results, WTCC presents a great cooling effect via the combination of
porous cement concrete, a thermal resistant aggregate, and water retentive material. WTCC
has potential to efficiently mitigate the UHI effects and be used in medium traffic roads.

5. Conclusions

In this study, water retentive material and WTCC were developed to alleviate the UHI
effects. The mechanical performance and the cooling effects of WTCC were evaluated and
compared with SMA, PCC, and WCC. Several conclusions could be obtained from the
study.

(1) Based on water retention capacity, fluidity, and compressive strength, the composition
ratio of the water retentive material was determined. The mass ratios of fly ash, silica
fume, cement, and water were determined as 65:35:15:63.9.

(2) WTCC was prepared by pouring the water retentive material into PCC incorporating
a thermal resistant aggregate. Even though the WTCCs used in the square, the bicycle
lane, and the sidewalk were more appropriate, the WTCC has potential to be used in
medium traffic roads based on the mechanical performance.

(3) The water retentive material has benefits of improving the strength of pavements and
temperature reduction. The freeze–thaw resistance of WTCC will be further evaluated
in future tests.

(4) Compared with SMA, PCC, and WCC, surface temperatures of WTCC decreased by
11.4 ◦C, 5.5 ◦C, and 4.1 ◦C, respectively, and internal temperatures decreased by 10.3
◦C, 6.1 ◦C, and 4.6 ◦C, respectively. Results demonstrate that WTCC has superior
cooling effects due to the lower thermal conductivity of porous cement concrete, the
thermal resistant aggregate, and the water retentive material. WTCC can be used to
efficiently to mitigate UHI effects.
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Abstract: Conventional asphalt pavement has a deep surface color and large thermal inertia, which
leads to the continuous absorption of solar thermal radiation and the sharp rise of surface temperature.
This can easily lead to the permanent deformation of pavement, as well as aggravate the urban heat
island (UHI) effect. Cool pavement with a reflective coating plays an important role in reducing
pavement temperature and alleviating the UHI effect. It is of great significance to study the influence
of temperature on the mechanical response of different types of pavement under vehicle loading.
Therefore, this study examined the heat exchange theory between pavement and the external envi-
ronment and utilized the representative climate data of a 24 h period in the summer. Two kinds of
three-dimensional finite element models were established for the analysis of temperature distribution
and the mechanical responses of conventional pavement and cool pavement. The results show that
in this environmental condition, conventional pavement temperatures can exceed 50 ◦C under high
temperatures in summer, which allows for the permanent deformation of pavement and further affects
the service life of asphalt pavement. The temperature difference in a conventional pavement surface
between 6 h (24.7 ◦C) and 22 h (30.2 ◦C) is much less than that between 22 h (30.2 ◦C) and 13 h
(50.1 ◦C) in the summer. However, the difference in the vertical displacements of the pavement surface
between 6 h and 22 h is much larger than that between 22 h and 13 h. One reason is that the difference
in temperature distribution between the morning and night leads to changes in pavement structure
stiffness, resulting in significant differences in vertical displacement. Cool pavement has a significant
cooling effect, which can reduce the surface temperature of a road by more than 15 ◦C and reduce the
vertical displacement of the pavement by approximately 11.3%, which improves the rutting resistance
of the pavement. However, the use of cool pavement will not change the horizontal strain at the
bottom of the asphalt base and will not improve the fatigue resistance of asphalt pavement. This
research will lay the foundation for further clarifying the difference in the mechanical properties
between the two types of pavements in the management and maintenance stage.

Keywords: asphalt pavement; cool pavement; temperature distribution; numerical simulation;
mechanical response

1. Introduction

As a typical temperature-sensitive material, the modulus of an asphalt mixture changes
with its temperature. As a result, the load-carrying capacities and pavement performances
of asphalt pavements are significantly influenced by temperature. Various common types of
damage to asphalt pavements, such as low-temperature cracking, high-temperature rutting,
and fatigue damage, are also directly or indirectly related to the temperature distribution
within the pavement [1–4].

Compared with green vegetation, asphalt pavement has different characteristics such
as a darker surface color and greater thermal inertia. Asphalt pavement constantly absorbs
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solar heat radiation, causing the surface temperature to rise sharply, which not only ac-
celerates its own high-temperature rutting damage, but also exacerbates the urban heat
island (UHI) effect. The use of cool pavement to mitigate the UHI effect is a popular
direction in recent research. The phrase "cool pavements" was recently defined by the
United States Environmental Protection Agency (USEPA) as “cool pavements include a
range of established and emerging technologies that communities are exploring as part
of their heat island reduction efforts. The term currently refers to paving materials that
reflect more solar energy, enhance water evaporation, or have been otherwise modified
to remain cooler than conventional pavements.” [5]. The cool pavement cooling principle
mainly includes heat reflection, water evaporation, and road heat storage [6].

The reflective coating is a pre-treatment solution that prevents the first surface layer
from absorbing heat and reflects a significant amount of energy back into the environment,
thus reducing the downward conduction of heat sources in the pavement structure [7].
Zheng et al. [8] developed different reflective coating materials and studied their effects on
human comfort through field tests. The results show that the use of reflective coatings can
effectively improve human comfort and alleviate the UHI effect. Evaporative pavements
are often designed as water-locked structures, with water absorbing heat to transition from
a liquid to a gas state. This process requires the absorption of heat from the surrounding
environment, which cools the pavement. Parking lots, walkways, highway shoulders,
and city streets are all examples of evaporative pavements [9]. Another use of permeable
pavement is for storing rainwater after high-intensity rainfall events [10]. In absorbing the
heat extracted by embedded asphalt solar collectors, collected heat pavement can be used
as a sustainable energy source.

Research on the performance of asphalt pavement under a multi-physical field has been
rapidly developing in recent years [11]. Wang et al. [12] studied the thermodynamics and
mechanical properties of porous asphalt under high temperature and high-strength rainfall.
The resistance of porous asphalt to rutting under this multi-physical field condition was
evaluated. The results show that the rutting resistance of a porous asphalt mixture under
rainfall conditions is lower than that under dry conditions. The rutting resistance of a porous
asphalt mixture is more sensitive to temperature than to rainfall conditions. Ma et al. [13]
used measured weather data to simulate temperature transfer during asphalt pavement
construction. The results show that the initial temperature and layer thickness affect the
overall temperature field during compaction, and wind speed and temperature mainly affect
the upper-temperature field of hot mix asphalt (HMA). Zhao et al. [14] developed a three-
dimensional (3D) finite element (FE) model based on transient heat transfer. The results
show that the influence of temperature decreases with the increase in depth. Therefore,
future subgrade temperature stress is less of a concern. Temperature differences should be
considered in pavement design in regions with large temperature differences.

In summary, a comparison of the influence of temperature on the mechanical properties
of conventional pavement and cool pavement with reflective coating is seldom seen in the
literature. The main objective of this paper is to study the effects of temperature on the two
types of asphalt pavements using the FE method, mainly in terms of the variation of their
mechanical parameters. To this end, the heat transfer model for asphalt pavement is first
introduced. The development of FE models for conventional and cool pavements is then
described. The results derived from the FE simulations with respect to the heat transfer
within and the mechanical responses of the two types of asphalt pavements are analyzed.
Finally, the conclusions and outlook are provided.

2. Heat Transfer Model in Asphalt Pavement

For asphalt pavement structures, it is generally assumed that the horizontal tempera-
ture gradient is zero. Therefore, the side boundary conditions can be ignored, and the main
boundaries considered are the surface boundary and the bottom boundary. The pavement
surface is the main boundary of the pavement heat transfer, and the heat exchange between
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the pavement and the external environment is carried out mainly in three ways: solar
radiation, thermal convection, and pavement surface radiation [4], as shown in Figure 1.
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Figure 1. Schematic diagram of heat transfer modes for asphalt pavement.

For solar radiation, the radiation flux incident on the surface or medium passes
through three paths, namely, transmission, reflection, and absorption. According to the
definition of energy conservation, the relationship between the transmissivity α, reflectivity
ρ, and absorptivity τ of the radiation flux is as shown in Equation (1) [15]:

α+ ρ+ τ = 1 (1)

Asphalt pavement is a black opaque solid. For the opaque surface, the transmittance α
is 0, and then ρ + τ = 1. Therefore, the lower the absorption rate is, the higher the reflectivity
of the opaque surface is. The higher the reflectivity, the lower the heat loss.

According to the research of Liao et al., solar radiation can be calculated as follows [16]:

qs(t) =





0 0 ≤ t < 12− c
2

q0cos mβ(t− 12) 12− c
2 ≤ t ≤ 12 + c

2
0 12 + c

2 ≤ t < 24
(2)

q0 = 0.131mQd (3)

m = 12/c (4)

where qs(t) is the function of heat flux of solar radiation with time (mJ/(h·mm2)), q0 is
the maximum value of qs, Qd is the total heat flux of solar radiation per day (mJ/(mm2)),
c is the effective duration of sunshine (h), β is a parameter (rad, 2π/24 = 0.2618), and t is
the time (h).

The qs values obtained by Equations (2)–(4) are not smooth and continuous, and
there will be jumping points when calculating the temperature field. In accordance with
the relevant principle of the Fourier series, the cosine function was expanded into the
corresponding Fourier series form. When k reaches 30, it can meet the requirements of
engineering accuracy [16].

qs(t) =
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2
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kπ(t− 12)
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(6)

Qs = τ× qs(t) (7)
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where Qs is the effective solar radiation absorbed by the pavement mJ/(h·m2), and τ is the
absorptivity of solar radiation [16].

When affected by solar radiation, the air temperature will also show corresponding
changes. The air temperature and wind speed are important factors affecting the heat
exchange (thermal convection) between the road surface and the atmosphere. It is not
accurate to use a single sine function to simulate the temperature change process during the
day, and so a linear combination of two sine functions was used to simulate the temperature
change process [16], as shown in Equation (8):

Ta = Ta + Tm[0.96sinω(t− t0) + 0.14sinω(t− t0)], ω = 2π/24 (8)

where Ta is the average of the highest and lowest temperatures of the day, which can be
expressed as [16]:

Ta =
1
2

(
Tmax

a + Tmin
a

)
(9)

where Tm is the magnitude of the temperature change during a day, i.e., half of the difference
between the highest and lowest temperature values, which can be shown as [16]:

Tm =
1
2

(
Tmax

a − Tmin
a

)
(10)

The exchange coefficient of the heat exchange, hc (mJ/(h·mm2 ◦C)), between the
road surface and the atmosphere is mainly affected by the wind speed vw, m/s, and the
relationship between them is linear [16], as shown in Equation (11):

hc = 13.32vw + 33.84 (11)

The pavement surface radiation can be represented by Equation (12) [16]:

Qps = εσ
[(

Tps − TZ
)4 − (Ta − TZ)

4
]

(12)

where Qps is the effective road surface radiation (mJ/(h·mm2)), ε is the road surface
radiation emissivity, σ = 2.04 × 10−7 mJ/(h·mm2·K4) is a Stefan-Boltzmann constant, Tps
and Ta are the pavement surface temperature and air temperature, respectively, and Tz is
the absolute zero temperature.

Due to the influence of the atmospheric environment, the temperature fluctuation
of the pavement surface is large, while the temperature fluctuation of the deeper part of
the subgrade is small compared to the atmospheric environment fluctuation, which can
be considered as a constant. Some researchers have considered the bottom boundary as
an adiabatic boundary. However, it has been found that whether the bottom boundary
condition is set to a constant temperature or is adiabatic, its effect on the temperature field
of the upper layer of the asphalt pavement is negligible.

3. Development of FE Model of Asphalt Pavement

Two asphalt pavement models were developed on the general-purpose FE software
ABAQUS (2017, Dassault Systèmes SE, Vélizy-Villacoublay, France): one was thermal
analysis, which was designed to simulate the heat transfer of asphalt pavement under
the effects of solar radiation and atmospheric temperature, and the other was mechanical
analysis, which had the same geometry as the first model, with the temperature field of the
first model imported into this model. A time-dependent half-sine wave load was applied
to observe and compare the stress and displacement distributions when considering the
case of temperature variation effects and changes.
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3.1. The FE Heat Transfer Model

In this study, two FE pavement heat transfer models without (conventional pavement)
and with (cool pavement or reflective pavement) reflective coatings were developed. Both
models had the same pavement structure, which was divided into six layers and designed
mainly according to the German design standard RStO [17]. In this standard, the width
of a single-lane highway should be 3750 mm; however, a single-lane highway can be
divided into two parts by the middle axis, and the left and right parts are essentially the
same in structure and material properties. Therefore, the model could be simplified as an
axisymmetric model, and the width of the model was set to 1875 mm. In addition, since the
length of the asphalt pavement does not affect the whole temperature conduction process,
the model length was selected as 2000 mm to improve the calculation efficiency of the
model. To summarize, the size of the asphalt pavement model was 2000 mm × 1875 mm ×
1750 mm, as shown in Figure 2. The interaction relationship between the first three layers
of asphalt surface was fully connected. The vertical displacement in the last four layers
of the asphalt pavement structure was set to continuous, while sliding could occur in a
horizontal direction in the three interfaces.
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Figure 2. Asphalt pavement model in ABAQUS.

To simulate the cooling effect of the cool pavement, Perfect Cool, a dark pavement
coating with a high reflectivity (recently developed by NIPPO Corporation Co. Ltd (Tokyo,
Japan)) [18] was selected. Perfect Cool aims to lower the temperature of pavement during
the day by enhancing its reflectivity and minimizing the amount of heat absorbed. To
decrease heat transmission, Perfect Cool combines dark, low-reflective colored pigments
with high infrared-heat-reflecting pigments and small hollow ceramic particles [18]. For
the FE pavement heat transfer model with a reflective coating, one additional layer with a
thickness of 0.6 mm was created on top of the asphalt surface layer. The thermal parameters
used by Perfect Cool are shown in Table 1.

Table 1. Thermal properties of the cool pavement on a global scale.

Albedo 19%

Pavement radiation emissivity 0.828

Thermal conductivity 907.2 mJ/(mm·h·K)

The two modes of heat transfer—steady and transient—were set in the simulation
step. The steady-state heat transfer state was set to a very small time, and the transient
state simulated the temperature change process of a 24 h period.

The solar radiation acts as a surface heat flux load on the pavement models in the heat
transfer model. The action surface was chosen as the upper surface of the asphalt pavement.
The solar radiation fluxes defined by Equations (5)–(7) were written by the subroutine
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DFLUX in ABAQUS [19]. As established by the analytical Equations (8) and (11), the air
temperature and wind speed will influence the simulated thermal convection. In this study,
hot summer weather was considered. The specific data are shown in Table 2.

Table 2. Representative summer weather data used in the FE model [20].

Wind Speed Sunshine Time Air Temperature

2.6 m/s 10.7 h

Time ◦C Time ◦C

1:00 25.8 13:00 34.4

2:00 24.7 14:00 35.3

3:00 23.7 15:00 35.6

4:00 23.1 16:00 35.3

5:00 22.8 17:00 34.7

6:00 23.1 18:00 33.7

7:00 24 19:00 32.6

8:00 25.4 20:00 31.5

9:00 27.2 21:00 30.3

10:00 29.2 22:00 29.2

11:00 31.2 23:00 28.1

12:00 33 0:00 26.9

The heat exchange coefficient and air temperature were defined using the subroutine
FILM in ABAQUS, according to Equations (8) and (11). In this study, the bottom boundary
of the pavement structure was set to be insulated.

The reliability of this FE heat transfer model has been validated by comparing the
results from this model to the results from [16], using the same parameters.

3.2. The FE Mechanical Pavement Model

Because the reflective coating is very thin compared to the structural layers of the
pavement, its influence on the mechanical response of the pavement can be ignored.
Therefore, in the FE mechanical pavement modeling, only the pavement structure with six
structural layers was used. The relevant mechanical parameters of the model mainly refer
to RStO [17] and RDO Asphalt 09 [21], and the damping coefficient refers to the data used
in the existing reference [16]. Table 3 shows the parameters of each layer of the pavement
model in ABAQUS.

Table 3. Thickness and material properties of the pavement structure.

Layer Poisson’s Ratio
Density Damping Factor

[ton/mm3]

Asphalt surface course 0.35 2.38 × 10−9 0.9

Asphalt binder course 0.35 2.49 × 10−9 0.9

Asphalt base course 0.35 2.30 × 10−9 0.9

Hydraulically bound base course 0.25 2.40 × 10−9 0.8

Frost protection course 0.5 2.40 × 10−9 0.4

Subgrade 0.5 2.40 × 10−9 0.4

The temperature-dependent material properties were applied for the three asphalt
layers. Due to the limited testing results, the viscoelastic parameters of the asphalt surface
course and asphalt base course were derived from laboratory tests. The asphalt surface
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course and the asphalt base course are related to the rutting and fatigue cracking, respec-
tively. The respective Prony series data used in ABAQUS are shown in Tables 4 and 5. For
the asphalt binder course, the temperature-dependent Young’s modulus referred to RDO
Asphalt 09 [21].

Table 4. Prony series data of the asphalt surface course.

Item Relaxation
Time (s)

The mth Maxwell Spring
Modulus (MPa) Item Relaxation

Time (s)
The mth Maxwell Spring

Modulus (MPa)

1 1.00 × 10−7 1.25 7 0.1 1141.19

2 1.00 × 10−6 3.90 8 1 2214.31

3 1.0 × 10−5 12.29 9 10 1624.26

4 1.0 × 10−4 38.33 10 100 425.02

5 0.001 121.51 11 1000 39.42

6 0.01 371.69 12 10,000 1.00

The parallel spring modulus (MPa) 107.04

Tr (◦C) −5

C1 10.16

C2 46.64

Table 5. Prony series data of the asphalt base course.

Item Relaxation
Time (s)

The mth Maxwell Spring
Modulus (MPa) Item Relaxation

Time (s)
The mth Maxwell Spring

Modulus (MPa)

1 1.00 × 10−7 1.73 7 0.1 13,237.69

2 1.00 × 10−6 9.67 8 1 7135.05

3 1.0 × 10−5 42.93 9 10 2066.84

4 1.0 × 10−4 248.43 10 100 678.16

5 0.001 1148.68 11 1000 187.77

6 0.01 6775.57 12 10,000 65.36

The parallel spring modulus (MPa) 22.29

Tr (◦C) 10

C1 254,154,208

C2 1,637,000,000

The completed heat transfer model results (temperature distribution) at specific times
were imported to the mechanical model for the mechanical response of the pavement. All
nodes at the bottom of the model were restricted from moving in all degrees of freedom.
The four sides of the FE model were restrained from making any perpendicular movements
to the side of the model. The interaction between the asphalt layers was fully coupled.
The interfaces between the asphalt base course, hydraulically bound base course, frost
protection course, and subgrade were assumed to be partially bound, which means that
the vertical displacements of the adjacent layers were consistent, while the horizontal
displacements could be different. When studying the mechanical response of the asphalt
pavement model, to simplify the computational time and effect, the conventional standard
load of 0.7 MPa was used. The load was applied to a circular area with a diameter of
300 mm [17]. In order to simulate the process of a tire passing over the road (45 km/h),
a time-dependent half-sine wave load was created, i.e., the load was applied gradually
and reached the maximum value at 0.012 s, and then the load was gradually removed
until it reached zero at 0.024 s. The completed pavement model with structural boundary
conditions is shown in Figure 3. The reliability of this mechanical FE model has been
validated in previous investigations [22–25].
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4. Result and Analysis
4.1. Results of the Responses of Conventional Pavement
4.1.1. Results of the Thermal Response of Conventional Pavement

The analysis of the temperature changes at different depths in the model during the
summer shows that the pavement heats up in summer under the effect of solar radiation.
The temperature changes at different road depths within a 24 h day are shown in Figure 4.
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Figure 4. Hourly air temperature and temperature of the asphalt layers at different depths in the summer.

It can be seen from Figure 4 that the maximum temperature of the road during the
day reaches 50.7 ◦C, which is 15.6 ◦C higher than the air temperature at the same time. The
road surface temperature is consistent with the air temperature trend, reaching the highest
value at 13 h. However, with the increase in depth and the consumption of heat between
the asphalt layers, the temperature variation is increasingly stable, which is approximately
in the range of 25–30 ◦C.

The temperature curves of the asphalt layers at different times are shown in Figure 5.
It can be seen that the temperature gradient varies with time and depth. With the increase
in depth, the temperature is more stable with time.
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Figure 5. Temperature profiles of the asphalt layers along pavement depth at different moments in
the summer.

The temperature difference between the top (y = 0 cm) and the bottom (y = 4 cm) of
the asphalt surface course is largely positive during the day due to the absorption of solar
radiation. Conversely, at night, the top temperature of the asphalt surface is higher than the
air temperature, and the radiation from the pavement surface dominates the heat exchange
activity. Therefore, the top temperature of the asphalt surface decreases significantly, and the
temperature difference between the top and bottom of the asphalt surface is largely negative.

Solar radiation is applied to the surface of the road as heat flux. Heat flux refers to the
heat energy passing through a unit area per unit time, and it is a directional vector. The
variation of heat flux with time in the asphalt layers is shown in Figure 6. It reaches its
highest at 13 h, and the variation in heat flux is consistent with the variation in temperature.
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4.1.2. Results of the Mechanical Response of Conventional Pavement

For the heat transfer simulation in summer temperatures, the pavement surface tem-
perature at 24.7 ◦C and 50.1 ◦C corresponded to 6 h and 13 h, respectively. Since the
temperature distribution between the asphalt layers at night is different from that at day-
time, 22 h was selected as the research object again, and the surface temperature of the
asphalt pavement was 30.2 ◦C. The vertical displacement distribution of the road at the
different temperatures and different times is shown in Figure 7.
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Figure 7. Distribution of the vertical displacement at different moments: (a) 6 h, 24.7 ◦C; (b) 22 h,
30.2 ◦C; and (c) 13 h, 50.1 ◦C.

It can be seen from Figure 7 that under the influence of different temperatures, the
vertical displacement of the pavement under the same load is obviously different. Figure 8
shows the time-dependent variation of the vertical displacement of the center point in the
loading area of the pavement surface. The vertical displacement increases with increasing
load at the beginning and reaches a peak at 0.012 s. Immediately afterward, the vertical
displacement again gradually decreases to 0 as the load is gradually removed. The change
of vertical displacement with time is consistent with the change of the applied load. It can
be seen that although the surface temperature difference between 6 h (24.7 ◦C) and 22 h
(30.2 ◦C) is less than 6 ◦C, the difference in the vertical displacement is much larger than
that between 22 h (30.2 ◦C) and 13 h (50.1 ◦C). The main reason is that the temperature
distribution along the pavement depth is different in the morning than it is at night. At
night, the maximum temperature of the road structure appears in the bottom of the asphalt
surface course, while the maximum temperature of the daytime structure always appears on
the surface of the pavement, which can be seen in Figure 5. This difference in temperature
distribution leads to changes in structure stiffness, resulting in significant differences in
vertical displacement. It is worth mentioning that the computational mechanical responses
were derived from the pavement structures (conventional pavement and cool pavement),
with full connection between the asphalt layers. For the influence of the different interlayer
bonding conditions on the mechanical responses of the asphalt pavement, many previous
studies from both experimental and numerical aspects have been carried out, and it is not
the research focus of this study.
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4.2. Results of the Responses of Cool Pavement
4.2.1. Results of the Thermal Response of Cool Pavement

Figure 9 shows the temperature trend of the cool pavement at different depths over
time. The temperature trend of the cool pavement at different depths is approximately the
same as that of the conventional pavement under the same conditions. The cool pavement
has a significant cooling effect such that the temperature of the asphalt pavement surface is
approximately the same as the air temperature.

