
Citation: Wang, X.; Liu, J.; Wang, Z.;

Jing, H.; Yang, B. Investigations on

Adhesion Characteristics between

High-Content Rubberized Asphalt

and Aggregates. Polymers 2022, 14,

5474. https://doi.org/10.3390/

polym14245474

Academic Editors: Wei Jiang,

Quantao Liu, Jose Norambuena-

Contreras and Yue Huang

Received: 2 December 2022

Accepted: 12 December 2022

Published: 14 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Investigations on Adhesion Characteristics between
High-Content Rubberized Asphalt and Aggregates
Xiaofeng Wang 1, Jianan Liu 2, Zhenjun Wang 2,3,*, Haosen Jing 2 and Bo Yang 1

1 Henan Provincial Communications Planning & Design Institute, Zhengzhou 450052, China
2 School of Materials Science and Engineering, Chang’an University, Xi’an 710061, China
3 Engineering Research Center of Pavement Materials, Ministry of Education of China, Chang’an University,

Xi’an 710064, China
* Correspondence: zjwang@chd.edu.cn; Tel.: +86-02982337245

Abstract: The use of waste tires to prepare rubberized asphalt has been a hot trend in recent years,
and the characteristics of adhesion between rubberized asphalt and aggregates are important factors
affecting the performance of asphalt pavement. However, there is a lack of uniform results on the
adhesion characteristics of rubberized asphalt. Therefore, crumb-rubber-modified asphalt (CRMA)
with 15%, 20%, and 25% rubber contents was prepared in this work, and the basic rheological
parameters and cohesive energy of the rubberized asphalt were characterized by DSR. The adhesion
properties between rubberized asphalt and aggregates were characterized based on macroscopic
binder bond strength (BBS), surface free energy (SFE) theory, and nanoscale atomic force microscopy
(AFM) tests. The results show that crumb rubber (CR) can improve the high-temperature elastic
properties of asphalt; secondly, CR can have a negative impact on the maximum tensile strength of
asphalt and aggregates. CR can improve the SFE parameter of asphalt. The work of adhesion of
rubberized asphalt and limestone is the highest, followed by basalt and, finally, granite. Finally, CR
can cause the catanaphase in asphalt to gradually break down and become smaller, and the adhesion
of rubberized asphalt can be reduced. Overall, CR can reduce the adhesion performance of asphalt,
and this work provides a reference for the application of rubberized asphalt.

Keywords: rubberized asphalt; adhesion characteristics; binder bond strength (BBS); surface free
energy (SFE); atomic force microscope (AFM)

1. Introduction

With the continuous increase in car ownership, the disposal of waste tires has become
a pressing issue for scholars from all over the world [1]. The crumb rubber (CR) prepared by
recycling and reprocessing waste tires can be used as a modifier in asphalt binders [2,3]. CR
powder can not only improve various properties of asphalt binders, but also significantly
improve the environmental problems caused by waste tires [3]. As a typical solid waste
product, CR powder improves the sustainability of road development. CR powder has
great potential in the research of road materials and related fields because of its huge
output, excellent performance, and environmental protection advantages [4–7].

The properties of CR-powder-modified asphalt are affected by many factors, including
the particle size of the CR powder, the type of CR powder molding, the CR content,
the type of blending, the pretreatment process, etc. Xiao Feipeng et al. focused on the
plasma treatment of CR powder, and the internal de-crosslinking process of the CR powder
improved the compatibility between the CR powder and asphalt [8,9]. The compatibility
of CR powder and asphalt can also be enhanced by using CR powder desulfurized by
microwaves, or by adding waste oil containing more light components in the process of CR
powder modification of asphalt, and the rheological properties of crumb-rubber-modified
asphalt (CRMA) can be improved [10,11]. The particle size of CR powder can affect the
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rheological properties of CRMA, and larger CR powder particles can help to enhance the
fatigue performance of CRMA [12]. Some scholars have used graphene/carbon black
composite materials and CR powder to create composite-modified asphalt, and the results
show that the rutting resistance and healing properties of this composite-modified asphalt
were improved [13]. In addition, the blending compatibility of CRMA and waste plastics
and the aging resistance of CRMA have also been research hotspots in recent years [14,15].

Asphalt pavement is repeatedly affected by traffic loads and the environment during
its use. Especially in a moisture-immersed state, the adhesion between the asphalt and
aggregate may fail. The aggregate can fall off and the performance of the asphalt pavement
will be seriously deteriorated [16–18]. This situation not only increases the cost of road
maintenance, but also causes security risks [19]. However, the results of research on the
moisture damage resistance of CRMA are inconsistent. Through static contact angle studies,
Zahid Hossain et al. found that the incorporation of CR powder can improve the surface
energy of the binder, improve the viscosity of the binder, and reduce the penetration value of
the binder, showing a positive effect on resistance to moisture damage [20]. M.N. Partl et al.
used CR powder to prepare