Materials 2022, 15, x FOR PEER REVIEW 12 of 15 
 

 

 

Figure 9. Hourly air temperature and temperature of the asphalt layers of the cool pavement at 

different depths in the summer. 

The temperature difference between the conventional pavement and cool pavement 

at different depths is shown in Figure 10. 

As can be seen from Figure 10, the cool pavement coating mainly decreases the tem-

perature at the top of the asphalt pavement (y = 0 cm), which can be cooled by up to 15.5 

°C. With the increase in pavement depth, the temperature reduction become less. In the 

range of 12–26 cm in the asphalt base course, the cooling effect brought by the cool pave-

ment is not obvious in the daytime, but it can bring about a 2 °C cooling effect at night. 

 

Figure 10. Temperature difference between the conventional pavement and cool pavement at dif-

ferent moments. 

4.2.2. Results of the Mechanical Response of Cool Pavement 

According to the above research results, the use of a cool pavement coating can ef-

fectively reduce the temperature of the pavement surface. At the highest temperature at 

13 h in the summer, the pavement temperature can be reduced by as much as 15.5 °C, and 

the cooling effect is the best at this time. Therefore, the influence of the mechanical param-

eters caused by the application of cool pavement at this time was studied. 

The comparison of the vertical displacement of the conventional pavement and the 

cool pavement at 13 h in the summer is shown in Figure 11. 

Figure 9. Hourly air temperature and temperature of the asphalt layers of the cool pavement at
different depths in the summer.

The temperature difference between the conventional pavement and cool pavement at
different depths is shown in Figure 10.
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Figure 10. Temperature difference between the conventional pavement and cool pavement at
different moments.

As can be seen from Figure 10, the cool pavement coating mainly decreases the
temperature at the top of the asphalt pavement (y = 0 cm), which can be cooled by up to
15.5 ◦C. With the increase in pavement depth, the temperature reduction become less. In
the range of 12–26 cm in the asphalt base course, the cooling effect brought by the cool
pavement is not obvious in the daytime, but it can bring about a 2 ◦C cooling effect at night.

4.2.2. Results of the Mechanical Response of Cool Pavement

According to the above research results, the use of a cool pavement coating can
effectively reduce the temperature of the pavement surface. At the highest temperature
at 13 h in the summer, the pavement temperature can be reduced by as much as 15.5 ◦C,
and the cooling effect is the best at this time. Therefore, the influence of the mechanical
parameters caused by the application of cool pavement at this time was studied.

The comparison of the vertical displacement of the conventional pavement and the
cool pavement at 13 h in the summer is shown in Figure 11.
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Figure 11. Comparison of the vertical displacement of the conventional pavement and cool pavement
at 13 h in the summer.

As shown in Figure 11, on the asphalt surface course, the cooling effect is obvious, and
the change of vertical displacement is brought by the temperature decrease. At the center
of the load, the vertical displacement of the road surface is decreased by 0.06 mm (11.3% of
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the displacement in conventional pavement), which reduces the permanent deformation
(rutting) of the asphalt pavement under the cumulative load over time.

Figure 12 shows the horizontal strains for the conventional and cool pavements in the
summer under a uniform contact pressure. The application of the cool pavement does not
affect the horizontal strain and there is no difference between the maximum and minimum
values. The likelihood of fatigue damage on the asphalt base course is approximately the
same for both pavements. However, the cool pavement has a better resistance to rutting
because there is still a large difference in the road surface temperature.
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5. Conclusions and Outlook

In this study, the 3D models of asphalt pavements were established through the
FE method. The stable temperature field of the pavement structure was calculated by
applying different temperature boundary conditions to the pavement surface and applying
the mechanical model to analyze the mechanical response of conventional pavement
and cool pavement in a real environment. The simulation of the pavement structure
temperature distribution under summer weather conditions shows that the pavement
surface temperature can exceed 50 ◦C, which can easily lead to permanent deformation of
the pavement surface and affect the service life of asphalt pavement. The cool pavement
has a significant cooling effect, which makes the surface temperature of asphalt pavement
and the atmospheric temperature nearly flat, and the temperature of each depth has a
certain degree of reduction. The cool pavement mainly reduces the temperature of the top
of the asphalt pavement. Particularly, cool pavement reduces the surface temperature of
pavement by more than 15 ◦C, and it reduces the vertical displacement of pavement by
approximately 11.3%, which proves that cool pavement can effectively improve anti-rutting
performance. However, the use of cool pavement does not change the horizontal strain at
the bottom of the asphalt base course, and so it does not increase the fatigue resistance of
asphalt pavement.

In summary, the mechanical response of asphalt pavement was studied considering
the characteristics of asphalt material changing with temperature. In future research,
more environmental conditions should be considered, such as variable wind speed and
humidity. The different interlayer bonding conditions between the asphalt layers should
be investigated by experimental tests and numerical simulations. Additionally, wheel load
should be calculated by establishing a vehicle dynamics model.
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Abstract: Curved texturing is an effective technique to improve the skid-resistance performance of
concrete pavements, which relies on the suitable combination of the groove parameters. This study
aims to optimize these parameters with the consideration of skid-resistance performance and driving
stability. A pressure film was adopted to obtain the contact stress distribution at the tire–pavement
interface. The evaluated indicator of the stress concentration coefficient was established, and the
calculation method for the stationary steering resistance torque was optimized based on actual
tire–pavement contact characteristics. Test samples with various groove parameters were prepared
use self-design molds to evaluate the influence degree of each groove parameter at different levels
on the skid-resistance performance through orthogonal and abrasion resistance tests. The results
showed that the groove depth and groove spacing had the most significant influence on the stress
concentration coefficient and stationary steering resistance torque, respectively, with the groove
depth having the most significant influence on the texture depth. Moreover, the driving stability
and durability of the skid-resistance performance could be balanced by optimizing the width of the
groove group. After analyzing and comprehensively comparing the influences of various parameters,
it was found the parameter combination with width, depth, spacing, and the groove group width,
respectively, in 8 mm, 3 mm, 15 mm, and 50 mm can balance the skid-resistance performance and
driving stability. The actual engineering results showed that the R2 of the fitting between the stress
concentration coefficient and SFC (measured at 60 km/h) was 0.871, which proved the effectiveness
of the evaluation index proposed in this paper.

Keywords: skid-resistance performance; orthogonal test; abrasion test; groove parameters

1. Introduction

The anti-skid performance of concrete pavements has been the focus of research. More-
over, a good skid-resistance performance can help to effectively reduce the slip accident
rate. Conventional techniques of improving the anti-skid performance include dragging,
grinding, and grooving [1–6]. Grooving is the most commonly used in engineering con-
struction, and the design of the groove dimension and shape is key [7–10]. Fwa and Ong
established a simulation model and concluded that the skid-resistance effect is significant
when using a rectangular groove with width, depth, and spacing in the ranges of 2–10,
1–10, and 5–25 mm, respectively [11]. By adopting a continuous friction tester to measure
the sideway-force coefficient (SFC) on various pavement surfaces at the same vehicle speed,
Zhang recommended a rectangular groove with a large center spacing of 25 cm [12]. With
the use of diamond saw blades to cut rectangular grooves on cured concrete pavements,
the grooving technology can help improve the macrotexture of the pavement; however,
the cutting surface is relatively flat, which reduces the effective tire–pavement contact
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area and has no significant effect on improving the microtexture [13–17]. Related research
combined diamond grinding and grooving technology to improve the microtexture and
macrotexture of the surface; however, this method has many drawbacks such as poor ma-
neuverability and high costs [18,19]. In 2012, a new texturing technology was introduced
in China to improve the skid-resistance performance of concrete pavements by carving
dense longitudinal corrugated grooves on a cured pavement. Additionally, the average
SFC of the curved textured pavement reached 68, which is higher than that of rectangular
grooved pavements (approximately in the range of 15–30%). A fuller contact provides a
greater lateral force, resulting in a more pronounced wheel shimmy [20,21]. A survey on
a completed textured pavement found that some vehicles have poor driving stability at
speeds close to 100 km/h. The shimmy is associated with complex nonlinear dynamics
of the influencing factors, and the mechanical parameters are difficult to measure when a
vehicle is in motion [22–24]. Related studies have shown that the tire–pavement friction is
a factor influencing wheel shimmy [25–27].

The skid resistance force has been considered a critical indicator of the concrete pave-
ment performance by the Portland Cement Association (PCA) and American Association
of State Highway and Transportation Officials (AASHTO) [28–32]. Related studies have
proven that the skid-resistance is influenced by many factors, including the pavement
surface texture, tire type, tire–pavement friction, or other factors such as the speed, wa-
ter film depth, and temperature, among which the tire–pavement friction is a primary
factor [33–36]. Skid resistance is generally evaluated directly by the friction coefficient.
The conventional measurement methods of the pavement skid resistance include the sand
patch test, outflow meter, British Pendulum tester (BPT) and dynamic friction tester (DFT)
testing, which mainly focus on the characterization of pavement macrotexture by using
the volumetric index under specific conditions (certain load, test speed, friction mode,
water-film thickness) [37–39]. Some novel measurement methods including but not limited
to laser scanning, mechanical stylus, and image processing have also been developed to
describe the surface texture characterization more accurately by capturing and showing
the 2-D curve or 3-D surface texture and morphology within the measured region [4,40].
Many experimental results have shown that the groove parameters significantly influence
the tire–pavement contact surface and that a suitable combination of parameters can help
effectively improve the skid-resistance performance [41–43]. Although the relationship be-
tween the contact stress distribution and the skid-resistance performance has been studied,
the actual characteristics at the tire–pavement contact have been largely simplified. The
actual tire–pavement contact stress cannot be obtained using the conventional evaluation
method of the skid resistance because of technical limitations.

Additionally, there is currently no clear standard for texturing technology. The selec-
tion of the groove parameters of the textured pavement is mainly based on engineering
experience, and the lack of long-term monitoring data of related projects makes it difficult
to verify the reliability of the empirical parameters. Therefore, it is necessary to study
the contact stress distribution characteristics and develop a more accurate measurement
method to evaluate the skid-resistance performance.

Based on tire–pavement friction, the stress concentration indicators were proposed,
and the calculation method for the stationary steering resistance torque was optimized. In
addition, an L9 (34) orthogonal table was determined on the basis of the selected parameters
and levels, and a range analysis was conducted using these evaluation indices. Next, the
effect of the groove group width (GGW) was studied, and an optimal combination of the
parameters was determined through a comprehensive analysis of orthogonal and abrasion
resistance test results. Finally, the skid-resistance performance under a set of optimized
parameters was verified by actual project cases.
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2. Objectives and Scope of this Study

The objectives and scope of this study are as follows:

(1) An evaluation method for the contact mechanics was established to describe the
skid resistance and influence of the cement pavement on the driving stability, which
should be verified based on engineering test results.

(2) A set of small texturing equipment that can help prepare specimens with different
texture parameters in the laboratory was developed. Pressure-sensitive films were
used to obtain the contact stress distribution between the tire and different pave-
ments. Texture parameters that can provide a balance between driving stability
and skid resistance performance are recommended by conducting orthogonal and
kneading tests.

3. Methodology
3.1. Tire–Pavement Friction

Persson concluded that the tire–pavement contact is incomplete [44]. The embedding
of the convex texture makes the tire deform, resulting in a stress concentration at the contact
interface. Moore explained the friction phenomenon between tire and pavement surface.
The adhesion (Fa), hysteresis (Fh), and ploughing (Fp) components of the frictional forces in
elastomers are shown in Figure 1 and Equation (1).

F = Fa + Fh + Fp (1)

Materials 2021, 14, x FOR PEER REVIEW 4 of 23 
 

 

the rubber; tgδ is the rubber tangent modulus; Tmax is the maximum tangential stress that 

breaks the rubber molecular chain. 

 

Figure 1. Tire–pavement friction. 

3.2. Pressure Film Testing 

The pressure film (Figure 2) can accurately measure the contact area and the pres-

sure distribution (the minimum effective measurement is 0.125 mm2). In this study, 

double-slice pressure films were chosen, including an A-film with a color generation 

agent and a C-film with a color developer. Under the application of pressure, the pres-

sure level was described in terms of the color density. Due to the limited range, a com-

plete tire–pavement contact stress cannot be obtained by adopting a single-range pres-

sure film. Therefore, various specification films were adopted, including LLLW (Ultra 

Super Low Pressure) (0.2–0.6 MPa), LLW (Super Low Pressure) (0.5–2.5 MPa), and LW 

(Low Pressure) (2.5–10 MPa). 

 

Figure 2. Working principle of a pressure film. 

The stress distribution information of the contact interface was stored in a 2D matrix 

after processing, as shown in Equation (5).  

( )

( ) ( ) ( )

( )

( ) ( )

0,0 0,1 0,

1,0
, =

,0 ,

f f f n

f
F X Y

f m f m n

 
 
 
 
 
 

…

… … …

… … … …

… …

 (5) 

where F (X, Y) is the overall normal stress acting on the contact area, and f (m, n) is the 

mean contact stress at the measurement point. 

The use of the pressure film is as follows:  

(1) The film is placed between the tire and the road and statically loaded for more than 

two mins (Figure 3a). 

(2) The temperature and humidity of the test site are recorded, and the correct model of 

the pressure and color density is determined. 

Rubber Element

Direction of motion

Adhesion Hysteresis Ploughing

P

 Polyester base

Micro capsule of colouring

Developing materials

A-film

 Polyester baseC-film

Figure 1. Tire–pavement friction.

An adhesive friction is mainly produced between the rubber and microtexture, which
comprises 90% of the friction at low speeds [45,46]. The stress on the asperities is propor-
tional to the adhesion friction, and a greater adhesion provides a better skid resistance
performance. The adhesion friction function is expressed in Equation (2).

Fa = K1K2σm
N
H

tan δ (2)

where K1 and K2 are constants, σm is the maximum normal stress at the top of the asperity,
N is the normal load, H is the rubber hardness, and tanδ is the tangent modulus of rubber.

When vehicles pass across the asperities of a rough surface pavement, the hystere-
sis component reflects the energy lost during this process, as the rubber is alternately
compressed and decompressed [47,48]. The hysteresis friction function is expressed in
Equation (3).

Fh = c
n

∑
i=1

(Eci − Eei) (3)

where c is a constant, Eci − Eei is the energy loss of the tire rubber on a single asperity
surface.
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The asperities on the pavement surface will have a microcutting effect on the tire, and
the ploughing force is shown in Equation (4).

Fp = K3htg(δ)Tmax = K3K4

∣∣∣∣∣
P

tg θ
2

∣∣∣∣∣

1
2

tg(δ)Tmax (4)

where K3 and K4 are constants, N is the normal stress acting on the asperity; θ is the apex
angle of the simplified asperity profile; h is the depth to which the asperity penetrates
the rubber; tgδ is the rubber tangent modulus; Tmax is the maximum tangential stress that
breaks the rubber molecular chain.

3.2. Pressure Film Testing

The pressure film (Figure 2) can accurately measure the contact area and the pressure
distribution (the minimum effective measurement is 0.125 mm2). In this study, double-
slice pressure films were chosen, including an A-film with a color generation agent and
a C-film with a color developer. Under the application of pressure, the pressure level
was described in terms of the color density. Due to the limited range, a complete tire–
pavement contact stress cannot be obtained by adopting a single-range pressure film.
Therefore, various specification films were adopted, including LLLW (Ultra Super Low
Pressure) (0.2–0.6 MPa), LLW (Super Low Pressure) (0.5–2.5 MPa), and LW (Low Pressure)
(2.5–10 MPa).
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The stress distribution information of the contact interface was stored in a 2D matrix
after processing, as shown in Equation (5).

F(X, Y) =




f (0, 0) f (0, 1) . . . f (0, n)
f (1, 0) . . . . . . . . .

. . . . . . . . . . . .
f (m, 0) . . . . . . f (m, n)


 (5)

where F (X, Y) is the overall normal stress acting on the contact area, and f (m, n) is the
mean contact stress at the measurement point.

The use of the pressure film is as follows:

(1) The film is placed between the tire and the road and statically loaded for more than
two mins (Figure 3a).

(2) The temperature and humidity of the test site are recorded, and the correct model of
the pressure and color density is determined.

(3) After the color reaction is complete, the test film is calibrated and scanned and
identified in the FPD-8010E (Version 1.1, 2007, FIJIFILM Corporation; Tokyo, Japan)
dedicated software (Figure 3b,c).

(4) The test results corresponding to the different specifications of the pressure film are
analyzed in MATLAB(Version 9.1, 2016, MathWorks company; Natick, MA, USA) and
a numerical quantification and statistical analysis is performed (Figure 3d).
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3.3. Stress Concentration Effect

To visually show the difference in the stress distribution, the contact pressure distri-
butions of a pavement with no grooves, a rectangular groove pavement (groove width:
4 mm, groove depth: 4 mm, spacing: 25 mm), a curved groove pavement (groove width:
8 mm, groove depth: 1 mm, spacing: 8 mm), and an asphalt pavement (AC-16) were
obtained, as shown at Figure 4, and the contact stress was divided into several parts in
steps of 0.1 MPa. The proportion of the stress distribution area of each part in the total
effective contact area is counted, and the cumulative proportion is shown in Figure 5. The
contact stress of concrete pavements with no grooves, rectangular grooves, curved grooves,
and asphalt pavement without grooves are mainly concentrated in 0~3 MPa, 0~7 Mpa,
0~8 MPa, and 0~10 MPa, respectively. According to the results of Figure 5, the smooth
concrete slab is flatter and more fully in contact with vehicle tire, resulting in a more even
contact stress distribution of tire; the values of contact stress are mainly less than 1.8 MPa.
The contact between the AC-16 asphalt pavement and vehicle tire produced a larger stress
concentration phenomenon, with the values of contact stress mainly more than 6 MPa;
this phenomenon is consistent with the findings of the literature [40]. As the roughness
of the pavement construction increases, the embedded effect on the tire becomes more
significant, while the top of the construction pierces the tread rubber to the greatest depth,
thus generating a significant stress concentration phenomenon. It is clear that the degree of
dispersion of the stress distribution is related to the surface texture characteristics.

The Weibull function (Equation (6)) is widely used in material science to characterize
the uniformity of the material strength distribution. c is called the Weibull modulus. The
higher the c value, the lower the dispersion degree of the material and the better the
uniformity.

F(x) =

{
1− exp

{
−( x−a

b )
c
}

, x ≥ a

0, x < a
(b, c > 0) (6)

where a is the position parameter, b is the scale parameter, and c is the shape parameter of
the Weibull distribution (also known as the Weibull modulus).

Based on the significance of the Weibull modulus in material science, the value of the
Weibull modulus was adopted to characterize the degree of dispersion of the contact stress.
Previous studies have shown that the coarse particles and texture depth of a pavement
structure directly affect the degree of stress dispersion [21]. Table 1 shows that the smooth
concrete pavement has the highest Weibull modulus value, followed by the rectangular
grooved pavement, curved textured pavement, and asphalt pavement, in that order. In
addition, the non-uniformity of the textured pavement structure is better than that of the
grooved pavement, indicating that the macro- and micro-textures of the textured pavement
are more complex and that the stress distribution is more discrete.
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Table 1. Test results of stress distribution on different contact interfaces.

Contact Interface a b c R2

Asphalt pavement without grooves 0.2068 0.9199 0.6558 0.999
Curved grooves 0.1987 1.4898 0.7052 0.998

Rectangular grooves 0.1645 1.2691 0.8465 0.998
Concrete pavements with no grooves 0.1809 0.4947 0.9754 0.999

The stress concentration phenomenon is due to tire–pavement friction. Although the
Weibull modulus can be used to explain the dispersion of the stress distribution on the
contact surface, it cannot describe the degree of stress concentration effect.

To quantify the degree of stress concentration, a stress concentration coefficient was
adopted, which is expressed in Equation (7).

Ks =

s
A′ f (x, y)dxdys
A f (x, y)dxdy

× 100% (7)

where KS is the stress distribution concentration (%), and A′ is a high-stress area (mm2).
According to a previous study [46], the stress above 1.8 MPa is defined as high stress. A
is the actual contact area between the tire and the pavement (mm2), and f (x, y) is the
single-point contact stress measured by the pressure film.

3.4. Stationary Steering Resistance Torque

The steering resistance torque of a vehicle is maximum under a static condition, which
is affected by the tire–pavement friction and vehicle steering system. The friction coefficient
of the steering system is typically considered a constant; therefore, the contact friction is
the most important factor [49,50]. Additionally, the mechanical parameters are difficult to
measure while the vehicle is in motion; nevertheless, static indicators can indirectly reflect
and help evaluate the dynamic process. The tire ground pressure is typically considered a
uniform or linear parabolic load distribution, which simplifies the actual contact pressure.
This study used the typical distributed stress as the actual contact stress measured by the
pressure film. The shape of curved groove is similar to the longitudinal pattern of tire;
therefore, the meshing effect between tire and pavement is more significant (Figure 6).
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The stationary steering resistance torque was calculated by the effective contact areas
and the actual contact stress distribution. The calculation of the microelement of the
stationary steering resistance torque at the center of the contact interface is expressed in
Equation (8).

dMr = r× dFr =
√

x2 + y2 × µ× f (x, y)dxdy (8)
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Using the MATLAB calculation program to cyclically accumulate the friction torque
of each contact unit, we finally obtain the total steering torque value Mr, as expressed in
Equation (9).

Mr =
∫

dMr =
x √

x2 + y2 × µ× f (x, y)dxdy (9)

where x and y are the coordinate values of the single-point contact stress (the origin of the
coordinate is the contact center point), and the road friction coefficient µ was measured
using pendulum slip resistance testing equipment; f (x, y) is the single-point contact stress
measured by the pressure film.

By calculating the stationary steering resistance torque on the above four types of
pavements, it can be seen from Figure 7 that the stationary steering resistance torque of
the textured pavement is greater than that of other types of pavements, which indicates
that greater opposite rotary moment of steering wheel is needed to ensure driving stability.
Therefore, it is necessary to enhance the driving stability by optimizing texture parameters.
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4. Materials and Methods
4.1. Materials and Mixture Design

Type P.O42.5 cement (Yunfu, China), medium sand (a fineness modulus of 2.77 and
a mud content of 0.8%), limestone aggregate (size ranges of 10–30, 10–20, and 5–10 mm,
respectively), and a high-range water reducer (CNF-13, Yunfu, China) were used to prepare
the mix. Tables 2 and 3 list the parameters of the cement and proportion of the mix,
respectively.

4.2. Sample Preparation

Through the calculation of the different curved groove width and depth, a sample
preparation tester was developed (Figure 8).

(1) Based on the concrete mix proportion, listed in Table 3, and the groove param-
eters, listed in Table 4, the samples were molded into a mold of dimensions
300 mm × 300 mm × 50 mm.

(2) Before the concrete sets and solidifies, the slurry on the specimen surface is scraped off.
(3) The rail mold is set, and the steel wire is made to adhere to the sample surface.
(4) A texturing tool is used to carve curved grooves between the two steel wires.
(5) The samples are placed in a standard curing room for seven days, and the texturing

tool is used to scrape off the slurry on the groove surface to restore the rough texture.
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Table 2. Cement parameters.

Initial Setting Time/min Final Setting Time/min Seven-Days Bending Strength/MPa Compressive Strength/MPa

235 287 4.95 38.1

Table 3. Proportion of mix.

Material Cement Sand 10–30 mm 10–20 mm 5–10 mm Water CNF-13 Water–Cement
Ratio

Amount/(kg) 378 691 706 449 128 140 7.6
0.37Weight

ratio 1 1.828 1.868 1.188 0.34 0.37 0.02
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Figure 8. Tester for preparing samples: (a) rail mold; (b) texturing tool.

Table 4. Factors and levels of the orthogonal test.

Test No. W/mm D/mm GS/mm

1 6 1 0
2 6 2 15
3 6 3 25
4 8 1 15
5 8 2 25
6 8 3 0
7 10 1 25
8 10 2 0
9 10 3 15

5. Orthogonal Designs
5.1. Orthogonal Design

Orthogonal experiments are one of the most commonly used experimental design
methods, wherein an orthogonal table is used to scientifically analyze the influence laws of
multiple factors. Therefore, the orthogonal test method was chosen in this study to analyze
the skid-resistance and driving stability performance of a curved textured pavement with
different parameters.

Among the impact factors, the curved groove width W, depth D, and spacing GS were
selected; these have a direct impact on the tire–pavement contact interface. Figure 9 shows
the diagram of the groove parameters. The three levels of the groove width W are 6, 8, and
10 mm, the three levels of the groove depth D are 1, 2, and 3 mm, and the three levels of
the groove spacing GS are 0, 15, and 25 mm. An L9 (34) orthogonal table, including three
factors and three levels, is shown in Table 4.
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Figure 9. Curved groove parameters (W: the curved groove width, mm; D: the curved groove depth,
mm; GS: the curved groove spacing, mm).

5.2. Analysis of Orthogonal Test of Results

A single wheel load of 15.8 kN and a pressure of 770 kPa were selected for the test,
samples with different groove parameters were statically loaded, and then pressure films
were adopted to obtain the stress distribution information. The sand paving method and
pendulum tester were used to obtain the texture depth TD and lateral friction coefficient,
respectively. The stress concentration coefficient Ks and the stationary steering resistance
torque Mr of the samples were calculated using the method introduced above. Table 5 lists
the calculation results.

Table 5. Orthogonal test results.

Test No. Texture Depth/mm Stress Concentration
Coefficient/%

Stationary Steering
Resistance Torque/N·m

1 0.72 47.64 531.89
2 0.80 52.63 555.31
3 0.86 55.33 607.80
4 0.76 51.84 540.62
5 0.64 51.90 640.19
6 1.02 60.79 591.57
7 0.61 47.43 547.07
8 0.72 53.09 554.13
9 1.08 59.32 549.32

To evaluate the influence degree of the three factors on the test results, a range analysis
of the orthogonal method is necessary. In the calculation of the range analysis, the value Kij
and the influence degree Rj are shown in Equations (10) and (11), respectively.

Kij =
n

∑
i=1

yij (10)

Rj = max
{

K1j, K2j, K3j
}
−min

{
K1j, K2j, K3j

}
(11)

where i is the level number; j represents the impact factor; n = 3; y is the test result.
In the range analysis, the value Kij when i = 1, 2, and 3 describes the effect of the factor

j on the test result. Moreover, the influence degree Rj measures the degree of impact of the
factor j. Using the analysis method above, the range analysis results with different Kij and
Rj values are shown in Table 6.

As shown in Table 6, the range analysis is implemented at different factors and levels
to facilitate a comparative analysis. In terms of the texture depth TD, stress concentration
coefficient, and stationary steering resistance torque, the results show that RD > RGS > RW,
RD > RW > RGS, and RGS > RD > RW, respectively.

Based on the selection criteria of the orthogonal test, the factors with the highest
influence degree should be selected with an appropriate level, and the less important
factors can be arbitrarily selected. Figure 10 shows the average value of each factor at
each level for different test results. Figure 10 shows that Ks and Mr increase first and then
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decrease with the increase in the groove width, and TD and Ks increase with the increase
in the groove depth.

Table 6. Range analysis of the orthogonal test results.

Results
Level Factors

W D GS

Texture depth

K11 2.38 2.09 2.46

K21 2.42 2.16 2.64

K31 2.41 2.96 2.11

Rj 0.01 0.29 0.18

Stress concentration coefficient

K12 155.6 146.91 161.52

K22 164.53 157.62 163.79

K32 159.84 175.44 154.66

Rj 2.98 9.51 3.04

Stationary steering resistance torque

K13 1695 1619.58 1677.59

K23 1772.38 1749.63 1645.25

K33 1650.52 1748.69 1795.06

Rj 40.62 43.35 49.94

For Ks and TD, to obtain a high value, the level of the groove depth D should be D3
(3 mm). Considering that the influence of groove spacing on Mr is the highest, the level
of groove spacing should be GS2 (15 mm). At this level, Mr takes a small value, which
is conducive to the driving stability. Additionally, from Table 6, we find that the groove
width is the second most important factor influencing KS, which is maximum when W is
W2 (8 mm).

To determine whether the changes in the various factors and test errors significantly
affect the test indicators, the analysis of variance was applied to further analyze the test
data. The F distribution table was adopted to quantitatively evaluate the significance level
of each factor and test the significance of each factor. The commonly used significance
levels (α) are 0.01, 0.05, and 0.10, and the critical values are F0.01 (2,2) = 99, F0.05 (2,2) = 19,
and F0.10 (2,2) = 9, respectively. F > F0.01 (2,2) indicates high significance, F0.01 (2,2) > F
> F0.05 (2,2) indicates moderate significance, and F < F0.05 (2,2) indicates no significance.
Based on the results of the orthogonal experiment, the SPSS statistical analysis software
was used to analyze the data.

Based on the results of the variance analysis listed in Table 7, the three groove pa-
rameters are found to have a significant impact on the stress concentration coefficient and
stationary steering resistance torque. The groove depth and groove spacing significantly
affect the texture depth, whereas the groove width has the least significant impact. There-
fore, considering the above analysis, the levels (values) of each factor should be selected as
W2 (8 mm), D3 (3 mm), and GS2 (15 mm). The test under these levels can be considered an
optimized test.

To further improve the skid-resistance performance of cement pavements while main-
taining the driving stability, the width of the groove group was selected, and the long-term
influence corresponding to different texture parameter combinations on the stress concen-
tration coefficient and stationary steering resistance torque is further studied through a
kneading test.
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Figure 10. Average value per level for each factor: (a) texture depth; (b) stress concentration
coefficient; (c) stationary steering resistance torque.
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Table 7. Analysis of variance table.

Evaluation Index Factors Sum of Square
between Groups

Degree of
Freedom f Value Significance Degree

Texture depth
W 2.89 × 10−4 2 0.14 not significant
D 1.56 × 10−1 2 77.02 moderately significant

GS 4.84 × 10−2 2 23.95 moderately significant

Stress
concentration

coefficient

W 13.30 2 19.10 moderately significant
D 138.47 2 198.82 highly significant

GS 15.06 2 21.63 moderately significant

Stationary steering
resistance torque

W 2535.11 2 19.29 moderately significant
D 3731.48 2 28.39 moderately significant

GS 4143.12 2 31.53 moderately significant

6. Durability Research Based on Abrasion Test
6.1. Design of Abrasion Test

The combination of the texture parameters obtained from the orthogonal test can only
reflect the initial skid-resistance performance. The samples (8 mm in width, 3 mm in depth,
and 1 mm in spacing) exhibiting the best skid resistance in the forementioned tests were
selected, and the groove parameters were further explored by refining the GGW to identify
the differences in their skid-resistance durability.

Figure 11 shows the GGW. In accordance with the sample preparation method pre-
sented in Section 3.2, six types of cement board samples with different texture parameters
were prepared for the experiment, as shown in Figure 12 and Table 8.

A self-developed abrasion tester (Figure 13) was adopted, and the abrasion time was
used to characterize the running time of the tire on the actual pavement. The abrasion tester
is mainly composed of a kneading wheel and a horizontal plate that can carry samples.
When the tester is in operation, the plate can move laterally and repeatedly, while the
kneading wheel moves vertically and repeatedly. Table 9 lists the operation parameters of
the abrasion tester.

Each sample was placed on a horizontal plate of the abrasion tester and fastened by a
clamp. Samples, loaded at 0.7 MPa, were taken out every 1 h to measure the stress acting at
the contact interface and kneaded for 12 h. In this study, to enhance the abrasion effect, the
test environment was set at normal temperature under an overflowing water condition.

6.2. Analysis of Abrasion Test Results

Different grooving parameters lead to different attenuation laws of the concrete pave-
ment in the process of abrasion, which can be fitted using an appropriate mathematical
model, and the relevant parameters of the mathematical model can reflect this difference.

According to the experimental analysis, the skid-resistance performance attenuation
curve of the curved textured pavement is nonlinear and exponential. In this study, an
asymptotic model was selected, as expressed in Equation (12). Figures 14 and 15 show the
fitting curves. Tables 10 and 11 list the regression parameters of the fitting curve. The R2

are greater than 0.95 in all cases, which can better characterize the attenuation law of the
evaluation indicators.

y = AeBx + C (12)

where y is the value of the evaluation indicator; x is the abrasion time; A, B, and C
are regression parameters, where A + C, C, A, B represent the initial value, final value,
attenuation amplitude, and rate of reaching stable state of the indicators, respectively.
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Figure 12. Test specimens and groove size schematic diagram: (a) T-1:8-3-0-8; (b) T-2:8-3-15-8; (c) T-3:8-3-15-30;
(d) T-4:8-3-15-50; (e) T-5:8-3-15-70; (f) rectangular groove.

Table 8. Test specimen parameters.

No. W D GS GGW

T-1 8 3 0 8

T-2 8 3 15 8
T-3 8 3 15 30
T-4 8 3 15 50
T-5 8 3 15 70
T-6 Parameters of rectangular groove: 8 mm in width; 3 mm in depth; 15 mm in spacing.

Table 9. Operating parameters of abrasion tester.

Lateral Speed (cm/min) Wheel Movement Frequency (times/min) Pressure (MPa)

10 42 ± 1 0.7
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Table 10. Attenuation parameter of stress concentration coefficient.

Parameter Combination A B C R2

T-1 15.166 −0.238 45.184 0.983
T-2 13.428 −0.159 37.039 0.995
T-3 10.511 −0.270 45.835 0.965
T-4 11.421 −0.279 48.196 0.991
T-5 13.446 −0.240 46.467 0.995
T-6 16.420 −0.167 24.369 0.980

Table 11. Attenuation parameter of stationary steering resistance torque.

Parameter Combination A B C R2

T-1 52.416 −0.347 547.305 0.992
T-2 31.743 −0.304 534.328 0.988
T-3 51.984 −0.152 525.004 0.977
T-4 40.137 −0.203 535.196 0.978
T-5 36.042 −0.146 537.679 0.970
T-6 26.407 −0.371 536.948 0.990

For different combinations of the texture parameters, the initial value, attenuation
rate, and final value of the stress concentration factor are different. As shown in Figure 14
and Table 10, the indicator values of each sample decrease rapidly at the initial stage and
then gradually tend to stabilize. Based on the value of the parameter B, the attenuation
speed of T-1, T-3, T-4, and T-5 is higher than T-2 and T-6, which indicates that the greater
the density of the curved groove, the more significant the stress concentration effect and
the faster the abrasion of the pavement structure. The initial value order of the stress
concentration coefficient is T-1 > T-5 > T-4 > T-3 > T-2 > T-6 and the values of T-1, T-5
and T-4 is similar. The initial values of curved groove interface are approximately in the
range of 50–60%, while that of the rectangular grooved pavement is only 43%. The initial
value of the evaluation indicator of the curved textured pavement is greater than that
of the rectangular grooved pavement. Therefore, the meshing friction between the tire
and the curved groove is more significant, which can prove that the texture roughness of
the initial curved groove is better than that of the rectangular groove. The final values of
T-1, T-3, T-4, and T-5 are significantly higher than those of T-2, indicating that the higher
the groove density, the better the skid-resistance performance after abrasion. Meanwhile,
the attenuation amplitude of T-3, T-4, and T-5 is less than that of T-1, which indicates
that the spacing provided between the continuous curved grooves helps disperse the
large stress, and the attenuation amplitude of the stress concentration coefficient can be
effectively alleviated. Therefore, from the perspective of anti-skid performance, T-4 and
T-5 are recommended, and the GGW is 50~70 mm.

As shown in Figure 15 and Table 11, the attenuation rate of the steering resistance
torque in the early stage is higher than that in the later stage. The initial values of T-2,
T-3, T-4, and T-5 are similar and greater than T-6 but significantly less than that of T-1.
This proves that the groove density has a significant effect on the initial steering resistance
moment. The greater the texture density, the greater the lateral force acting on the tire.
Combined with the analysis of the friction mechanism between the textured pavement and
the tire, the groove spacing has an interference effect at the tire–pavement contact interface,
which reduces the effect of the lateral torque, yields a moderate initial index value, and
reduces the driving shimmy on the curved grooved pavement. The order of final value
is T-1 > T-5 > T-4 > T-3 > T-2, and T-6 is slightly higher than those of T-2, T-3, and T-4,
which indicates that after abrasion, the appropriate texture parameters can help improve
the driving stability of the textured pavement and maintain the steering resistance moment
at a low level. Therefore, from the perspective of driving stability, T-2, T-3, and T-4 are
recommended.
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Considering the skid resistance performance and driving stability of the pavement,
setting certain groove spacing can help effectively reduce the stationary steering resistance
torque. In combination with the GGW, the skid resistance performance of the pavement
can be improved. Therefore, a groove dimension scheme with a groove width of 8 mm,
depth of 3 mm, spacing of 15 mm, and GGW of 50 mm is recommended.

7. Engineering Verification

The results of this study were applied in Wang Bei Ao Tunnel (3751 m left and 3713 m
right) of Jiang Luo Highway (Jiangmen to Luoding Highway) in Guangdong Province,
China. This project was completed in December 2016 and opened to traffic on 26 December
2016. In this project, P.O42.5 cement (initial setting time 235 min, final setting time 287 min,
7-day bending strength 4.95 MPa, 7-day compressive strength 38.1 MPa) was used for the
tunnel concrete pavement, with a dosage of 378 kg. The granite aggregates (10–30 mm,
10–20 mm, and 5–10 mm aggregates with a weight ratio of 55%, 35%, and 10%, respectively)
were used. The water–cement ratio was 0.37 and the external additive, CNF-3 water
reducing agent (air-entraining, slow setting, and high efficiency water reduction agent) was
used with a dosage of 7.6 kg. Considering the low design speed of the tunnel pavement, a
higher level of stability and comfort was required for the project, so the texture parameter
T-4 (W: 8 mm, D: 3 mm, GS: 15 mm, GGW: 50 mm) was chosen for the concrete pavement.
The skid-resistance performance of highway cement pavements is mainly evaluated in
terms of structure depth, the sideway-force coefficient, etc., of which the sideway-force
coefficient is a more commonly used evaluation method. However, the test vehicle has strict
requirements on the length of the road section and driving speed. As a post-evaluation,
the sideway-force coefficient cannot provide guidance in the design stage. It is difficult
obtain the sideway-force coefficients for some special road sections (such as cement ramps
and toll plaza pavements). In addition, to guide the design of the texture parameters
in the construction process, it is necessary to evaluate the skid resistance of the concrete
pavement in the process of laboratory testing. In this study, the skid resistance performance
of the optimized pavement (W: 8 mm, D: 3 mm, GS: 15 mm, GGW: 50 mm), built in 2017,
was tracked, as shown in Figure 16, and the correlation between the stress concentration
coefficient and the transverse force coefficient was studied.
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A pressure film test system was used to carry out an annual inspection of highway
pavements. A tire loading test was conducted at the same point every year to obtain the
tire–pavement contact stress distribution. Figure 17 shows the results of the test conducted
during the 2017–2020 period.
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Overall, the decrease percentages of the stress concentration coefficient of westbound
and eastbound direction in the first year are 57.8% and 55.0%, respectively, whereas the
corresponding values of the SFC are 62.1% and 68.0%. Under the effect of significant
abrasion, the skid-resistance performance decreases rapidly in the initial stage, consistent
with the laboratory test results.

Figure 18 shows the correlation analysis results of the stress concentration factor
and transverse force coefficient. The R2 of the test data is 0.871, indicating a good linear
correlation between the tire contact stress concentration coefficient and sideway-force
coefficient. Therefore, the stress concentration coefficient based on the friction mechanics
can be used to characterize the skid-resistance of textured concrete pavements.
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8. Conclusions

This study was conducted to optimize the texturing parameters of concrete pavement
considering both the skid resistance and the driving stability. The work carried out by this
study yields the following conclusions:

(1) The actual contact stress between the tire and the pavement can be characterized by
the Weibull model. The discrete degree of the contact stress of different pavements can
be ranked (from high to low) as follows: asphalt pavement (AC-16), curved grooved
pavement, rectangular grooved pavement, and concrete pavements with no grooves.

(2) The compact texture structure of the textured pavement improved the friction re-
sistance but reduced the driving stability. Theoretical and experimental analyses
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showed that the stationary steering resistance torque based on the measured stress
could effectively help evaluate the steering effect of textured pavements on tires.

(3) The most important factors influencing the texture depth, stress concentration coeffi-
cient, and steering resistance torque were the groove depth, groove width, and groove
spacing. Through the analysis of variance, we found that each texture parameter had
a significant influence on the stress concentration coefficient and stationary steering
resistance torque.

(4) An asymptotic attenuation model successfully described the attenuation laws of the
stress concentration coefficient and stationary steering resistance torque. Based on the
results of orthogonal and abrasion resistance tests, we suggest a sample with optimal
dimensions (8 mm in width, 3 mm in depth, 15 mm in spacing, and 50 mm in groove
group width) for balancing skid-resistance performance and driving stability.

(5) The stress concentration coefficient and SFC (measured at 60 km/h) exhibited a good
linear correlation, indicating that the stress concentration coefficient can effectively
characterize the skid-resistance performance of textured concrete pavements.

Based on the requirements of the practical engineering project, this study is conducted
to investigate the combination of texture parameters of cement pavement with longitudinal
grooves for balancing skid-resistance performance and driving stability. The further study
will be focused on the effects of groove direction, tire pattern form, tire structure type, tire
load, and other factors on driving stability and braking performance. Moreover, the mix
design of the wear resistance of concrete pavement is also an important factor that affects
the durability of the skid resistance of concrete pavement and will also be systematically
investigated in future study.
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Abstract: In this project, the adhesion property and moisture effect between styrene–butadiene–
styrene (SBS) modified asphalt binder and aggregate were studied to reveal their interface adhesion
mechanism. The influence of SBS contents on adhesion property and moisture effect between binder
and aggregate phases were investigated using molecular dynamics simulation. Moreover, the double-
layer adhesion models of asphalt binder–aggregate and triple-layer debonding models of asphalt
binder–water–aggregate were constructed and equilibrated, and the adhesion property and the
moisture effect were evaluated numerically. The results indicate that the built SBS-modified asphalt
binder models show favorable reliability in representing the real one. The variation in the work of
adhesion for SBS modified asphalt binder–quartz is not remarkable with the SBS content when its
content is relatively low. However, the work of adhesion decreased significantly when the content
was higher than 6 wt.%, which is consistent with the experimental results. The adhesion between
SBS-modified asphalt binder and quartz is derived from Van der Waals energy. The modified asphalt
binder with a high SBS modifier content (8 wt.% and 10 wt.%) shows much better moisture resistance
(nearly 30% improved) than the unmodified asphalt binder from the work of debonding results.
According to the Energy Ratio (ER) values, asphalt binders with high SBS content (8 wt.% and
10 wt.%) present a good moisture resistance performance. Therefore, the SBS content should be
seriously selected by considering the dry and wet conditions that are used to balance the adhesion
property and debonding properties. The content of 4 wt.% may be the optimal content under the dry
adhesion and moisture resistance.

Keywords: SBS modified asphalt binder; aggregate; interface; adhesion property; moisture effect;
molecular dynamics simulation

1. Introduction

Asphalt mixtures as complex multi-phase materials are mainly composed of binder,
aggregate, and interface phases. The interface phase is one of the weakest phases, which
is prone to damage and induces several types of pavement distress, including raveling,
pothole, and fatigue cracking, under repeated traffic load and environmental effects [1–3].
The service life of the pavement is heavily shortened by these accumulated distresses
caused by the weak interface phases. In order to gain better engineering performances,
good adhesion strength between asphalt binder and aggregate is required to maintain
the asphalt pavement structure as a stable system [4,5]. Asphalt, as the binder material,
plays the dominant role in the adhesion process with aggregates [6]. Hence, most of the
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studies were conducted on the modified asphalt binder to improve its adhesion property
and long-term road performance [7–9].

Styrene–butadiene–styrene (SBS), as a favorable modifier, has been verified and widely
utilized in the construction of asphalt pavement to improve the performance properties
of bituminous materials over a wide range of servicing temperatures [10]. Some studies
validated that the addition of proper content SBS modifiers with asphalt binder could
remarkably increase the viscosity of the asphalt binder and further improve the adhesion
property [11]. However, most investigations focused on engineering performance using
experimental methods, while the improvement mechanism is difficult to be revealed [12,13].
Therefore, it is vital to improve the adhesion property of asphalt binder purposefully when
the mix design methods are gradually changed to the performance orientation.

The molecular dynamics (MD) simulation method, as an effective method, was intro-
duced into the materials field to reveal the micro mechanism of the formation of macro
behavior at the molecular level [13–15]. Different mechanical properties, interaction be-
haviors, diffusion behaviors, and effects of the aging process, together with the moisture
effect, were modeled and evaluated properly [16–18]. The modification mechanism was
favorably illustrated by using different parameters. Moreover, an important parameter, the
work of adhesion, was proposed to characterize the adhesion behavior between asphalt
binder and aggregate [17]. However, most MD-related investigations mainly focused on
the effect of unmodified and aged binders on the adhesion between binder and aggregates;
only limited studies considered the effect of the SBS modifier [19–21].

The objective of this study was to investigate the interface behavior between SBS-
modified asphalt binder and aggregates, where the adhesion property and moisture effect
were focused on revealing their interface adhesion mechanism. Firstly, the representative
models of asphalt binder, styrene–butadiene–styrene (SBS) modifier, and aggregate were
built based on molecular dynamics software Materials Studio 2021. Next, the double-
layer model of SBS modified asphalt binder–aggregate with different SBS contents was
constructed to evaluate the adhesion property. The geometry optimization and dynamics
equilibration were conducted afterward, followed by the calculation of work of adhesion
to better understand the influence of SBS content. Then, the triple-layer model of asphalt
binder–water–aggregate was constructed, and the moisture effect was further analyzed
by adding the 100 water molecules (about 10 wt.%) in the interlayer of asphalt binder–
aggregate. Finally, the work of debonding and energy ratio was selected as the evaluation
parameters to evaluate the moisture effect. The obtained result can be used for the selection
of SBS modifier content and to understand the interface behavior.

2. Materials and Methods
2.1. Materials

In this study, the interface behavior between SBS-modified asphalt binder and aggre-
gates was investigated. Therefore, the types of asphalt binder, SBS modifier, and aggregates
should be selected. Asphalt binder as a mix consists of thousands of compounds [22].
Different models, such as the average molecular model and components constructed model,
were used to represent the asphalt binder [23–26]. The average mode was proposed using
Nuclear Magnetic Resonance (NMR) spectroscope, which can simulate asphalt binder accu-
rately but fail to describe the fraction differences in asphalt binder. Multiple component
models were firstly proposed by Zhang and Greenfield in 2007 to represent asphalt binders
more accurately [27]. The components model was verified and widely used after it was
developed [28,29]. In this study, the three-component constructed model was selected,
as shown in Figure 1a–c, where 1,7-dimethylnapthalene and n-docosane (n-C22H46) were
used to represent naphthene aromatic and saturate, respectively. The weight proportion of
asphaltenes, naphthene aromatics, and saturates is approximately 20:20:60, respectively; the
corresponding molecular number is 5, 27, and 41, respectively. The reliability of molecular
structures and numbers has been verified by plenty of researchers [28,29].
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(a) asphaltene; (b) naphthene aromatic; (c) saturate; (d) SBS.

After the constituent molecules of the asphalt binder were determined, the SBS molec-
ular structure was then selected. In this study, a linear SBS structure with a molecular
weight of 471 was selected (Figure 1d), where the weight proportion was nearly 2% by the
weight of the asphalt binder.

Various types of aggregates, including basalt, granite, quartzite, limestone, etc., were
used for asphalt pavement construction. Among them, quartz is the most common mineral
with high proportions in mineral compositions [30]. Thus, quartz was selected in this study
as the representative of aggregate.

2.2. Modeling of Asphalt Binder–Aggregate Interface

As for the adhesion simulation, the double-layer model of asphalt binder–aggregate
needed to be built. The single molecular models of asphalt binder and aggregate had
to be built separately. The asphalt binder model was built by assembling three compo-
nents together with the corresponding molecular numbers. Similarly, the models of SBS
modified asphalt binder with different SBS contents (0 wt.%, 2 wt.%, 4 wt.%, 6 wt.%,
8 wt.%, 10 wt.%) were built by assembling asphalt binder components with SBS structure
of 1, 2, 3, 4, and 5, respectively.

As for the aggregate, the α-quartz was imported from the software database, and then
the (1,1,0) plane was cleaved to obtain a quartz surface. Afterward, the two-dimensional
(2D) structure of the quartz surface was created by increasing the unit cell to 4 and 6 for U
and V directions, respectively. Then, a three-dimensional quartz crystal was obtained by
adding a vacuum slab with a thickness of zero. Moreover, the hydroxylation of the surface
silica was also considered.

After the confined SBS modified asphalt binder model and aggregate model were built,
the asphalt binder–aggregate interface model could be constructed, as shown in Figure 2
(taking the interface model with 2 wt.% SBS modifiers as an example).

2.3. Modeling of Asphalt Binder–Water–Aggregate Interface

Water molecules of 100 were added to the interface between the SBS-modified asphalt
binder layer and aggregate layer to characterize the moisture effect of adhesion, where
the weight proportion was nearly 10 % of asphalt binder by weight. The built triple-layer
interface model for asphalt binder–water–aggregate was shown in Figure 3 (taking the
layer model with 2 wt.% SBS modified asphalt–aggregate–quartz as an example).

2.4. Simulation Details and Evaluation Index

All MD simulations were performed using Materials Studio 2021 with the COMPASS
II force field to represent the atomistic interactions. COMPASS II force field is optimized ab
initio force field and can be used to accurately simulate organic, inorganic, and polymer
material [31]. The total potential energy (Etotal) consists of valence and nonbonded interac-
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tion terms. The valence term (Eval) includes the interactions of bond stretching (Eb), angle
bending (Eθ), internal torsion (Eϕ), out-of-plane bending (Eχ), and the cross-coupling terms
(Ebb′ , Ebθ , Ebϕ, Eθϕ′ , Eθθ′ , and Eθθ′ϕ). The non-bond interaction term (Enon-bond) quantifies
the non-covalent contributions, including Coulomb electrostatic energy (Eelec) and the van
der Waals energy (ELJ) [32].
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After all constituent molecules of asphalt binder and SBS structure were determined.
The bulk models of SBS modified asphalt binder with different SBS contents were built.
The bulk model is an amorphous cell with a three-dimensional periodic boundary. The
geometry optimization with 10,000 iterations was conducted afterward to eliminate the
highest energy overlap. The optimized configuration was further refined by performing
Forcite dynamic calculations using Material Studio 2021 under the isothermal–isobaric
(NPT) ensemble for 500 ps and 1 atm pressure and the canonical ensemble (NVT ensemble)
for 500 ps to ensure that the system reached an equilibrium state. The temperature was
set as 298 K, which is a common service temperature and has been widely used in this
previous adhesion-related simulations [32,33]. The Ewald and the atom-based summation
methods were used for electrostatic interactions and the Van der Waals interactions. The
cutoff distance was set as 15.5 Å (this parameter was selected by considering the minimum
image convention, the simulation cost, and the previous studies together).

After the bulk models were fully equilibrated, the density of SBS-modified asphalt
binders was calculated. The experimental results were used to validate the built model’s
simulation reliability. The confined models were then further constructed to build the
double-layer models. Different from the bulk model, the cell boundary for the confined
model in the z-direction was confined by the hard repulsive wall, which stops any move-
ments in the box beyond the wall. The confined single-layer models for the SBS modified
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asphalt binder were also optimized and equilibrated using the same procedures as the
bulk one.

The double-layer models were then built to add the confined asphalt binder models to
the top of the aggregate supercell. A vacuum of 40 Å was added above the top aggregate
layer to avoid the interaction across the mirror image in the z-direction. The geometry opti-
mization with 5000 iterations was conducted afterward for the built double-layer models,
followed by the dynamic equilibration under the canonical ensemble (NVT ensemble) for
300 ps. It should be noted that the bottom aggregate layer was fixed during the optimiza-
tion and dynamics simulation. The obtained stable configuration was selected for further
adhesion strength calculation.

As previously stated, the work of adhesion, as a thermodynamic parameter, was
selected to characterize the adhesion property between SBS-modified asphalt binder and
aggregate [17]. This parameter is defined as the required energy to separate a unit area of an
interface into two free surfaces in a vacuum. A better adhesion performance was presented
with a larger work of adhesion. The work of adhesion was calculated by Equation (1) for
the asphalt binder–aggregate layer model [34]. Specifically, the total potential energy of
the asphalt binder–aggregate system under the equilibration state was calculated first. The
potential energy for asphalt binder and aggregate could then be obtained by deleting the
asphalt binder layer and aggregate layer from the system, respectively. Finally, the work of
adhesion can be obtained using Equation (1).

Wadhesion= (
(
Ea+Eagg

)
− Etotal)/A, (1)

where:

Wadhesion is the work of adhesion between asphalt binder and aggregate;
Etotal is the total potential energy of asphalt binder–aggregate interface model;
Ea is the potential energy of the asphalt binder;
Eagg is the potential energy of the aggregate;
A is the interface contact area between the asphalt binder and aggregate surface.

For the moisture effect, the optimization and dynamics simulation process for the
asphalt binder–water–aggregate model was the same as the asphalt–aggregate model. After
the stable configuration was obtained, the work of debonding for water to displace asphalt
binder from its interface with aggregate was calculated according to Equation (2) [32].
Good moisture resistance was provided with the small work of debonding. Similar to the
calculation procedures of the work of adhesion, the work of debonding was calculated
after the triple-layer system reached the equilibration state. The interaction energy between
two materials was calculated by deleting other materials.

Wdebonding =
((

∆Ea_w + ∆Eagg_w
)
− ∆Ea_agg

)
/A, (2)

where:

Wdebonding is the work of debonding;
∆Ea_w is the interaction energy between asphalt and water;
∆Eagg_w is the interaction energy between aggregate and water;
∆Ea_agg is the interaction energy between aggregate and asphalt.

Another parameter, energy ratio (ER), was also proposed to characterize the moisture
resistance comprehensively [35]. ER is calculated by the ratio of the work of adhesion to
the work of debonding, as shown in Equation (3). A higher ER value means better moisture
resistance, which indicates better adhesion and low moisture damage susceptibility.

ER = Wadhesion/Wdebonding, (3)
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3. Results and Discussion
3.1. Verification of the Built MD Models

The molecular dynamics (MD) simulation was conducted using the detailed proce-
dures in Section 2.3. The energy and temperature were monitored during the dynamic
equilibration process for the single-layer confined SBS modified asphalt binder models,
double-layer interface models, and triple-layer interface models. Considering that the
simulation was conducted under the NVT ensemble, the system should have constant total
energy and temperature under the equilibration state. Thus, whether the system reaches
the equilibration state can be judged by these two parameters. By taking SBS-modified
asphalt binder–aggregate with 2 wt.% SBS content as the example, the variations in energy
and temperature during the NVT dynamics equilibration are shown in Figures 4 and 5.
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As shown in Figures 4 and 5, the energy and temperature fluctuated within an initial
time of 10 ps while remaining at a relatively constant value with the increase in time. The
constant value means that the built models are fully optimized and reach the equilibration
state under the NVT ensemble. As for all single-layer confined SBS modified asphalt binder
models, double-layer interface models, and triple-layer interface models, similar results are
obtained, which verifies that the built models are under the equilibration state and can be
used for further adhesion and debonding properties analysis.

After the models were fully optimized and equilibrated, the density of the SBS-
modified asphalt binder under 298 K was calculated and compared with the previous
studies to verify the reliability of the built model [36]. It should be noted that the SBS
content of 0% means the unmodified asphalt binder, and its density was compared with the
previous work, while the density for other SBS modified asphalt binder was estimated by
the density of SBS modifier and asphalt binder using the hypothesis of volume additivity.

As shown in Figure 6, the density of SBS modified asphalt binder with different SBS
contents from the simulation results shows good agreement with the previous study results
with a maximum relative difference of 1%. Moreover, the addition of SBS into asphalt
binder induces an increase in the density of asphalt binder from the simulation results,
which is also consistent with the previous works [36]. This may be caused by the relatively
larger density of SBS compared to the asphalt binder, with a density of 0.886. In addition,
the molecular structure of SBS is more complex with the several benzene ring structures
than the light components (naphthene aromatic and saturate) in asphalt binder with a large
proportion. Therefore, the built SBS modified asphalt binder models reach the equilibration
state and have the favorable reliability to represent the real one; thus, the models can be
used for the further analysis of adhesion property and moisture effect.
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3.2. Variation in Work of Adhesion with the SBS Contents

For SBS modified asphalt binder with different SBS contents (0 wt.%, 2 wt.%, 4 wt.%,
6 wt.%, 8 wt.%, 10 wt.%), the work of adhesion between modified asphalt and aggregate
can be calculated according to Equation (1). The adhesion results are shown in Figure 7.
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As can be seen from Figure 7, the variation in the work of adhesion for SBS modified
asphalt binder–quartz is not visible with the SBS content when its content is lower than
6 wt.%. However, the work of adhesion decreases significantly relatively when the content
is high, which is consistent with the experimental results [36]. The former may attribute
to the addition of SBS increased the benzene ring structure and cross-linked with asphalt
binder to form a stable network structure, inducing the increase in adhesion within the
small amount of SBS contents. The latter may be caused by poor compatibility when the
content is relatively large (8% and 10 %), and the poor compatibility may result in a decrease
in the adhesion property. Moreover, the work of adhesion between SBS modified asphalt
binder and quartz is derived from the Van der Waals energy from the energy compositions,
where the contribution of Van der Waals energy is minor and limited from the previous
works [21]. Therefore, the variation in the work of adhesion is not remarkable.

3.3. Moisture Effect on the Interface of SBS Modified Asphalt Binder and Aggregate

The moisture effect was analyzed by adding water molecules into the interface of
asphalt–aggregate. The same SBS contents were used to analyze the effect of water on SBS-
modified asphalt binder–aggregate with different SBS contents. The work of debonding is
calculated as shown in Figure 8. The ER values are calculated as well as shown in Figure 9.

As can be seen from Figure 5, the moisture effect for adhesion properties under
different SBS contents is significant, especially for the asphalt binder–water–aggregate
model with 6 wt.% SBS modifiers. The work of debonding for SBS modified asphalt binder–
quartz increases firstly and decreases afterward with the SBS content except for the one
with 4 wt.% SBS modifiers. This may be because the addition of SBS modifiers with the
small percentage content into asphalt binder may increase the interaction energy of asphalt
binder with water while decreasing the interaction energy of asphalt binder with the higher
content. The larger interaction energy represents the strong interaction and the good
affinity. Moreover, the modified asphalt binder with a high content (8 wt.% and 10 wt.%) of
SBS modifiers shows much better moisture resistance than the unmodified asphalt binder,
where the relative reduction ratio of work of working is about 30%. This means the addition
of an SBS modifier has a positive effect on moisture resistance. Therefore, the asphalt binder
with a high content of SBS modifiers may be more favorable from the debonding aspect.
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In order to comprehensively characterize the interface performance between SBS mod-
ified asphalt binder and aggregate, the ER values were applied. As shown in Figure 9, the
ER values for all asphalt binder–aggregate models are larger than 1, which verifies that all
modified asphalt binder has good moisture resistance. The asphalt binder with high content
SBS presents a good performance in interface property for the higher ER values. This is
mainly caused by the small value of the work of debonding. However, the large content of
SBS modifiers means a high cost. The SBS content should be selected by considering the
environment that is used to balance the adhesion property and debonding property.

135



Materials 2022, 15, 6912

4. Conclusions

In this study, the adhesion property and moisture effect between SBS-modified asphalt
and aggregate were investigated using molecular dynamics simulation. The corresponding
double-layer adhesion models and triple-layer debonding models were built. The variation
in adhesion and debonding properties with SBS contents were investigated. The following
conclusions were obtained:

(1) The built SBS modified asphalt binder models were verified to reach the equilibra-
tion state and have the favorable reliability to represent the real one from the dynamics
simulation process parameters, e.g., energy and temperature, and density of SBS modified
asphalt binder, thus, the models can be used for the further analysis of adhesion property
and moisture effect;

(2) The variation in the work of adhesion for SBS modified asphalt binder–quartz
is insignificant with the SBS content. The work of adhesion for SBS modified asphalt
binder–quartz can be derived from the Van der Waals energy;

(3) The presence of water significantly reduces the interface adhesion. The modified
asphalt binder with a high content (8 wt.% and 10 wt.%) of SBS modifiers shows much
better moisture resistance than the unmodified asphalt binder from the results of work
of debonding;

(4) The asphalt binder with high content SBS presents a good performance in mois-
ture resistance according to ER values. Moreover, the SBS content should be selected by
considering the environment that is used to balance the adhesion property and debonding
property. The content of 4 wt.% may be the optimal content under the dry adhesion and
moisture resistance.

This study used quartz to present the aggregate, and linear SBS modifiers represented
SBS. Further studies should be conducted to investigate the impact of different types
of aggregates and SBS modifiers on adhesion and debonding properties. Moreover, the
experimental methods using AFM and surface free energy theory should be conducted to
further reveal the modification mechanism and performance variations.
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Abstract: Although several studies indicated that the addition of Styrene-Butadiene-Styrene (SBS)
and Styrene-Butadiene Rubber (SBR) bring a lot of benefits on properties of asphalt binders, high
production costs and poor storage stability confine the manufacture of better modified asphalt. To
reduce the production costs, polyphosphoric acid (PPA) was applied to prepare better compound
modified asphalt binders. In this research, five PPA (0.5%, 0.75%, 1.0%, 1.25% and 1.5%) and two
SBR/SBS (4% and 6%) concentrations were selected. Dynamic shear rheometer (DSR) and Bending
Beam Rheometer (BBR) tests were performed to evaluate the rheological properties of the compound
modified asphalt. Rolling Thin Film Oven (RTFO) test was performed to evaluate the aging properties
of the compound modified asphalts. The results indicate that SBS/SBR modified asphalts with the
addition of PPA show better high-temperature properties significantly, the ability of asphalt to resist
rutting is improved, and the elastic recovery is increased. However, the low-temperature properties
of the compound modified asphalts are degraded by increasing the creep stiffness (S) and decreasing
the creep rate (m). At the same time, RTFO tests results show that PPA was less prone to oxidation to
improve the anti-aging ability of modified asphalts. Overall, the combination of 4% SBS and 0.75–1.0%
PPA, the combination of 4% SBR and 0.5–0.75% PPA is recommended based on a comprehensive
analysis of the performance of compound modified asphalt, respectively, which can be equivalent
to 6% SBS/SBR modified asphalt with high-temperature properties, low-temperature properties,
temperature sensitivity and aging properties.

Keywords: road engineering; polyphosphoric acid; dynamic shear rheological test; temperature
sensing performance; aging performance

1. Introduction

Bituminous pavement has become the main highway pavement structure due to its
characteristics of good smoothness, low noise, safe driving and ease of mechanized con-
struction. With growing traffic volumes and various natural environments, a variety of
pavement stresses such as ruts, cracks and water damage have emerged [1–3]. Many re-
searchers came to the conclusion that it is needed modified asphalt binders to resist against
distresses and improve the performance and longevity of bituminous pavement [4–7].

In recent years, the most commonly used asphalt modifiers are polymers such as
styrene-butadiene-styrene (SBS), styrene-butadiene rubber (SBR), crumb rubber (CR) and
polyethylene (PE). Among polymers, SBS polymer modification could be the most accepted
and wide application all over the world. Many studies showed that the addition of SBS
to the asphalt increases the softening point, decreases the penetration slightly, lessens the
thermal susceptibility, increases the viscosity and decreases the Frass breaking point [8].
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However, the SBS polymer is not chemically stable and vulnerable to aging due to a number
of unsaturated double carbon bonds inside SBS molecular [9]. Meanwhile, SBR is a kind
of synthetic rubber that can improve the elastic recovery and low-temperature ductility
of asphalt binders. Furthermore, it could apply as a modifier along with other modifiers
to produce compound modified binders [10]. According to Zhang and Yu, their results
indicated that the addition of SBR could improve the thermal cracking resistance of the
Polyphosphoric acid (PPA) modified binders [11]. However, the limited effect of SBR on
asphalt high temperature performance makes it difficult to meet the demand for applying in
hot areas. In addition, the great discrepancy in structure and solubility parameter between
SBR and asphalt leads to potential instability for blends [12].

Polyphosphoric acid (PPA) is a polymer of orthophosphoric acid (H3PO4) which can
be used alone and also with a combination of other additives in the modification of neat
binders [4,13]. Past experience has shown PPA increases the high temperature stiffness
of an asphalt binders with only minor effects on the intermediate and low temperature
properties [14]. One of the first patents involved adding PPA to the asphalt binders to
increase viscosity without increasing the penetration for asphalt modification was in
1973 [13]. Nunez et al. Their indicated that the addition of PPA into asphalt could increase
its fatigue and rutting resistance [15]. Ho et al. studied the temperature sensitivity of PPA
modified asphalt with different contents. The results showed that PPA has little effect on
the low-temperature properties of asphalt [16]. Zhou Yan et al. evaluated the influence of
PPA on the low-temperature properties of asphalt through 5 ◦C ductility test and beam
bending creep test, and these results demonstrated that the modification effect of PPA
on the low-temperature properties of asphalt was affected by the chemical composition
of asphalt [17]. Ramasamy, B.S. et al. compared the rheological properties and aging
properties of polymer modified asphalt and neat asphalt, their results showed that PPA
can significantly improve the stiffness modulus and aging resistance of asphalt [18].
Based on the low price of PPA, the utilization of PPA to make SBR-modified binders
of lower amount of SBR percentage. Peng Liang et al. comprehensively analyzed the
influence of PPA on the rheological properties of SBR modified asphalt at high and low
temperatures. The outcomes revealed that the gelation of PPA can improve the bonding
between asphalts and enhance their elastic properties [12]. According to John D’Angelo,
the multistress creep and recovery test were conducted to evaluate the interaction of PPA
and polymer modification. The testing demonstrated that there is an interaction between
PPA and SBS polymers which improved the high-temperature stiffness of the SBS-PPA
compound modified asphalt [13]. Darrell Fee et al. studied the rheological properties of
PPA compound SBS modified asphalt at low and high temperatures. The results showed
that the performance was not obvious at low temperatures [19]. In a word, researchers
have reached a relatively unified understanding of the high-temperature properties of
PPA modified asphalt.

Considering the characteristics of PPA, SBS and SBR modified asphalt binders, the
primary objective of this study is to investigate partially replacing SBS/SBR with PPA as
asphalt modifiers, which can not only achieve lower cost, but also show better performances
such as rutting resistance, high-temperature properties and anti-aging. To achieve the
objective, the specific work is to investigate the effects of different PPA content on high-
temperature properties, low-temperature properties, temperature sensitivity and aging
properties of SBS/SBR modified asphalt binders using Dynamic Shear Rheometer (DSR),
Bending Beam Rheometer (BBR) and Rolling Thin Film Oven (RTFO) testing.

2. Materials and Methods
2.1. Materials
2.1.1. Asphalt

In order to analyze the effect of PPA on the properties of different neat asphalt, two
types of neat asphalt widely used in China were selected in this study: DH-70# produced
by SINOPEC (Beijing, China) and LH-90# produced by Liaohe Petrochemical Asphalt
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Corporation (Panjin, China) (the number represents the penetration grade). The asphalt
technical indexes were tested according to the relevant test methods in the “Standard Test
Methods of Bitumen and Bituminous Mixtures for Highway Engineering” (JTG E20-2011).The
results are listed in Table 1.

Table 1. Technical performance of asphalt.

Technical Indexes Units
Results

DH-70# LH-90#

Unaged

Softening point(R&B) ◦C 53.1 49.2

Ductility (50 mm/min, 10 ◦C) cm 39.7 >100

Penetration (25 ◦C, 5 s, 100 g) 0.1 mm 64.2 84.6

Solubility % 99.9 99.7

Density(15 ◦C) g/cm3 1.033 1.042

Flash point ◦C 279 316

RTFO
aged

Mass variation % 0.47 −0.16

Retained penetration ratio (25 ◦C) % 70.2 73.1

Retained ductility (10 ◦C) cm 14.1 8.7

2.1.2. PPA

The 110% PPA (PPA-110) was produced by Nanjing Chemical Reagent Corporation
(Nanjing, China) and was selected for the preparation of modified asphalt.

2.1.3. Polymer Modifier

Two types of polymer modifiers were selected: SBS1401(YH-792, linear) produced by
SINOPEC (Beijing, China) and SBR produced by Beijing Yudahang Industry and Trade
Corporation (Beijng, China). The basic technical indexes are listed in Table 2.

Table 2. Basic technical indexes of SBS and SBR.

SBS1401 SBR

Technical Index Units Measured Value Technical Index Units Measured Value

S/B ratio - 4/6 Granularity Mesh No. 10~80
Oil filling rate % 0 Bound styrene content % 10~50
Volatile matter % ≤0.7 Mooney viscosity ML 45~65

Ash content % ≤0.2 300% Constant tensile stress MPa 15
300% Constant tensile stress Mpa ≥3.5 Tensile strength Mpa ≥20

Tensile strength Mpa 24
Elongation at break % 730

Shore hardness A 85
Melt flow rate g/10 min 0.1~5.0

2.1.4. Schemes of Modified Asphalt with PPA and SBS/SBR Compound Ratio

The SBS/SBR content (by weight of neat asphalt) of SBS/SBR modified asphalt is usu-
ally 3–6%, and the PPA content of polymer modified asphalt is generally 0.5–1.5% [20,21].
Different contents of SBS/SBR and PPA were used to prepare different modified asphalt
binders. Based on the recommendations of the past studies, the polymer content was set as
4%, and the PPA content was 0.5%, 0.75%, 1.0%, 1.25% and 1.5% respectively. Seven test
schemes are shown in Table 3.
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Table 3. Compound modification schemes of PPA.

No Schemes

S6/R6 6% SBS/SBR Modification
S4/R4 4% SBS/SBR Modification

S4/R4 + P0.5 4% SBS/SBR + 0.5% PPA Modification
S4/R4 + P0.75 4% SBS/SBR + 0.75% PPA Modification
S4/R4 + P1.0 4% SBS/SBR + 1.0% PPA Modification
S4/R4 + P1.25 4% SBS/SBR + 1.25% PPA Modification
S4/R4 + P1.5 4% SBS/SBR + 1.5% PPA Modification

2.2. Specimen Preparation

The following process is adopted for the preparation of PPA and SBS/SBR compound
modified asphalt:

(1) The neat asphalt was heated to 150 ◦C until it became fluid before mixing;
(2) The weighed SBS/SBR particles were added into the asphalt and conducted high-

speed shear at the speed of 4500 rpm for 30 min;
(3) Then, the weighed PPA was added into the prepared modified asphalt and conducted

high-speed shear at the speed of 4500 rpm for 30 min;
(4) The sheared PPA and SBS/SBR compound modified asphalt were put into an oven at

180 ◦C for swelling and developing for 1 h; therefore, PPA and SBS/SBR compound
modified asphalt was prepared, then the prepared PPA and SBS/SBR compound
modified asphalt was poured into corresponding containers for storage.

2.3. Experimental Program
2.3.1. DSR Test

The Physica MCR 301 DSR was used to investigate the high-temperature properties of
the compound modified asphalt binders. The test modes include temperature sweep test
and frequency sweep test to obtain the phase angle (δ) reflecting the viscoelasticity of asphalt
and the complex shear modulus (G*) reflecting the high temperature stability of asphalt [22].
The loading frequency of temperature sweep test was 1.59 Hz [23]. Considering that in
the frequency sweep test, the driving speeds of 8~16 and 80~100 km/h correspond to the
frequencies of 0.15 and 1.5 Hz, respectively, in order to cover the driving speed range of
vehicles specified on roads, the frequency are set at 0.01~16.0 Hz [24]. The test temperature of
frequency sweep test is 60 ◦C. The viscosity temperature index (VTS) method and complex
modulus index (GTS) method can be used to evaluate asphalt temperature sensitivity based
on DSR test. In this study, G*, δ and other rheological parameters of each sample was tested
to evaluate the temperature sensing performance of modified asphalt binders.

2.3.2. BBR Test

The TE-BBR was used to evaluate the low-temperature performance of asphalt binders.
Small beam specimens were prepared and tested to obtain the creep rate m-value and creep
stiffness (S) under constant load at different temperatures. The m-value and S were used as
the evaluation indexes of asphalt low-temperature performance. The asphalt binder with
low S value and high m-value showed better low-temperature properties [25].

2.3.3. RTFO Test

The Rolling thin film oven (RTFO) test was used to simulate the short-term aging of asphalt.
The heating temperature was kept at 163 ± 0.5 ◦C, and the penetration, softening point and
asphalt quality of PPA modified asphalt with different contents are tested before and after aging.

3. Results and Discussion
3.1. High-Temperature Properties
3.1.1. Temperature Sweep Test

SHRP proposes to adopt rutting factor G*/sin δ to characterize the ability of asphalt to resist
high temperature rutting deformation, the larger G*/sin δ, the stronger the rutting resistance
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of asphalt. G* is the complex shear modulus, which is the ratio of the maximum shear stress
to the maximum shear strain of the material, and represents the measurement parameter of
the total deformation resistance of the material under repeated shear load; δ is the phase angle,
which represents the viscoelastic characteristics of the material, most materials are between ideal
elasticity and ideal viscosity. The smaller δ, the stronger the elasticity of the material.

This can be seen in Figures 1–4.
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Under the same neat asphalt type and temperature, adding PPA modifier can sig-
nificantly improve the G* of modified asphalt, reduce the phase angle δ, it shows that
PPA can reduce the viscosity characteristics at the same temperature, improve the elastic
characteristics of modified asphalt and enhance the shear deformation resistance of asphalt
at high temperature. The larger the content of PPA, the more obvious the modification
effect is.
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The rutting factor G*/sinδ decreases with the increase of temperature.S6 shows higher
G*/sinδ value than S4 and R6 shows higher G*/sinδ value than R4. At the same temperature,
by comparing the G*/sinδ values of SBS-PPA and SBR-PPA compound modified asphalt
binders, it can be found that the G*/sinδ increased with the increase of PPA concentration,
indicating that PPA can improve the rutting resistance ability of the SBS/SBR modified
asphalt binders

The same high-temperature properties can be achieved through replacing 2% SBS with
0.75–1.0% PPA or replacing 2% SBR with 0.5% PPA, which also cost less.

3.1.2. Frequency Sweep Test

Asphalt will show different viscoelastic characteristics and mechanical states when the
temperature and load frequency change. Asphalt with more stiff and elastic characteristics
under high temperature conditions can have better rutting resistance.

The frequency sweep test was performed to identify the mechanical and viscoelastic
behavior of asphalt binder. Figures 5–8 illustrate the complex modulus and phase angle
of compound modified binders with different SBS/SBR and PPA concentrations. The G*
studied by Superpave can be decomposed into two components: storage modulus G’ and
loss modulus G”. The G’ represents the elastic part of asphalt binder, and the G” represents
the viscous part of asphalt binder [26]. It reflects the energy loss part of asphalt during
deformation. At high temperature, the greater the G’, the stronger the high temperature
stability of the binder is. At low temperature, the greater the G”, the stronger the crack
resistance of the binder is [27].
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This can be seen in Figures 5–8.
Complex modulus values increasing and phase angle values decreasing can be ob-

served for all the tested asphalt binders. The curves of the two binders show increasing
complex modulus and decreasing phase angle for higher content of PPA addition, which
indicates transition of asphalt binder from a viscoelastic to elastic state.

At a specific frequency, by comparing the complex modulus and phase angle of SBS-
PPA or SBR-PPA compound modified asphalt binders with that of 6% SBS/SBR single
modified asphalt, the compound modified asphalt schemes with similar performance to
these single modified asphalts can be obtained, which are listed in Table 4.

Table 4. Schemes of compound modified asphalt with similar performance to S6/R6.

Asphalt Type Polymer Modifier Type Complex Modulus G*/kPa Phase Angleδ/◦ Recommended Scheme

DH-70#
SBS S4 + P0.75 S4 + P1.0 S4 + P0.75

SBR R4 + P0.5 R4 + P0.5~0.75 R4 + P0.5

LH-90#
SBS S4 + P0.75 S4 + P0.75 S4 + P0.75

SBR R4 + P0.5 R4 + P0.5~0.75 R4 + P0.5

Compared with the base asphalt, the addition of modifier effectively improves the
elastic characteristics and the total deformation resistance of asphalt under the same load
frequency. Considering the price of PPA, it is more recommended to replace 2% SBS/SBR
with 0.75/0.5% PPA for DH-70# asphalt, and replace 2% SBS/SBR with 0.5% PPA for
LH-90# asphalt.

3.2. Low-Temperature Properties

BBR tests were conducted to evaluate the low-temperature cracking resistance of the
studied modified asphalt binders. The tests were carried out at different temperatures
(−12 ◦C, −18 ◦C and −24 ◦C) and the creep stiffness(S) and m-value were evaluated. Creep
stiffness(S) represents the resistance load performance of asphalt. The creep rate m-value is
the absolute value of the slope of the logarithm of the stiffness curve versus the logarithm
of time and reflects the stress relaxation ability of asphalt at low temperature. The test
results are shown in Figures 9–16.
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For grading of the low-temperature performance of asphalt binders, the Superpave
limits that the specified maximum creep stiffness value at 60 s is 300 MPa, i.e., S < 300 MPa,
and the creep rate to a minimum of 0.30, i.e., m value > 0.3, at 60 s. As shown in Figures 9–16,
The S of 6% SBS is lower (or similar) than 4% SBS, the m-value of 6% SBS is higher (or
similar) than 4% SBS, and SBR has the same results. However, with the addition of PPA,
the S gradually increases and the m-value gradually decreases. The results indicate that
PPA has a negative impact on the low-temperature properties and stress relaxation ability
of SBS/SBR modified asphalt, which significantly reduces the low-temperature ductility of
SBS/SBR modified asphalt.

For SBR-PPA compound modified asphalt binders of LH-90# asphalt at −24 ◦C, the
m-value is higher than 0.3, which indicates that the low-temperature performance grade
decreased one level. The S of some asphalts are higher than 300 MPa at −24 ◦C with the
addition of PPA. In order to guarantee the low-temperature properties of asphalt, PPA
content should be no more than 1.0%, and service temperature cannot less than −18 ◦C.

3.3. Temperature Sensitivity
3.3.1. Complex Modulus Index (GTS) Method

SHRP proposes to use complex modulus index (GTS) to test the temperature sensi-
tivity of asphalt under medium temperature to high temperature conditions [28]. GTS is
calculated by fitting the double logarithm of complex modulus G* with the logarithm of
test temperature T. Equation (1) presents the definition of GTS.

lg[lg(G∗)] = GTS × lg(T) + C (1)

where G* is the complex shear modulus, T is the test temperature, C is the constant term in
regression fitting, GTS is the complex modulus index.

Considering that the pavement surface temperature is usually up to 60 ◦C or higher in
summer, temperature sweep tests were conducted at 58 ◦C, 64 ◦C, 70 ◦C and 76 ◦C, and the
GTS results are shown in Figures 17 and 18.
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As shown in Figures 17 and 18, the |GTS| of S6 is lower than S4, and SBR has the same
results. With the addition of PPA, the |GTS| of modified asphalt gradually decreases. The
results indicate that the temperature sensitivity of compound modified asphalt is improved.
For DH-70 # asphalt, the | GTS | values of S4 + P1.25 shows similar to S6 and R4 + P0.5
shows similar to R6. For LH-90# asphalt, the |GTS| values of S4 + P1.0 shows similar to S6
and R4 +P0.5 shows similar to R6.

In order to decrease costs and reduce the temperature sensitivity of asphalt binder, re-
placing 2% SBS/SBR with 1.25%/0.5% PPA for DH-70# asphalt, and replacing 2% SBS/SBR
with 1.0%/0.5% PPA for LH-90# asphalt is more recommended, respectively.

3.3.2. Viscosity Temperature Index (VTS) Method

The results of many domestic scholars show that [29], it is more appropriate to use
Kelvin temperature scale to calculate viscosity temperature index VTS to evaluate the
temperature sensitivity of modified asphalt. Low temperature sensitivity of asphalt binder
indicates better asphalt pavement performance. The viscosity of asphalt could be obtained
by Equation (2), it refers to the ability of asphalt material to resist shear deformation under
the action of external force. and VTS could be obtained by Equation (3). Curve fitting is
performed to show the correlation between viscosity and temperature and, from which,
the slopes (VTS) and coefficient of determinations (R2) are obtained.

η =
G∗

ω
(

1
sin δ

)
4.8628

(2)
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VTS =
lg(lgη1)− lg(lgη2)

lgT1 − lgT2
(3)

where η is the viscosity,ω is the loading frequency,ω = 10 Hz, η1 and η2 is the viscosity
corresponding to the adjacent temperature, T is Kelvin temperature, T = t + 273.13, t is
Celsius temperature, which is 58 ◦C, 64 ◦C, 70 ◦C and 76 ◦C.

According to Equation (2), logarithmic regression is carried out for different compound
asphalt at different temperatures and corresponding viscosity. The slope of the regression
equation is the viscosity temperature change rate. The greater its absolute value, the worse
the temperature sensitivity of asphalt. The regression curve and regression results are
shown in Figures 19–21 and Table 5.
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Figure 19. Double logarithm regression viscosity temperature curve of DH–70# asphalt: (a) PPA–SBS
compound ratio; (b) PPA–SBR compound ratio.
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Table 5. Double logarithm regression results of different asphalt mixtures.

Asphalt Type No Regression Equation Correlation Coefficient R2 |VTS|

DH-70#

S6 y = −6.0467x + 15.743 R2 = 0.9895 6.0467

S4 y = −8.2404x + 21.204 R2 = 0.9966 8.2404

S4 + P0.5 y = −8.2611x + 21.274 R2 = 0.9953 8.2611

S4 + P0.75 y = −7.3347x + 18.959 R2 = 0.9999 7.3347

S4 + P1.0 y = −7.4027x + 19.156 R2 = 0.9971 7.4027

S4 + P1.25 y = −6.7658x + 17.571 R2 = 0.9964 6.7658

S4 + P1.5 y = −6.6601x + 17.317 R2 = 0.9958 6.6601

R6 y = −8.1127x + 20.876 R2 = 0.9853 8.1127

R4 y = −9.0659x + 23.258 R2 = 0.9931 9.0659

R4 + P0.5 y = −8.5545x + 22.001 R2 = 0.995 8.5545

R4 + P0.75 y = −7.7112x + 19.888 R2 = 0.9998 7.7112

R4 + P1.0 y = −7.2983x + 18.864 R2 = 0.9911 7.2983

R4 + P1.25 y = −7.1512x + 18.519 R2 = 0.996 7.1512

R4 + P1.5 y = −6.8034x + 17.647 R2 = 0.9953 6.8034

LH-90#

S6 y = −7.6056x + 19.617 R2 = 0.9894 7.6056

S 4 y = −8.7073x + 22.345 R2 = 0.9947 8.7073

S4 + P0.5 y = −8.3059x + 21.359 R2 = 0.9998 8.3059

S4 + P0.75 y = −7.9426x + 20.472 R2 = 1 7.9426

S4 + P1.0 y = −8.017x + 20.684 R2 = 0.9974 8.017

S4 + P1.25 y = −7.1883x + 18.625 R2 = 0.9988 7.1883

S4 + P1.5 y = −6.8357x + 17.758 R2 = 0.9988 6.8357

R6 y = −9.1534x + 23.457 R2 = 0.9995 9.1534

R4 y = −9.6161x + 24.594 R2 = 0.9926 9.6161

R4 + P0.5 y = −9.4301x + 24.171 R2 = 0.9962 9.4301

R4 + P0.75 y = −8.4108x + 21.618 R2 = 1 8.4108

R4 + P1.0 y = −8.6712x + 22.292 R2 = 0.9969 8.6712

R4 + P1.25 y = −7.2864x + 18.836 R2 = 0.9986 7.2864

R4 + P1.5 y = −6.9272x + 17.95 R2 = 0.9987 6.9272

Table 5 illustrates the slopes |VTS| and the coefficient of determinations (R2), respec-
tively. The R2 value is greater than 0.99, which indicates that lg(lg(viscosity)) has a good
linear correlation with lg(T). The larger the magnitude of the VTS value is found to be, the
more susceptible the binder is to changes in viscosity with temperature [30]. It can be seen
that the slope value of modified asphalt binders integrally decreases with the more PPA
concentration, indicating that PPA contributes to the reduction in temperature sensitivity.

To obtain similar sensitive properties, replacing 2% SBS/SBR with 1.5%/0.5% PPA for
DH-70# asphalt, and replacing 2% SBS/SBR with 0.75%/0.5% PPA for LH-90# asphalt is
more recommended, respectively.

3.4. Aging Properties

In this study, RTFO test was used to simulate the short-term aging effect and test
the performance changes of PPA compound modified asphalt before and after aging. The
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heating temperature was 163 ± 0.5 ◦C. The Retained penetration ratio, Softening point
increment and Mass loss rate results are shown in Tables 6 and 7.

Table 6. Performance changes of PPA–SBS modified asphalt before and after aging.

Asphalt Type No Retained Penetration Ratio (%) Softening Point Increment (◦C) Mass Loss Rate (%)

DH-70#

S6 77.32 4.5 0.379

S4 73.17 5.8 0.442

S4 + P0.5 75.44 4.7 0.412

S4 + P0.75 76.81 4.5 0.391

S4 + P1.0 78.24 4.2 0.357

S4 + P1.25 79.25 3.8 0.321

S4 + P1.5 80.64 3.1 0.271

LH-90#

S6 71.25 5.1 0.418

S4 66.15 6.9 0.533

S4 + P0.5 69.03 5.4 0.435

S4 + P0.75 71.39 5.2 0.401

S4 + P1.0 73.51 4.8 0.379

S4 + P1.25 75.28 4.0 0.314

S4 + P1.5 76.78 3.3 0.258

Table 7. Performance changes of PPA–SBR modified asphalt before and after aging.

Asphalt Type No Retained Penetration Ratio (%) Softening Point Increment (◦C) Mass Loss Rate (%)

DH-70#

R6 68.68 8.8 0.385

R4 64.94 10.5 0.467

R4 + P0.5 67.24 9.5 0.426

R4 + P0.75 68.93 8.6 0.374

R4 + P1.0 71.11 6.1 0.318

R4 + P1.25 74.62 4.4 0.243

R4 + P1.5 75.65 3.7 0.221

LH-90#

R6 61.26 10.4 0.422

R4 57.19 12.0 0.486

R4 + P0.5 60.24 10.2 0.452

R4 + P0.75 61.87 8.9 0.371

R4 + P1.0 65.02 6.6 0.309

R4 + P1.25 68.75 4.3 0.227

R4 + P1.5 71.96 3.3 0.172

As shown in Tables 6 and 7, the compound modified binders with S6 shows higher
retained penetration ratio (RP) value than those with S4, and the binder with higher SBS
concentration shows lower value softening point increment (∆S) and mass loss rate (∆M)
than that with lower concentration. Furthermore, SBR has the same results.PPA shows a
significant effect on RP, ∆S and ∆M. With RTFO aging, RP value increases with the increase
of PPA, but ∆S and ∆M decrease. This indicates that PPA is less prone to oxidation to
improve the anti-aging properties of SBS/SBR modified asphalt.

In addition, for DH-70 # asphalt, the aging indices of S4 + P1.0 and S6 show similar
values and the aging indices of R4 + P0.75 and R6 show similar values. For LH-90 # asphalt,
the aging indices of S4 + P0.75 and S6 show similar values and the aging indices of R4 + P0.75
and R6 show similar values.
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Based on the above statements, to obtain the similar anti-aging properties, replacing
2% SBS/SBR with 1.0%/0.75% PPA for DH-70# asphalt, and replacing 2% SBS/SBR with
0.75% PPA for LH-90# asphalt is more recommended, respectively.

4. Conclusions

To investigate the feasibility of using PPA to partially replace SBS/SBR as asphalt
modifier, through a series of tests, including DSR, BBR and RTFO tests, the performance
of compound asphalt is improved compared with that of 4% SBS/SBR single modified
asphalt. The results show that appropriate PPA content can improve the elastic performance
of SBS/SBR modified asphalt, reduce its viscosity, and improve the high-temperature
deformation resistance, therefore, the rutting resistance of compound asphalt is improved.
After adding PPA, |GTS| decreases significantly and |VTS| decreases gradually, indicating
that PPA reduces the temperature sensitivity of modified asphalt.

In addition, PPA can inhibit the thermal oxidative aging of polymer modified asphalt,
thereby enhancing the anti-aging properties, and the greater the amount of PPA, the more
significant the modification effect is.

Overall, the high temperature, temperature sensitivity and anti-aging properties of
polymer modified asphalt were improved after adding PPA, and because of its low price, the
polymer modified asphalt can reduce some polymer content by adding PPA. PPA may have
an adverse effect on the stiffness and stress relaxation of asphalt binder, but it can meet the
specification requirements in the area where the average temperature in winter is not lower
than −18 ◦C. Considering those performance and economic benefits, the recommended
scheme of PPA-SBS compound modified asphalt is 4% SBS + 0.75–1.0% PPA, and the rec-
ommended scheme of PPA-SBR compound modified asphalt is 4% SBR + 0.5–0.75% PPA,
which is equivalent to the performance of 6% SBS/SBR single modified asphalt. Following
research work should include investigating the combinations of PPA with other modifiers
and neat asphalt, as well as the verification of field correlation, so as to prepare asphalt
with better performance and wider application range.
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Abstract: Epoxy asphalt concrete (EAC) has excellent properties such as high strength, outstanding
thermal stability, and great fatigue resistance, and is considered to be a long-life pavement material.
Meanwhile, the low initial viscosity of the epoxy components provides the possibility to reduce the
mixing temperature of SBS-modified asphalt. The purpose of this study is to verify the feasibility
of low-emission mixing of SBS-modified epoxy asphalt and to compare the mechanical responses
in several typical structures with EAC, in order to perform structure optimization for practical
applications of EAC. In this paper, the Brookfield rotational viscosity test was conducted to investigate
the feasibility of mixing SBS-modified epoxy asphalt at a reduced temperature. Subsequently, the
dynamic modulus tests were carried out on EAC to obtain the Prony series in order to provide
viscoelastic parameters for the finite element model. Six feasible pavement structures with EAC were
proposed, and a finite element method (FEM) model was developed to analyze and compare the
mechanical responses with the conventional pavement structure. Additionally, the design life was
predicted and compared to comprehensively evaluate the performance of EAC structures. Finally,
life cycle assessment (LCA) on carbon emissions was developed to explore the emission reduction
effect of the epoxy asphalt pavement. The results indicate that the addition of epoxy components
could reduce the mixing temperature of SBS-modified asphalt by 30 ◦C. The proper use of EAC can
significantly improve the mechanical condition of the pavement and improve its performance and
service life. It is recommended to choose S5 (with EAC applied in the middle-lower layer) as the
optimal pavement structure, whose allowable load repetitions to limit fatigue cracking were more
than 1.7 times that of conventional pavements and it has favorable rutting resistance as well. The
LCA results show that in a 25-year life cycle, the carbon emissions of epoxy asphalt pavements could
be reduced by 29.8% in comparison to conventional pavements.

Keywords: epoxy asphalt concrete (EAC); low-emission mixed asphalt; pavement structure; finite
element method (FEM); mechanical response; life cycle assessment (LCA)

1. Introduction

With the increasing traffic volume, heavier traffic loads, and higher requirements for
pavement, the conventional ordinary asphalt pavement has gradually failed to meet the
demands of roads. Numerous pavement distresses, such as rutting, fatigue failure, and
thermal cracking, frequently occur before the expected service life; thus, there is a demand
for new durable pavement materials. Epoxy asphalt (EA), known as a thermosetting
polymer-modified asphalt, consists of thermosetting epoxy resin, curing agent, asphalt
binder, and other additives [1]. After mixing and curing, the epoxy resin and the curing
agent undergo a cross-linking reaction, forming irreversible cross-linked networks, which
greatly restrict the mobility of asphalt molecules, giving the epoxy asphalt thermosetting
characteristics [2–4]. The cured epoxy asphalt concrete has changed the thermoplastic
nature of conventional asphalt and has outstanding physical and mechanical properties
such as high strength and stiffness, excellent thermal stability, good corrosion resistance,
and superior fatigue resistance [5,6]. Consequently, EAC has been widely used as paving
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materials for airfields and orthotropic steel bridge decks around the world [7–9]. In China,
epoxy asphalt was used for the first time on the Nanjing Second Yangtze River Bridge in
2000, where a 50 mm thick dense-graded EAC was paved on the deck [10,11]. In the over
20 years of service so far, the EAC on the Nanjing Second Yangtze River Bridge has shown
an amazingly outstanding performance, which has led to the widespread application of
EAC on orthotropic steel bridge decks built in China, including the Nansha Bridge (main
span 1688 m), the Sutong Yangtze River Bridge (main span 1088 m), and the Xihoumen
Bridge (main span 1650 m) [12,13].

Meanwhile, due to the outstanding properties and satisfactory performance in bridge
deck paving, researchers have started to experiment with EAC in roadway pavement
applications, in which EAC is considered to possess the potential to be a long-life pavement
material [14–16]. In most performance indicators, epoxy asphalt outperforms ordinary
asphalt by at least two times and even more than 10 times in some cases. Lu and Bors [13]
reviewed the potential application of epoxy asphalt in roadway engineering, and pointed
out that EAC has good fatigue resistance, high-temperature stability, and strong resistance
to aging and chemical attack. Xie et al. [17] summarized the factors affecting the mechanical
properties, bonding properties, and thermal stability of epoxy asphalt and analyzed the
mechanism of phase separation and its effect on the mechanical properties of epoxy asphalt.
Chen et al. [16] investigated the physical, chemical, and mechanical properties of EAC
and found that it exhibited remarkably higher compressive strength, rutting resistance,
durability, and water resistance; however, its cracking resistance at low temperatures was
slightly reduced. In other studies, rheological characteristics were studied as an important
indicator affecting deformation and construction, and it was found that epoxy asphalt has
better rheological properties than conventional modified asphalt, with favorable fluidity
and low viscosity before curing, which can effectively fill the voids in the mixture and
make it more uniform [7,14,18]. Additionally, the fatigue properties of EAC reflect the
durability of the road and is directly related to the service life of asphalt pavements [19].
Due to the high stiffness and bonding properties of epoxy asphalt, EAC has superior fatigue
resistance when compared to conventional asphalt concrete, especially at high epoxy resin
dosages [20,21]. Li et al. [22] explored the fatigue performance of porous epoxy asphalt
mixtures and found that epoxy asphalt binders can significantly improve the resistance
to fatigue damage of porous asphalt mixtures but it is relatively sensitive to strain levels.
Furthermore, the addition of glass or mineral fibers can further strengthen the fatigue
resistance of EAC [23].

Additionally, because the initial viscosity of epoxy components is relatively low
compared to asphalt, the viscosity of the epoxy asphalt will gradually increase from a
lower value during the curing reaction [14]. This property provides the epoxy asphalt with
better workability, especially for SBS-modified asphalt, which allows EAC to be mixed at
a lower temperature, thus reducing emissions in the production process. Moreover, due
to its excellent performance, EAC generally has a much longer life than the conventional
asphalt mixtures and can meet the increasing requirements of low-emission, “green”, and
long-life pavements [13]. Furthermore, the most effective measure for emission reduction is
to improve the service life of the pavement. From this perspective, epoxy asphalt pavement
may also have a more favorable emission reduction effect. In summary, the feasibility of
epoxy asphalt for roadway pavement has been demonstrated by numerous researchers
based on extensive research and test results.

However, besides the superb properties of the epoxy asphalt itself, pavement structure
is also crucial for the application and field performance of new pavement materials [24].
Recently, the finite element method (FEM) has become a popular numerical simulation
method for calculating the mechanical response of numerous pavement structures, which
can adapt to complex geometries and boundary conditions and is applicable to solve a
variety of linear and nonlinear problems [25,26]. Guo et al. [27] explored the dynamic
response of five typical pavement structures based on ABAQUS and found that the stresses
and strains in the full-depth pavements were less than those in semi-rigid base pavements,

164



Materials 2022, 15, 6472

but the rutting distress was the opposite. Yu-Shan and Shakiba [28] explored the perfor-
mance of asphalt pavement under different asphalt concrete and base thicknesses, base and
subgrade permeability, and various saturations by using a three-dimensional FEM model
and found that the pavement structure has a significant effect on the peeling phenomenon
of the asphalt layer. In other studies, researchers have investigated various pavement
performance qualities under different structures using FEM, such as mechanical responses,
rutting, top-down cracking, and reflective cracking [29–32]. In summary, the structure
combination will greatly influence the mechanical responses and the field performance of
the pavement. Thus, the pavement performance of EAC should be evaluated in order to
determine the optimal structure before it is widely used in the field. Nevertheless, there are
research gaps for the performance evaluation and structure optimization of EAC, which
limits its application in engineering practice.

The objective of this study is to verify the low-emission mixed characteristics of
epoxy asphalt through viscosity tests, compare the performance of EAC in several typical
structures, and select the optimal pavement structure considering the mechanical responses
and the design life, in order to provide a reference for the practical application of EAC.
Meanwhile, the emission reduction effect of the epoxy asphalt pavement is explored using
life cycle assessment (LCA).

2. Materials and Methods
2.1. Experimental Design
2.1.1. Materials

Styrene–butadiene–styrene (SBS)-modified epoxy asphalt was used in this study. The
matrix asphalt was a 60/80 asphalt with the performance grade of PG 64–22, and the SBS was
SBS (I-D) produced in China, with a dosage of 5.0%. The epoxy resin and curing agent were
produced in China, and the ratio of epoxy resin to curing agent is 1:1. The basic properties and
technical indicators of asphalt binder, epoxy resin, and curing agent were tested according to
the Chinese specification “Standard Test Methods of Bitumen and Bituminous Mixtures for
Highway Engineering” (JTG E20-2011) [33] and shown in Table 1. The ratio of the mass of the
epoxy resin components (including the epoxy resin and curing agent) to that of the asphalt
was chosen as 3:7, that is, the dosage of epoxy resin components was 30% of the entire epoxy
asphalt binder by weight. The gradation of EAC-13, i.e., epoxy asphalt concrete with a nominal
maximum aggregate size (NMAS) of 13 mm, is the same as the typical gradation of AC-13
(asphalt concrete with an NMAS of 13 mm), as shown in Table 2. According to the “Technical
Specifications for Construction of Highway Asphalt Pavements” (JTG F40-2004) [34], the optimal
binder–aggregate ratio for EAC-13 was determined to be 6.3% based on the Marshall method.
Two EAC-13 specimens with a height of 170 mm and a diameter of 150 mm were prepared on
a shear gyratory compactor, which were cored and cut for dynamic modulus testing with a
height of 150 mm and a diameter of 100 mm.

Table 1. Properties of asphalt binder, epoxy resin, and curing agent [33].

Materials Indicators Values Materials Indicators Values

Asphalt binder

Penetration (0.1 mm) 51.5 Epoxy resin Density (g/cm3) 1.13

Softening point (◦C) 81.7 Viscosity (Pa•s, 25 ◦C) 4.1

Ductility (cm, 5 ◦C) 29.2 Curing agent Density (g/cm3) 0.92

Kinematic Viscosity (Pa•s, 135 ◦C) 2 Viscosity (Pa•s, 25 ◦C) 0.2

Table 2. Gradation of EAC-13.

Sieve size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Passing Percentage (%) 100 95 76.5 53 37 26.5 19 13.5 10 6
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2.1.2. Viscosity Tests

The viscosity–temperature relationship of the asphalt binder is the key to control the
workability of the asphalt mixture. The initial viscosity of the epoxy asphalt is reduced
after mixing due to the lower viscosity of the epoxy components compared to the asphalt
binder. However, it will gradually increase as the curing reaction proceeds. Therefore, the
viscosity of epoxy asphalt as a function of time and temperature needs to be investigated to
determine its rheological properties and mixing temperatures.

The viscosity of SBS-modified epoxy asphalt was tested at different temperatures
(120, 130, 140, and 150 ◦C) using a Brookfield rotary viscometer (Model DV2T, Brookfield
Engineering Inc., Middleboro, MA, USA). The test time was 120 min at a speed of 100 rpm,
which was changed to 50 rpm for 120 ◦C and 130 ◦C after 80 min in order to keep the
rotational torque within the normal range.

2.1.3. Dynamic Modulus Tests

As a typical viscoelastic material, the mechanical properties of asphalt mixtures exhibit
dependency on time and temperature. In order to evaluate the viscoelastic properties of
EAC, dynamic modulus tests were carried out by the universal testing machine (UTM-25,
IPC Global, CONTROLS, Milan, Italy) using the semi-sine wave loading form, according to
the “Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineer-
ing” (JTG E20-2011) [33]. The dynamic moduli were calculated under 6 test frequencies
(0.1, 0.5, 1, 5, 10, and 25 Hz) and 5 test temperatures (0, 10, 25, 40, and 55 ◦C). The dynamic
modulus master curve at reference temperature of 25 ◦C was constructed using the Sig-
moid model (Figure 1), and the time–temperature shift factor αT was calculated using the
Williams–Landel–Ferry (WLF) equation.
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The viscoelastic properties of asphalt mixtures in ABAQUS can be characterized by
the Prony series. The fitted Prony series parameters of EAC at 25 ◦C with 11 relaxation
components were used for modeling, as shown in Table 3. Due to the strong bonding of
epoxy asphalt, gradation has a relatively reduced effect on the properties of EAC, so the
same Prony series was applied for EAC-13 and EAC-16. The Prony series of the other
asphalt mixtures used in the simulation were determined according to reference [31].
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Table 3. Prony series parameters of EAC and other asphalt mixtures.

EAC-13/16 SMA-13 * SUP-20 ** SUP-25 **

τi Gi or Ki τi Gi or Ki τi Gi or Ki τi Gi or Ki

0.00001 0.02538 0.00001 0.17312 0.00001 0.16223 0.00001 0.16223
0.0001 0.01741 0.0001 0.21719 0.0001 0.20595 0.0001 0.20595
0.001 0.05832 0.001 0.20891 0.001 0.20636 0.001 0.20636
0.01 0.11526 0.01 0.14639 0.01 0.15432 0.01 0.15432
0.1 0.19804 0.1 0.07766 0.1 0.08746 0.1 0.08746
1 0.25276 1 0.03453 1 0.04104 1 0.04104

10 0.17329 10 0.01363 10 0.01682 10 0.01682
100 0.07532 100 0.00527 100 0.00671 100 0.00671
1000 0.03208 1000 0.00179 1000 0.00234 1000 0.00234

10,000 0.01114 10,000 0.00078 10,000 0.00092 10,000 0.00092
100,000 0.00575

* SMA-13 = stone mastic asphalt with NMAS of 13 mm. ** SUP-20/25 = Superpave with NMAS of 20/25 mm.

2.2. Finite Element Modeling of Different Structures
2.2.1. Pavement Structures

Based on the previous experience, 6 feasible pavement structures with EAC (S1–S6)
were proposed in this paper, and 1 conventional structure was selected as the control group
(S0). The pavement structure is composed of an asphalt surface layer with a total thickness
of 26 cm, a cement-treated base (CTB, 38 cm), a lime-fly ash stabilized soil sub-base (LFS,
20 cm), and soil (SG, 8 m). The pavement width was selected as 42 m, based on a two-way
eight-lane highway with a designated speed of 120 km/h (each lane is 3.75 m in width with
a 4.5 m central reservation and 3.75 m shoulders on both sides). All pavement structures
are summarized in Table 4.

Table 4. Summary of 7 pavement structures.

Structure Number Pavement Structure

S0 (control group) 4 cm SMA-13 + 6 cm SUP-20 + 6 cm SUP-20 + 10 cm SUP-25
S1 4 cm SMA-13 + 6 cm EAC-16 + 6 cm SUP-20 + 9 cm SUP-25 + 1 cm AR-SAMI *
S2 4 cm SMA-13 + 6 cm EAC-16 + 6 cm SUP-20 + 10 cm SUP-25
S3 4 cm SMA-13 + 6 cm EAC-16 + 6 cm EAC-16 + 9 cm SUP-25 + 1 cm AR-SAMI
S4 4 cm EAC-13 + 6 cm EAC-16 + 6 cm SUP-20 + 10 cm SUP-25
S5 4 cm SMA-13 + 6 cm SUP-20 + 6 cm EAC-16 + 9 cm SUP-25 + 1 cm AR-SAMI
S6 4 cm EAC-13 + 6 cm SUP-20 + 6 cm SUP-20 + 10 cm SUP-25

* AR-SAMI = asphalt rubber stress-absorbing membrane interlayer, applied between SUP-25 and CTB.

2.2.2. Simulation Method

The two-dimensional ABAQUS models of 7 pavement structures with a size of 42 m
× 8.84 m were established, and the material parameters are shown in Table 5. Additionally,
the viscoelastic properties were taken into account for the asphalt layers according to the
Prony series fitted in Section 2.1.2. The standard axle load BZZ-100 specified in Chinese
“Specifications for Design of Highway Asphalt Pavement” (JTG D50-2017) [35] was used
to convert the loading area. The double-circle vertical uniform load was set at the top of
the pavement, with the equivalent circle radius obtained by Equation (1), and the vertical
compressive stress was 0.7 MPa. The distance between the two equivalent circles is 0.1065 m;
thus, the width of the loading area, d, is 0.213 m, with an interval of 0.1065 m. The traffic
loads were applied at the center of the 8 lanes.

d =
√

4P
πp =

√
4× 100

4
π×700000 = 0.213 (m) (1)

where P = axle load on each wheel and p = tire internal pressure, i.e., the contact pressure.
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Table 5. Material parameters of ABAQUS model.

Materials Thickness (cm) Modulus (MPa) Poisson’s Ratio Density (kg/m3)

EAC-13 4/6 2500 0.25 2400
EAC-16 4/6 2300 0.25 2400
SMA-13 4 1500 0.25 2400
SUP-20 6 1400 0.25 2400
SUP-25 9/10 1150 0.25 2400

AR-SAMI 1 200 0.3 1150
CTB 38 1500 0.25 2300
LFS 20 700 0.3 1800
SG 800 80 0.4 1800

In this study, the pavement structure was simplified to a two-dimensional plane strain
problem, so the standard load of 0.7 MPa should be converted into a linear load of 117,371
Pa based on the equivalent static principle. To simulate the dynamic response of the
pavement, a half-sine dynamic cyclic load with a period of 0.2 s was applied, according to
Equation (2):

y = 0.11737sin10πt (MPa) (2)

The boundary conditions are: completely fixed at the bottom edge of the soil and no
lateral displacement on both sides of the whole structure. The mesh of the loading area was
refined, and the element type is CPE4R, i.e., 4-node continuum bilinear plane strain with
reduced integration (Figure 2). The mechanical responses of 7 structures were captured,
including the tensile strain at the bottom of the asphalt layer, the tensile stress at the bottom
of the base, the vertical compressive strain on the top of the subgrade, and the shear strain
of the asphalt layer.
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2.3. Calculation of Design Life

In order to compare the design life of different pavement structures, load repetitions
were calculated using the functions applicable to the response of various types of structures
proposed by JTG D50-2017 [35]. The fatigue life of the asphalt layer N f was obtained based
on the tensile strain at the bottom of the asphalt layer according to Equation (3):

N f = 6.32 × 1015.96−0.29βkakbk−1
T

(
1
εa

)3.97( 1
Ea

)1.58
(VFA)2.72 (3)
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where N f is the fatigue cracking life of asphalt layer (times), β is the target reliability index
(1.65 for freeway), ka is the coefficient for seasonal permafrost areas, and kb is the coefficient
of the fatigue loading mode, calculated based on Equation (4):

kb =

[
1+0.03Ea

0.43(VFA)−0.85e0.024ha−5.41

1+e0.024ha−5.41

]3.33
(4)

where Ea is the dynamic modulus of asphalt mixture at 20 ◦C (MPa), VFA is the voids filled
with asphalt (%), ha is the thickness of the asphalt layer, kT is the temperature adjustment
coefficient, and εa is the tensile strain at the bottom of asphalt layer (10−6).

Additionally, in this study, to limit the effects of rutting and subgrade deformation,
the load repetitions Nd were calculated based on the allowable vertical compressive strain
on the top of the subgrade according to Equation (5):

[εz] = 1.25 × 104−0.1β(kT Nd)
−0.21 (5)

where [εz] is the allowable vertical compressive strain on the top of the subgrade (10−6).
Based on the principle that the calculated strain should be less than the allowable strain
(εz < [εz]), Nd can be determined.

In this paper, the material parameters Ea and VFA were determined by laboratory tests
(Section 2.1.3), while the mechanical parameters εa and εz were obtained from simulation
results in Section 3.2. The load repetitions N f and Nd calculated above were used to
compare the service life of epoxy asphalt pavement with that of conventional asphalt
pavement to verify its long-life characteristics.

2.4. Life Cycle Assessment (LCA)

To further investigate the carbon reduction effect of epoxy asphalt pavement, a life
cycle assessment (LCA) on the carbon emissions of epoxy asphalt pavement and conven-
tional pavement was conducted based on the calculated fatigue life. The service life of
conventional asphalt pavement is usually 15 years, while that of epoxy asphalt pavement
is 1.7 times longer, according to the results in Section 3.3, up to 25 years or more, so a
calculation period of 25 years was used for LCA.

The LCA model on carbon emissions of asphalt pavements can be divided into two
main parts, the construction period and the operation period. The construction period
includes material production, mixing, transportation, paving, and rolling, while the op-
eration period consists of milling, maintenance and repair, and traffic delays. The basic
energy consumption and emissions were referenced from the Chinese Life Cycle Database
(CLCD) [36], where the calorific value of the energy consumption process referred to “China
Energy Statistical Yearbook 2020” [37], and the carbon emission factors referred to “IPCC
Guidelines for National Greenhouse Gas Inventories” [38]. The carbon emissions of mate-
rial production were available through the references, and the carbon emission factors of
equipment used in other processes were obtained by converting from the total power.

In this paper, it is assumed that in the 25-year life cycle for conventional asphalt
pavement, a total of 3 major repairs are needed with a milling thickness of 10 cm, as well
as 4 minor repairs by adding an ultra-thin overlay with a thickness of 1 cm. For epoxy
asphalt pavement, because of its excellent performance and longer fatigue life, only 1
major repair and 2 minor repairs are required. Taking a 1000 m*0.1 m*30 m pavement
section as an example, the carbon emissions in a life cycle of epoxy asphalt pavements
and conventional asphalt pavements in the construction period and operation period were
calculated and compared.

3. Results and Discussions
3.1. Viscosity Tests

The viscosity–time curves of SBS-modified epoxy asphalt (with a 30% dosage of epoxy
components) at different temperatures are shown in Figure 3. It illustrates that the viscosity
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of epoxy asphalt has a typical dependence on time and temperature. As time increases
and the curing reaction develops, the epoxy asphalt gradually acquires thermosetting
properties and therefore, the viscosity increases. The curves of viscosity and curing time
are consistent with the trends observed in the studies of Cong [39] and Luo [40], where they
pointed that the viscosity of hot-mixed epoxy asphalt showed a logarithmic relationship
with time. Meanwhile, the initial viscosity of the epoxy asphalt binder reduces with an
increase in temperature, and it is 615, 450, 400, and 265 mPa•s at 120, 130, 140, and 150 ◦C,
respectively. This characteristic indicates the importance of temperature in the mixing and
construction process.
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Additionally, the low initial viscosity of the epoxy component opens up the possibility
of lower mixing and compaction temperatures. According to Zhang et al. [41], the suitable
viscosities for mixing and compaction of SBS-modified asphalt are (0.32 ± 0.03) Pa•s and
(0.45 ± 0.05) Pa•s, respectively. To achieve this viscosity, it is usually necessary to mix
the SBS-modified asphalt at around 180 ◦C, which might result in numerous emissions
and the deterioration of the asphalt binder. Nevertheless, from the viscosity test results
in Figure 3, the addition of epoxy components provides the SBS-modified epoxy asphalt
with a lower viscosity, and the requirements described above can be achieved at 150 ◦C
(0–40 min), thus allowing the mixing process to proceed at a lower temperature. It can
also be noted that a mixing temperature below 150 ◦C might be undesirable, because the
viscosity has exceeded 1.0 Pa•s after 30 min of curing at 120 ◦C or 130 ◦C, which will cause
difficulties in construction and compaction. Additives such as warm mix agents are needed
if there is a demand for much lower mixing temperatures.

In summary, it is pleasing to find that the addition of the epoxy components allows
the SBS-modified asphalt to be mixed at a lower temperature. The mixing temperature of
SBS-modified epoxy asphalt is reduced by 30 ◦C (from 180 ◦C to 150 ◦C), thus achieving a
low-emission mixed-asphalt mixture, which has a better temperature reduction effect and
meets the low-carbon and emission reduction requirements.

3.2. Mechanical Responses of Different Structures
3.2.1. Tensile Strain at the Bottom of Asphalt Layer

The tensile strain at the bottom of the asphalt layer is closely correlated with the
fatigue life of the pavement. According to JTG D50-2017 [35], the mechanical response of
the asphalt pavement structure can be calculated in the elastic layer system (Figure 4a), so
the point A in the inner lane was selected as the calculation point based on the maximum
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principle (Figure 4b). In this model, point A corresponds to Node 2650, Element 5170 for
structures S0, S2, S4, and S6. For structures S1, S3, and S5, point A is Node 2028 and Element
3674. The tensile strains at the bottom of the asphalt layers of seven pavement structures
under dynamic loading were extracted and initially filtered, as shown in Figure 5. It
demonstrates that under dynamic loading, the mechanical response of the asphalt pavement
also varies dynamically; however, it exhibits a hysteresis to some extent. According
to Equation (2), the traffic load achieved its maximum value at 0.05 s, but the tensile
strain reached the maximum value at approximately 0.06 s. This is because the asphalt
mixture was given viscoelastic properties in the simulation, so the external loads would be
transferred gradually in the depth direction of the pavement, reflecting the time-delayed
effect, which is consistent with the actual situation.
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It can be discovered from Figure 5 that structure S5 has the lowest maximum tensile
strain at the bottom of asphalt layer of 5.21 × 10−5, while S4 and S6 are similar and highest,
exceeding 6.25 × 10−5. The maximum tensile strain and its occurrence time of the seven
structures are listed in Table 6. Three conditions (S1, S3, and S5) have significantly lower
tensile strains than the conventional pavement S0 without EAC, decreasing by 3.13%,
6.96%, and 11.81%, respectively, showing a better mechanical response, which indicates
that structures with EAC might present a longer fatigue life. The structural mechanics
study by Chen et al. also obtained fatigue life by controlling the maximum tensile strain
at the bottom of the asphalt layer [42]. The values of epoxy asphalt pavements in this
paper are much smaller than the simulation results of conventional asphalt pavements
of Jiang et al. (around 9 × 10−5 to 12 × 10−5) [43]. Therefore, the placement of EAC
can prevent the structure from generating excessive flexural tensile strains, thus delaying
the fatigue-induced structural failure of the pavement. Furthermore, the maximum value
appears earliest in S0, and the other structures with EAC exhibit a longer time delay, which
might suggest that the new structures with EAC have better viscoelasticity and ductility.
Meanwhile, the results also indicate that setting a 1 cm AR-SAMI as a stress-absorbing
layer can significantly reduce the maximum tensile strain at the bottom of the asphalt layer,
which in turn can optimize the stress state and improve the fatigue life of the pavement to
a certain extent.

Table 6. Summary of maximum indicators and their occurrence time.

Structure S0 S1 S2 S3 S4 S5 S6

Max tensile strain at the
bottom of asphalt layer 5.90 × 10−5 5.72 × 10−5 6.03 × 10−5 5.49 × 10−5 6.28 × 10−5 5.21 × 10−5 6.26 × 10−5

Occurrence time 0.060 0.062 0.063 0.062 0.063 0.062 0.064

Max tensile stress at the
bottom of base (Pa) 71190 70330 74412 71828 75352 70095 73367

Occurrence time 0.052 0.051 0.051 0.051 0.05 0.051 0.051

Max vertical compressive
strain on the top of

subgrade
1.84 × 10−4 1.78 × 10−4 1.79 × 10−4 1.75 × 10−4 1.75 × 10−4 1.80 × 10−4 1.78 × 10−4

Occurrence time 0.055 0.053 0.055 0.053 0.056 0.053 0.055

3.2.2. Tensile Stress at the Bottom of Base

As the main bearing layer of the semi-rigid base pavement, the mechanical charac-
teristics of the base are critical to the service life of asphalt pavements. According to the
principle of maximum value, the center point in the outermost lane has the maximum
tensile stress, so the point C at the bottom of CTB in the outermost lane was chosen as
the calculation point of tensile stress (Figure 4c), which was Node 74, Element 1448 for S0,
S2, S4, and S6 and Node 423, Element 5371 for S1, S3, and S5. The tensile stress values
at the bottom of the base of seven structures were extracted and filtered, as shown in
Figure 6. Since the traffic load is a half-sine load, the tensile stress at the bottom of the
base also demonstrates a sinusoidal trend with time. It is interesting that the time-delayed
effect of tensile stress is much less compared to the tensile strain, which is in line with
the viscoelastic characteristics of asphalt pavements, i.e., the deformation will exhibit a
significant time delay under continuous loading rather than stress. The maximum tensile
stress and its occurrence time in the seven structures are also listed in Table 6.

The maximum tensile stress at the bottom of CTB ranges from 59.7% to 64.2% of the
traffic load, which indicates that there is an overall attenuation in the downward transfer
of the surface loads (which might first increase before decreasing in the asphalt layer),
consistent with accepted perceptions. The analysis in Figure 6 illustrates that S5 still has the
minimum tensile stress at the bottom of base with a maximum value of 70,094 Pa, which is
similar to S1, and both of them reduce by 1.54% and 1.21% compared to the conventional
structure S0. However, the structure S4 shows the largest tensile strain of about 75,352 Pa.
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This might be due to the fact that the high modulus of EAC applied to the upper layer
causes a change in the stress distribution of the pavement, which makes the stress more
dispersed in the lateral direction and influenced by the adjacent lanes, thus increasing the
tensile stress of the base.
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3.2.3. Maximum Strain and Stress along Depth of the Pavement

In addition to analysis of the maximum tensile strain at the bottom of the asphalt layer
and tensile stress at the bottom of the base as design control indicators, the strain and stress
characteristics of the whole asphalt pavement at loading peak are also of concern. As for
strain characteristics, still using point A as the calculation point, the strain of the asphalt
layer along depth was evaluated and classified with and without SAMI (Figure 7). It can
be seen that the compressive strain in the upper 4 cm of S4 and S6 with EAC applied to
the upper layer is significantly reduced and there is a more uniform strain distribution
when compared to other structures. As the EAC layer transformed into an SUP layer,
S4 and S6 underwent a sudden change in strain at 10 cm and 4 cm, respectively, from
compressive strain to tensile strain. In the upper-middle layer (4–10 cm in depth), the same
phenomenon occurs, where S0 and S6 without the application of EAC generate large tensile
strains, while S2 and S4 still present a low compressive strain. Especially for S2, the original
tensile strain in the upper layer increased sharply, while the strain in the upper-middle
layer suddenly changed from tensile to compressive after the application of EAC. From
this point of view, although S4 has a greater tensile strain at the bottom of the asphalt layer
than the conventional structure, it might be argued that the EAC application solution for
S4 is not unreasonable, because S4 is at a significantly lower strain level throughout the
asphalt layer, which might be a considerable contribution to improving the overall fatigue
life. Figure 7b shows a similar trend in that the tensile strain in the layer with EAC applied
decreases remarkably, allowing for more uniform forces and deformations, which might
lead to an alleviation of fatigue failure in the asphalt layer in some cases.

Figure 8 shows the stress distribution in the pavement structure, calculated using
point C. It can be seen that different structures have little effect on the stress in the subgrade
below the sub-base, and the impact is mainly distributed in the upper part of the pavement,
especially in the asphalt layer. The trend of stress along depth is almost the same for all
structures due to the fact that the changes in materials will significantly affect the stress–
strain characteristics near its location (the asphalt layer), while having little impact on the
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overall structure at a distance. Meanwhile, the difference in the distribution of stress and
strain in the asphalt layer might be caused by the variation of the calculation point locations.
Compared to S0, the structures S2, S4, and S6 with EAC have less compressive stress in
the asphalt layer, which is beneficial for the pavement. However, they have greater tensile
stress in the lower part of the base, especially for S4, so when applying EAC, the issue of
the fatigue life of the base should be considered and enhanced, and several methods such
as strengthening the base materials and laying a bedding layer may be feasible.

Based on the previous calculations, more attention should be paid to structures with
SAMI layers, as they may serve as a more reasonable solution. Figure 8b demonstrates
that S5 not only has the lowest tensile strain at the bottom of the asphalt layer and tensile
stress at the bottom of the base, but also has a lower value of tensile stress in the whole
tensile region. In addition, its compressive stress is not excessively large, so S5 has a more
balanced response and may possess the potential to be an engineering-suitable structure.
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3.2.4. Vertical Compressive Strain on the Top of Subgrade

The vertical compressive strain on the top of the subgrade plays an important role
in the deformation of the soil and the generation of rutting. In this study, the point C on
the top of the subgrade in the outermost lane was chosen as the calculation point for the
vertical compressive strain (Figure 4d). For S0, S2, S4, and S6, it was Node 59 and Element
1027 and for S1, S3, and S5, it was Node 411 and Element 5111. The time–history curves
and maximum values of vertical compressive strain on the top of the subgrade for different
pavement structures are plotted and listed in Figure 9 and Table 6, respectively. The time–
history curve is still identical to that of the loading pattern and is distributed as a sinusoidal
curve. However, due to viscoelasticity, the vertical compressive strain also has a certain
hysteresis effect, reaching its peak around 0.055 s, consistent with previous conclusions.
Figure 9 illustrates that the vertical compressive strain presents three levels, with the
conventional pavement S0 having the largest compressive strain, and the other two levels
decrease by around 2.17% and 4.89%, respectively. S3 and S4 have the lowest value located
in the first level, while S1, S2, and S5 are similar and lower than S0, lying in the middle level.

175



Materials 2022, 15, 6472

It is interesting that all structures with EAC applied exhibited significantly smaller vertical
compressive strains on the top of subgrade. This indicates that the application of EAC
could substantially improve the rutting resistance of the pavement, which is in agreement
with the findings of previous laboratory tests [44,45]. According to the laboratory results
of wheel tracking tests, the dynamic stability of epoxy asphalt mixtures could be as high
as 30,000 times/mm or more, presenting an extremely strong rutting resistance. This can
also be verified by the three value levels in the figure. Compared with S1, S2, and S5, the
use of double layers of EAC in S3 and S4 further reduces the vertical compressive strain
on the top of subgrade, which further delays the generation of rutting on the pavement.
This suggests that the proper use of EAC in pavement structures might be a way to reduce
rutting distress, especially in high-temperature areas.
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Figure 9. Time–history curve of vertical compressive strain on the top of subgrade.

3.2.5. Shear Stress in the Asphalt Layer

The shear stress in the asphalt layer has a non-negligible effect on the service life of
asphalt pavements, although it is not currently used as a design indicator in China. At the
same time, the shear stress in the upper and middle asphalt layers is also closely related to
the appearance of rutting distresses, so the effect of shear stress in the asphalt layer should
be investigated. The shear stress within the upper and upper-middle layers (0–10 cm) were
mainly considered, and for the seven structures, the locations where the maximum values
occur were selected as the calculation points.

The time–history curves, maximum values and their locations of the shear stress were
calculated, as shown in Figure 10 and Table 7. It can be seen that the shear stress varies
greatly among different structures. S6 has a shear stress 1.6 times greater than the shear
stress of S0, and S1, S2, and S4 have the same value of about 1.35 times the shear stress
of S0. The increase in shear stress in S3 and S5, which have stress-absorbing layers with
EAC in the lower-middle layers, is relatively less significant. The shear stress values of all
structures with EAC applied are larger than S0, which may be due to the fact that the high
stiffness of EAC changes the stress distribution, making the maximum value occur mostly
in the layers where EAC is applied; this can also be verified from the vertical depths in
Table 7. Therefore, even though EAC has the advantages of high strength and fatigue life,
its shear resistance deserves heightened attention.
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Table 7. Maximum values and locations of shear stress in the asphalt layer.

Structure S0 S1 S2 S3 S4 S5 S6

Maximum shear stress (Pa) 21,190.9 28,266.6 28,303.3 26,153.7 28,823.6 21,655.2 34,016.1
Element number 1918 5738 1891 5741 1715 5761 1714

Vertical depth (cm) 4 5.5 5.5 7 4 8.5 3
Horizontal points Lane Center (Point C) Center of the loading area (Point A)

Additionally, the large value in S6 might be attributed to the application of EAC in the
upper layer that is directly interacting with traffic loads, generating high local stress in the
case of discontinuous pavement stiffness. A continuously applied EAC or an additional
transition layer can be used to minimize this phenomenon. Among all the structures,
the upside is that S5 has similar shear stress to S0, in spite of a slight increase. In S5,
the EAC was applied to the lower layers near the base, so it has less of an effect on the
stiffness continuity and the shear stress in the upper layers. From this perspective, it is
more reasonable for EAC to be applied in the lower layer.
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3.3. Prediction and Comparison of Design Life

Some researchers have used the empirical formulas from the America Asphalt Insti-
tute (AI) in previous studies [43], but only took into account two parameters, strain and
modulus, leading to inaccuracy and large variability. In this paper, formulas in the Chinese
specification JTG D50-2017 were used to calculate the design life, which incorporated more
comprehensive parameters to achieve greater precision in the calculation. The allowable
number of load repetitions to limit fatigue cracking and rutting of the seven structures is
shown in Figure 11. With regard to the allowable number N f to limit fatigue cracking, S0
has a similar value to S2, while S4 and S6 are relatively lower. This indicates that EAC
applied to the upper layer might affect the fatigue of the underlying asphalt mixtures, so
the life of the overall structure needs to be taken into account, even though EAC has higher
resistance. The structures with the SAMI layer (S1, S3, and S5) have significantly higher
allowable load repetitions, especially S5, which allows for more than 1.7 times the fatigue
number of conventional pavement S0, indicating that the epoxy asphalt pavement might
have the potential to be a long-life pavement.
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Meanwhile, the aging of the asphalt binder is also related to the expected service life
of the asphalt mixture. In fact, the aging properties of the epoxy asphalt have been studied
by several researchers, and it has been proven that the addition of epoxy components can
provide epoxy asphalt with much better aging resistance. Apostolidis et al. [46] tracked
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the formation of carbonyl compounds by Fourier transform infrared (FTIR) spectroscopy
and found that its reaction rate decreased when the epoxy components were added to the
asphalt, which indicates that oxidative aging in epoxy asphalt occurs relatively slowly.
Si et al. [47] proposed that aging changed the structure of the epoxy asphalt and improved
its stress tolerance, increasing the tensile strength to 5.16 MPa. Additionally, after long-term
aging, the fatigue life of EAC-13 is still three to four times that of AC-13, which is far
superior to that of conventional asphalt concrete [22]. In terms of UV aging, the addition of
the epoxy components gives the epoxy asphalt strong anti-aging properties, with a 12%
increase in the residual penetration ratio [48]. From this point of view, the aging resistance
of epoxy asphalt might be an advantage, or at least not much of a concern. As for the
changes of material properties during use, a feasible approach in practical cases is to install
sensors in the pavement and adjust the calculation of service life according to the real-time
stress–strain data.

As for the allowable load repetitions Nd to limit rutting, it can be seen that all structures
with EAC (S0–S6) can withstand a higher number of loads than conventional pavement
S0, indicating that they have much better rutting resistance, which is consistent with the
results of laboratory wheel tracking tests on epoxy asphalt mixtures. Meanwhile, the
load repetitions of rutting limits greatly exceed the fatigue cracking limits; therefore, the
high-temperature performance of EAC might require less concern. However, despite
the high resistance to fatigue cracking, S5 has a relatively weak rutting resistance, which
could be further improved, though it still exceeds that of conventional pavement and the
specification requirements.

3.4. Life Cycle Assessment (LCA) of Epoxy Asphalt Pavements

The LCA results on carbon emissions of epoxy asphalt pavements and conventional
asphalt pavements are shown in Figure 12. Due to the high production emissions of epoxy
resin, the carbon emissions in the construction period of epoxy asphalt pavements are
higher than those of conventional pavements but could already be significantly reduced
by the lower mixing temperatures studied in this paper. More importantly, due to the
longer service life and better performance, the epoxy asphalt pavements exhibit much
lower carbon emissions from maintenance and repair during the operation period, about
48% of that of conventional pavements. As mentioned above, the extension of the service
life of the pavement is a remarkably effective way to reduce emissions. It is critical to reduce
pavement distresses and maintain good service condition, thereby significantly decreasing
the carbon emissions generated by repairs. Thus, over the whole life cycle, epoxy asphalt
pavements have an excellent emission reducing effect, reducing carbon emissions by 29.8%
compared to conventional pavements. From the LCA results, the low-emission mixed EAC
has strong feasibility as a long-life, “green”, and low-carbon pavement material.
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4. Conclusions

In this study, the feasibility of low-emission mixed epoxy asphalt mixtures was verified,
and six pavement structures with EAC were proposed for performance evaluation and
compared to conventional pavements. Based on the viscoelastic parameters obtained from
the dynamic modulus tests, an FEM model were developed to analyze the mechanical
responses and the design life in order to conduct structure optimization. Finally, life
cycle assessment on the carbon emissions of the recommended epoxy asphalt pavement
structures was conducted. The following conclusions can be drawn:

1. Through the viscosity tests, the SBS-modified epoxy asphalt has a suitable mixing and
compaction viscosity of 150 ◦C, so the mixing temperature of SBS-modified asphalt
can be reduced by 30 ◦C after adding epoxy components. Thus, the SBS-modified
epoxy asphalt can be considered to be a low-emission mixed material.

2. S5 with EAC applied in the middle-lower layers has the lowest tensile strain at
the bottom of the asphalt layer and lowest tensile stress at the bottom of the base,
decreasing by 11.81% and 1.54% compared to S0, respectively; however, S4 and S6
with EAC applied have an increasing trend in the upper layer.

3. The application of AR-SAMI as a stress-absorbing layer can significantly reduce the
maximum tensile strain and stress in the asphalt layer, which might improve the
fatigue life of the pavement. Additionally, the layer with EAC applied showed a
remarkable decrease in tensile strain, resulting in more uniform stresses and deforma-
tions in the depth direction.

4. S3 and S4 reduced the vertical compressive strain on the top of the subgrade by 4.89%,
indicating that the reasonable use of EAC could be a way reduce rutting distresses.
The application of EAC increases the shear stress in the asphalt layer, especially
when applied to the upper layer, while it has little increase in S5 compared to the
conventional structure.

5. The allowable number of load repetitions to limit fatigue cracking of S5 is 1.7 times
higher than that of the conventional structure, suggesting that it might have the
potential to act as a long-life pavement. All structures with EAC have improved the
allowable number to limit rutting, indicating that EAC has excellent rutting resistance.

6. The LCA results proved that in the 25 year life cycle, the carbon emissions of epoxy
asphalt pavements could be reduced by 29.8% compared with the conventional
pavements, showing a superior emission reduction effect.

In conclusion, the use of EAC, which allows for low-emission mixing, could enhance
the performance and service life of the pavement, and has a favorable carbon emission
reduction effect. Considering the performance and cost, structure S5 with EAC in the
middle-lower layer is recommended. Future research can focus on simulations of fatigue
cracking, top-down cracking, and rutting in different structures with EAC, while test
sections in the field are also needed to obtain field stress–strain data to calibrate the
accuracy of the simulation.
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Abstract: In order to conserve non-renewable natural resources, waste cooking oil (WCO) in bitumen
can help lower CO2 emissions and advance the environmental economy. In this study, three differ-
ent components of WCO were isolated and then, together with polyphosphoric acid (PPA), used
separately as bitumen modifiers to determine the suitability of various substances in WCO with
PPA. Conventional tests, including penetration, softening point temperature, and ductility, and the
dynamic shear rheology (DSR) test, including temperature sweep and frequency sweep, were used to
evaluate the influence of WCO/PPA on the traditional performance and rheological properties at high
and low temperatures. The results indicate that WCO reduced the ductility and penetration value,
when the use of PPA increased the softening point temperature and high-temperature performance.
Compared to reference bitumen, the rutting factor and viscous activation energy (Ea) of bitumen
modified with 4% WCO and 2% PPA has the most significant increase by 18.6% and 31.5, respectively.
All components of WCO have a significant impact on improving the low-temperature performance
of PPA-modified bitumen. The performance of the composite-modified bitumen at low temperatures
is negatively affected by some waxy compounds in WCO, such as methyl palmitate, which tends to
undergo a solid–liquid phase change as the temperature decreases. In conclusion, the inclusion of
WCO/PPA in bitumen offers a fresh approach to developing sustainable pavement materials.

Keywords: modified bitumen; waste cooking oil; polyphosphate acid; rheological property; conven-
tional property

1. Introduction

Over the past 30 years, the construction of road infrastructure has seen extraordi-
nary progress worldwide [1]. As a result, massive amounts of non-renewable natural
resources are frequently utilized to build road infrastructure, including natural aggregates
and bitumen derived from fossil fuels [2], which increases the cost of building and garners
significant media attention about the environment and natural resources. In the mean-
time, the rate of global garbage creation is increasing, with annual production reaching
over 1.5 billion tons [3]. The government faces tremendous challenges when it comes to
handling, storing, and transporting waste [4]. Typically, the debris was handled by piling
and burying, which reduced the amount of landfill area and harmed [5]. Finding a novel
method of treating garbage is, therefore, urgently needed. One promising solution is to
recycle and reuse construction demolition waste, especially recycled asphalt pavement
(RAP), in road construction [6]. Lowering CO2 emissions, increasing land-use efficiency,
protecting resources, and advancing the economy are all beneficial [7]. Nowadays, up to
80% of RAP can be used in bitumen road construction in Europe [8,9]. However, there
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are still knowledge gaps to be filled, such as whether the sorting of waste resources be
efficiently applied to bitumen materials to improve engineering performance.

Household garbage is being produced in significant quantities as a result of the world
population’s fast rise. Waste cooking oil (WCO) is one of the most well-known types [10,11],
which contains large amounts of polycyclic aromatic hydrocarbons and benzo(a)pyrene,
posing a serious threat to human health and the safety of the ecological environment [12].
WCO pollutes the natural results to different degrees because there is no effective way
to treat it [13,14]. Statistics reveal that in China alone, there are 7 million tons of WCO
produced annually, but only 1 million tons of that is correctly reused because of technical
and equipment issues [15]. The efficient utilization of WCO resources has also become a
hotly debated issue among academics.

Recently, much attention has been paid to the potential application of WCO in bitumen
modification and rejuvenation. Plenty of studies have shown that WCO has been used as
an asphalt rejuvenation agent (ARA), modifier, additive for warm mix bitumen, and raw
material for the production of bio-based bitumen [14–18]. Chen [19] added 3%, 4%, 5%,
6%, and 7% of waste cooking oil to three different types of aged bitumen and evaluated
the regeneration effect of waste cooking oil by rheological performance tests. The results
showed that the application of WCO in bitumen led to a decrease in viscosity, which
was due to the low molecular weight of WCO, low viscosity, good flowability, and high
viscosity reduction and drag reduction effect. Azahar collected WCO at different levels of
use and mixed it with aged bitumen to prepare recycled bitumen. The results show that
the frequency and manner of WCO use affect the performance of recycled bitumen [20].
Meanwhile, Chen studied the regeneration effect of waste oil on bitumen with the same
degree of aging. The results of the study found that the type and content of fatty acids
in the waste oil were important factors affecting the regeneration effect [19]. When the
aforementioned literature is combined, it is simple to see that the types, sources, and
qualities of WCO used in various investigations vary greatly. After varying application
techniques and usage frequencies, the same edible oil’s modification effect on bitumen
also changes greatly. That is to say, the type and quality of WCO employed are the
primary factors that affect how changed bitumen is modified. Additionally, some specific
WCO components may potentially harm bitumen’s performance [21]. In view of this, it
is important to study the influence of the composition of WCO on bitumen properties
and to pre-treat WCO to classify and manage it, thus improving the efficiency of WCO
utilization [22,23].

Modifiers and additives were commonly used to improve the bitumen’s rheological
properties in high-performance bitumen pavements [24–26]. Among them, both physical
modification and chemical modification of polyphosphoric acid (PPA) were attempted in
previous studies [27]. PPA-modified bitumen is gaining interest due to the more prominent
and less costly modification effect. From the analysis of the rheological test results, it was
validated that the addition of PPA could benefit the high-temperature performance and
rutting deformation resistance of bitumen [28,29]. Moreover, PPA can react with the alcohols
in bitumen [30]. The addition of PPA was found to contribute to the increase in asphaltene
content. However, as a result of the bitumen’s reaction with PPA, it becomes brittle and
less ductile [29,31]. Therefore, the combined use of WCO/PPA additives to modify the low-
temperature properties of bitumen could be an option, this may be attributed to the high
amount of light component of WCO. The interplay of WCO and PPA not only potentially
balances out each other’s flaws, but also offers promising opportunities for long-term
use. the effect of the composition of WCO on the performance of modified bitumen is
not clear. In summary, the major goal of this work was to examine the impact of various
WCO constituents on the rheological characteristics of PPA-modified bitumen at high and
low temperatures.

In view of the above, the WCO was firstly, fractionated into three stable fractions:
light component (LC), intermediate component (IC), and heavy component (HC). Next,
the three components were blended with the matrix bitumen at a 4% admixture rate,
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respectively. Then, the composite-modified bitumen was prepared by adding PPA (0.5%,
1%, 1.5% and 2%) using high-speed mixing. In order to determine its basic function, the
conventional properties, including penetration value, softening point temperatures, and
ductility, of the bitumen were evaluated. Finally, the high- and low-temperature rheological
properties of WCO/PPA-modified bitumen was evaluated and discussed. Due to the many
occurrences of proper nouns in this paper, all abbreviations have been listed in Table 1 for
ease of reading.

Table 1. The abbreviations of proper nouns.

Abbreviations Abbreviations

4LC0.5PPA 4%LC + 0.5%PPA WCO waste cooking oil

4LC1PPA 4%LC + 1PPA PPA polyphosphoric acid

4LC1.5PPA 4%LC + 1.5%PPA DSR dynamic shear rheology

4LC2PPA 4%LC + 2%PPA Ea viscous activation energy

4IC0.5PPA 4%IC + 0.5%PPA ARA asphalt rejuvenation agent

4IC1PPA 4%IC + 1PPA LC light component

4IC1.5PPA 4%IC + 1.5%PPA IC intermediate component

4IC2PPA 4%IC + 2%PPA HC heavy component

4HC0.5PPA 4%HC + 0.5%PPA TS temperature sweep

4HC1PPA 4%HC + 1PPA FS frequency sweep

4HC1.5PPA 4%HC + 1.5%PPA G*/(1-(1/TanδSinδ)) Shenoy parameter

4HC2PPA 4%HC + 2%PPA BBR Bending beam rheometer

G*/Sinδ Rutting factor GTS grade temperature sensitivity

2. Materials and Methods
2.1. Raw Materials
2.1.1. Bitumen

SK-90# bitumen was selected as the original bitumen, and the base performance is
listed in Table 2. All the parameters fit the requirement of the active Chinese national
standard GB JTG E20-2011.

Table 2. Properties of SK-90#.

Technical Indexes Unit Results Test Method

Ductility (5 ◦C, 5 cm/min) cm 37.1 T0605

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 82.9 T0604

Softening Point °C 47.3 T0604

RTFOT

Weight loss % −0.066 T0601

Residual penetration ratio % 57.9 T0604

Residual ductility (5 ◦C) cm 21.6 T0605

2.1.2. PPA

According to the literature, the commonly used PPA modifier content range from 0.5%
to 2.5% by weight (wt%) of the original bitumen [27,29,32–34]. Given that PPA prepolymers
have a positive impact on bitumen’s high-temperature properties, this study tried to select
four low PPA contents, as low as 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt%. The PPA was
provided by Shandong Hui’an Chemical Co., Ltd. (Jinan, Chian), and Table 3 provides a
list of PPA’s fundamental characteristics.
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Table 3. The technical indexes of PPA.

Index Unit Test Results

Density (25 ◦C) g/cm3 2.15
Viscosity (85 ◦C) mPa.s 562

Iron content % ≤0.01
Sulfate % 0.01
P2O5 % 82.95

2.1.3. WCO

The quality and properties of WCO vary greatly from source to source and type to type,
which is a major factor in determining the performance of modified bitumen. Therefore, in
practical engineering applications, it is important to first ensure that the WCO is sourced
consistently. WCO was provided by an oil refinery in Shandong. In this study, WCO
was separated by vacuum distillation, and the separation process is shown in Figure 1.
The collected LC, IC, and HC processes are shown in Figure 1. LC, IC, and HC were
internally doped at 4 wt%. Table 4 lists the characteristics of the three components that
were produced by vacuum distilling WCO. Some of the basic performance parameters are
presented in Table 4.
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Figure 1. Schematic diagram of laboratory extraction of different compositions of WCO.

Table 4. Basic performance properties of WCO.

Index Unit Test Results

LC IC HC

Viscosity (50 ◦C) cP 66 85 219

Flash point ◦C 197 219 242

Fire point ◦C 216 233 264

Density g/cm3 0.89 0.92 0.97

Mechanical impurity % 0.425 0.002 0

Viscosity (50 ◦C) cP 66 85 219
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2.2. Preparation of Samples

A high-speed shear mixer was used to prepare the WCO/PPA-modified bitumen,
and the procedure is shown in Figure 2. Firstly, the original bitumen was heated in the
oven at the temperature of 135 ◦C. The 4% of LC, IC, and HC were added to the bitumen
and mixed for 10 min at 3500 rpm to create WCO-modified bitumen. Then, 0.5%, 1%,
1.5%, and 2% of PPA were added to bitumen. After stirring for 20 min with 4000 r/min
continuously, 12 kinds of bitumen modified by WCO/PPA are obtained. The WCO/PPA-
modified bitumen combination and abbreviation are shown in Figure 2.
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2.3. Tests Methods
2.3.1. Conventional Tests

The 25 ◦C penetration, softening point temperatures, and 5 ◦C ductility of modified
bitumen were carried out by following the active Chinese standards. Three replicates were
used in these experiments.

2.3.2. Brookfield Viscosity Test

The temperatures used for the Brookfield viscosity tests were 120 ◦C, 135 ◦C, 150 ◦C, and
165 ◦C. The whole collection of bitumen shown in Figure 2 was examined in three samples. The
less viscous the bitumen is at a high temperature, the more accessible construction is generally.

Generally speaking, the viscous activation energy (Ea) can be used as a gauge to assess
how temperature affects various types of materials. As the temperature rises, the thermal
motion of molecules intensifies and the spacing between them widens. Ea is the amount
of power needed to transport a deformation unit from its beginning location to a nearby
“hole”. As Ea increased, the temperature sensitivity decreased. The following are possible
ways to determine Ea using the Arrhenius equation [35]:

µ(T) = B·e Ea
RT (1)

ln(µ(T)) = ln(B) +
Ea

RT
(2)

where µ is viscosity (Pa·s); B represents the regression coefficient; R represents the universal
gas constant; T represents the absolute temperature.

2.4. Rheological Properties Tests

In order to produce the rheological indicator, which can be used to research the
high-temperature performance and viscoelasticity of bitumen, the modified bitumen was
subjected to the temperature sweep (TS) test at a temperature range of 58 ◦C to 82 ◦C with
an increment of 6 ◦C. To determine the viscoelastic property of bitumen at 40 ◦C with a
frequency range of 0.1 rad/s to 100 rad/s, the frequency sweep (FS) test was performed.

The maximum strain of the bitumen is a combination of recoverable and non-recoverable
deformation. In order to obtain better rutting resistance, the value of non-recoverable
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deformation should be lower. It is known from the variational form of the Shenoy equa-
tion [36], as in Equation (3), when the Shenoy parameter (G*/(1 − (1/TanδSinδ))) should
be maximized.

%γur =
100σ

G∗/
(

1− 1
Tanδsinδ

) (3)

where γur is the unrecovered strain, σ is the applied stress level, G* is the complex modulus,
δ is the phase angle.

2.5. Bending Beam Rheometer (BBR) Test

The low-temperature characteristics of modified bitumen were assessed by using the
BBR test and −12 ◦C and −18 ◦C were chosen as the trial temperatures. The evaluation
indices used were the creep rate (m) and stiffness modulus (S) at 60 s of test operation.

3. Results and Discussion
3.1. Physical Properties

Figure 3 displays the bitumen’s physical characteristics. All modified bitumen ex-
hibited greater penetrations than original bitumen, as shown in Figure 3a, increasing by
35.1%, 30.4%, 13%, 2.1%, 78.4%, 70.4%, 57.9%, 35.9%, 128.9%, 119.8%, 102.2%, and 81.1%,
respectively. As PPA rose, bitumen penetrations decreased. This suggested that the ad-
dition of PPA to bitumen increases its hardness, consistency, and ability to resist shear
failure, but when the molecular weight of the WCO component drops, the penetration of
modified bitumen increases noticeably. It is possible that the light component of WCO
causes bitumen to become diluted and softer, which is the cause of this phenomenon [37].
This conclusion is further supported by the finding that 4LC0.5PPA-modified bitumen had
the highest penetration.

Figure 3b illustrates a range of bitumen softening points with various WCO/PPA
percentages. Compared to penetration, the degree of change was not remarkable. In com-
parison to the original bitumen, the modified bitumen’s softening points (4LC0.5PPA and
4IC1PPA) were comparable. With decreases of 17.8% and increases of 18.4% in compari-
son to the original bitumen, the minimum and maximum values of softening points for
additives containing 4LC0.5PPA and 4HC2PPA, respectively, were displayed. Generally
speaking, with the same constituent concentration of WCO, the PPA content causes a rise
in the softening point of modified bitumen. The higher the content of PPA, the greater the
influence degree. According to previous studies, PPA can transform bitumen from a sol-gel
to a sol-gel structure, this improvement can be attributed to this chemical reaction between
bitumen and PPA [38,39].

As a crucial criterion to assess the elastic qualities of bitumen, ductility may be used.
The plasticity of bitumen is better the higher the ductility. Figure 3c shows that the addition
of WCO/PPA had a greater effect on ductility than on softening point and penetration.
As the PPA concentration rose, the ductility decreased when the proportion of WCO
components remained constant. This might be the result of the bitumen’s molecular
structure becoming more complicated as a result of the reaction between PPA and bitumen,
which restricts bitumen molecule movement. The bitumen’s ductility decreases as a result.
This showed that the plastic content of WCO-modified bitumen decreases when PPA is
present. Despite this, it is clear that modified bitumen has more ductility than original
bitumen, increasing by 152.4%, 119.6%, 85.8%, 43.8%, 282.6%, 254.9%, 223.1%, 186.3%,
−2.6%, −7.9%, −24.5%, and −42.7%, respectively. Except for LC-modified bitumen, most
modified bitumen demonstrated a higher ductility than unmodified bitumen. In particular,
for the same PPA content, the IC-modified bitumen has the highest ductility when compared
to other samples. One explanation is that the addition of lightweight components alters how
bitumen segments move and the system’s free volume, improving the modified bitumen’s
resistance to deformation at low temperatures [25,40]. Meanwhile, the high content of
light components in LC gives it excellent softening ability at high temperatures, but at low
temperatures, it cures as easily as wax and may even destroy the properties of bitumen [41].
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3.2. Brookfield Viscosity

The results of the Brookfield viscosity are represented in Figure 4, which is employed
to assess the viscosity–temperature properties. With rising temperatures, it has been
discovered that the viscosity of all bitumen kinds decreases. At various temperatures,
modified bitumen containing 4HC2PPA had viscosities that were higher than that of
the original bitumen by 53.8%, 87.5%, 82.6%, and 68.3%, respectively. The viscosity of
4LC0.5PPA was lower than that of the original bitumen at different temperatures by 24, 26,
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6, 58, and 50.1%, respectively. The bitumen’s resistance to shear deformation brought on by
external pressures is strengthened by the presence of PPA, as shown by the fact that the
viscosity of the bitumen increases with the addition of PPA when the WCO component is
kept constant. This is because PPA causes the bi-colloidal tumen’s structure to transition
from a sol-gel type to a gel type.
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Figure 4. The Brookfield viscosity of the bitumen.

Figure 5 depicts the Ea results of different bitumen. It is clear that the Ea of the
original bitumen is affected differently depending on the WCO/PPA ratio. The Ea of
4LC0.5PPA, 4LC1PPA, 4LC1.5PPA, and 4IC0.5PPA were all lower than the original bitumen
by 9.7 kJ/mol, 5.6 kJ/mol, 0.8 kJ/mol, and 3.8 kJ/mol, respectively. The Ea of 4HC2PPA,
on the other hand, significantly increased and increased to 31.5% in comparison to the
original bitumen. As the WCO component reduced for the same proportion of PPA, the Ea
of modified bitumen decreased. This could be explained by the bitumen being softened
by the light component of WCO, which results in a reduction in the bitumen molecule’s
internal restriction.

The ASTM Ai and viscosity–temperature susceptibility (VTSi) for original and WCO/PPA-
modified bitumen are summarized in Table 5. The bitumen is often more sensitive to
temperature the smaller the absolute value of VTSi. The table shows that Ai and VTSi vary
depending on the type and admixture of the modifier, demonstrating how significantly the
modifier’s type and admixture affect temperature sensitivity. The findings demonstrate
that, when the WCO doping is held constant, the values of parameters Ai and |VTSi| drop
as the quantity of PPA increases. However, when PPA is held constant, the WCO admixture
raises the values of Ai and |VTSi|. This shows that PPA enhances bitumen’s anti-sensitivity
performance whereas WCO enhances bitumen’s temperature sensitivity. Additionally, the
LC-modified bitumen has a lower temperature sensitivity than the original bitumen, which
is consistent with Ea’s results. The movement of bitumen segments and the system’s free
volume are both impacted by the addition of WCO, which could be the cause.
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Table 5. ASTM Ai-VTSi values for original and modified bitumen.

Original 4HC0.5PPA 4HC1PPA 4HC1.5PPA 4HC2PPA 4IC0.5PPA 4IC1PPA

Ai 9.251 9.279 9.263 9.011 7.935 9.418 9.284

|VTSi| 3.319 3.367 3.325 3.281 3.243 3.338 3.296

4IC1.5PPA 4IC2PPA 4LC0.5PPA 4LC1PPA 4LC1.5PPA 4LC2PPA

Ai 9.025 8.329 10.019 9.846 9.355 8.367

|VTSi| 3.269 3.271 3.741 3.709 3.328 3.443

3.3. Rheological Properties
3.3.1. Temperature Sweep

As can be seen in Figure 6a, all bitumen’s phase angles were discovered to rise
with temperature. That elasticity is declining is demonstrated by this. In particular,
three different modifier triads (4HC2PPA, 4LC1PPA, and 4LC2PPA) were shown as an
illustration. The phase angles of every modified bitumen were greater than those of the
original bitumen, with the exception of 4HC2PPA. Phase angles for the modified 4HC2PPA
bitumen were, respectively, 0.49%, 0.47%, 0.36%, 0.45%, 0.64%, and 0.42% smaller than
those for the original bitumen within the studied temperature range. The phase angles
of the 4LC and 2PPA-containing additives, however, were higher than those of the base
bitumen, measuring 8.1%, 7.0%, 6.3%, 6.1%, 5.4%, and 5.0%, respectively. The phase angles
for 4LC1PPA have increased at different temperatures by 6.5%, 5.8%, 5.5%, 5.1%, 4.7%, and
4.4% in comparison to those of the original bitumen. It was discovered that the elasticity of
modified bitumen increased as the levels of WCO components rose at the same PPA content.
When the WCO components are held constant, it is clear that the modified bitumen’s phase
angles decreased as the PPA concentrations increased. This phenomenon can be explained
by the fact that the addition of PPA causes a change in the bitumen’s sol-gel composition,
which prevents WCO from softening the bitumen.
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Figure 6b shows the bitumen treated with WCO/PPA complex modulus. It is clear that
the modifier’s impact on the original bitumen was different. For instance, the 4LC0.5PPA’s
complex modulus has reductions of 58.4%, 59.7%, 58.1%, 55.9%, 53.8%, and 52.7%, respec-
tively, compared to the original bitumen. The complex modulus of 4HC2PPA has increased
by around 20.08%, 18.5%, 16.9%, 14.7%, 14.1%, and 10.7%, respectively, when compared to
those of original bitumen. The complex modulus of 4LC2PPA is 37.1%, 34.8%, 32.5%, 32.3%,
31.6%, and 28.6% less than that of the original bitumen over the investigated temperature
range. The complex modulus of composite-modified bitumen with a higher PPA content
and higher WCO molecular weight is, hence, higher.

The rutting factors (G*/Sinδ) at different temperatures are shown in Figure 6c, and
they can be used to evaluate the rutting resistance of bitumen. The findings show that a rise
in temperature results in a fall in the G*/Sinδ. The G*/Sinδ of modified bitumen increases
with an increase in PPA when the WCO component is held constant, demonstrating
the PPA’s beneficial influence on high-temperature deformation resistance. In contrast,
when the amount of WCO components decreases, the rutting resistance of composite-
modified bitumen decreases. When compared to original bitumen at 70 ◦C, the G*/Sinδ
of WCO/PPA-modified bitumen decreased by 9.8%, 4.6%, −5.9%, −18.2%, 17.3%, 14.8%,
12.7%, 12.2%, 23.1%, and 22.4%, respectively. The fact that 4HC2PPA’s G*/Sinδ was
19.1% higher than that of the original bitumens shows that PPA’s incorporation has fixed
the original bitumen’s low performance at high temperatures. At high temperatures,
however, the difference between WCO/PPA-modified bitumen and unmodified bitumen is
the smallest.

Shenoy parameters for the temperature ranges under test are also shown in Table 6.
The Shenoy parameter increases dramatically when PPA content is raised to 2%. For
instance, when keeping the WCO content constant, the control bitumen Shenoy parameter
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is 2.9137 kPa, which increased to 3.1244 kPa and 3.8137 kPa, respectively, at 64 ◦C with the
addition of 1.5% and 2% PPA. Such a response, once more, demonstrates that the addition
of PPA up to 2% may be beneficial in enhancing rutting performance.

Table 6. Average Shenoy parameter values.

Original 4HC0.
5PPA 4HC1PPA 4HC1.

5PPA 4HC2PPA 4IC0.
5PPA 4IC1PPA 4IC1.

5PPA 4IC2PPA 4LC0.
5PPA 4LC1PPA 4LC1.

5PPA 4LC2PPA

52 9.1742 7.425 8.6143 9.3766 10.1087 4.5115 5.7138 6.6786 6.9724 3.1075 3.1611 3.2238 3.3047

58 5.8879 4.3825 5.4347 6.0867 6.7212 2.6934 2.7951 3.3827 3.6849 2.4372 2.4778 2.5251 2.6064

64 2.9134 2.3851 2.5038 3.1244 3.8137 2.0815 2.1751 2.2575 2.2861 1.8258 1.8592 1.8947 1.9763

70 1.7021 1.6027 1.6655 1.7203 1.7727 1.3119 1.3787 1.4503 1.4803 1.0485 1.0587 1.0902 1.1702

76 1.2156 1.1326 1.1913 1.2356 1.2846 0.8426 0.9013 0.9656 0.9956 0.5826 0.5813 0.7051 0.6856

82 0.8666 0.8264 0.8753 0.8866 0.9197 0.5362 0.5853 0.6166 0.6466 0.4738 0.4757 0.4743 0.4823

At various temperatures, the Shenoy parameter clearly has a greater value. Addi-
tionally, when the PPA content rose, the discrepancy between the Shenoy parameter and
the matching G*/Sinδ increased. For example, when the main component of WCO is IC,
the difference in Shenoy parameter and G*/Sinδ is 1.3742 kPa for control bitumen, and
it rises to 1.6125 kPa, 1.9143 kPa, 2.29111 kPa, and 3.0182 kPa with the addition of 0.5%,
1%, 1.5%, and 2% PPA, respectively, at 58 ◦C. A possible explanation for this response is
the bitumen’s better elastic response brought on by the addition of PPA, which helped
to lower the time-dependent unrecovered strain value. This means that in defining the
non-recoverable strain value, the Shenoy parameter for evaluating rutting performance is
relatively more sensitive than the Superpave rutting parameter to change in WCO/PPA
composite-modified bitumen.

Based on the complex modulus at various temperatures, the complex modulus index
(GTS) parameter is used to evaluate temperature sensitivity which can be calculated using
Equation (4). In general, the greater the absolute value of GTS, the more temperature
sensitivity bitumen is. As present, in Figure 7, it is obvious to see that all modified bitumen
have lower GTS values than the original bitumen. This suggests that WCO/PPA positively
affects the thermal stability of the original bitumen. At the same time, under the same
WCO components, the GTS of modified bitumen decreases with the increase in PPA,
demonstrating an improvement in bitumen’s temperature stability.

GTS =
lgG∗ − C

lgT
(4)

where: T represents the test temperature; C represents constant.
Typically, the G*/Sinδ of 1 kPa is chosen as the temperature damage threshold for the

original bitumen. As can be observed in Figure 6c, all bitumens failed at temperatures lower
than 1 kPa at 70 ◦C, with the exception of 4HC1.5PPA and 4HC2PPA, which had failure
temperatures greater than the original bitumen. The failure temperature grows as PPA
rises while the WCO component stays constant. This displays how bitumen’s resistance to
deformation at high temperatures is improved by the addition of PPA. It is worth noting
that the high-temperature rutting resistance of LC-modified bitumen is poor at the same
PPA concentration, which is due to the excessive softening phenomenon of bitumen caused
by the high number of lighter components in the LC. In contrast, under the conditions of
this study, HC can effectively soften the bitumen without compromising its resistance to
deformation, Therefore, in engineering applications, the use of this type of component in
WCO should be considered first.
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3.3.2. Frequency Sweep

Regardless of the ratio of WCO/PPA, the complex modulus rose and the phase angles
decreased as frequency increases, as shown in Figure 8. Meanwhile, the higher proportion
of PPA can contribute to increase complex modulus and decrease phase angle, and this
tendency becomes more obvious with the decrease in the WCO component. It has been
established that WCO had a detrimental impact on bitumen’s high-temperature perfor-
mance [17]. Attribution to the WCO’s softening action, the fluid characteristics of bitumen
are improved. However, components with different molecular weights isolated from WCO
have different modification effects on bitumen. Specifically, the molecular weight of the
substance is inversely proportional to the softening effect on bitumen, due to the fact
that the molecular weight determines the mobility of the substance. Therefore, under
the combination of the maximum molecular weight of WCO and the maximum content
of PPA, the modified bitumen has the best deformation resistance, which is caused by
the synergistic effect of the two modifiers. However, the average molecular weight and
dispersion coefficient are raised by the addition of PPA, which have a negative impact on
the fluidity of bitumen.
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3.4. BBR

The results of all samples at test temperatures of −12 ◦C and −18 ◦C are displayed
in Figure 9. It can be shown that when the temperature drops, the S-value rises and the
m-value falls. Moreover, it was found that the S of the modified bitumen increased and the
m-value decreased as the PPA content increased, indicating that PPA increases the risk of bi-
tumen cracking at low temperatures. The various WCO components, fortunately, improved
the cracking resistance of PPA-modified bitumen. Impressively, the incorporation of IC and
HC components isolated from WCO improved the cracking resistance of PPA-modified
bitumen, except for the low molecular weight IC which weakened the low-temperature
cracking performance of the modified bitumen. The crack resistance of IC-modified PPA
bitumen is better than the degree of LC and HC modification. This phenomenon can be
explained by the difference in molecular weight and composition of substances: (1) The
capacity to increase bitumen’s low-temperature qualities is limited by the fact that the
heave component is a mixture of several chemicals with the longest carbon chains in WCO;
(2) LC, although it has a good softening ability at high temperatures, tends to solidify like
wax at low temperatures and can even destroy the high-content properties of bitumen [42].
Therefore, considering its wax-like properties, LC is not recommended to be used as a
regenerating agent for RAP.
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4. Conclusions

This paper aims to investigate the synergistic effect of WCO and PPA on the properties
of bitumen. The appropriate WCO/PPA proportion in bitumen was obtained according to
the conventional and rheological properties. The following conclusions can be drawn:

The presence of PPA increases the WCO-modified bitumen’s softening point while
decreasing its penetration and ductility. PPA can mitigate the impact of WCO’s detrimen-
tal effects on high-temperature performance. The penetration and softening point with
4LC0.5PPA and 4HC2PPA present extreme value, rising by 128.9%, −17.8% and 2.1%,
18.4%, the ductility with 4IC0.5PPA and 4LC2PPA present extreme value, rising by 282.6%
and −42.7%.

When the WCO content remains constant, the temperature stability of bitumen evalu-
ated by ASTM Ai and VTSi and Ea are enhanced with the raise of PPA proportion. The
existence of PPA is beneficial to resist high-temperature deformation.

The results of DSR experiments indicate that PPA can enhance the high-temperature
rheology of WCO-modified bitumen. The rutting factors of the 4HC2PPA were 19.1% better
than those of the original bitumen, which shows the same result of G*/(1 − (1/TanδSinδ)).

The ability of modified bitumen to perform at low temperatures has no significant
linear correlation with the molecular weight of the three WCO components. Since IC
is too sensitive to temperature and prone to phase change, it will adversely affect the
low-temperature performance of bitumen.
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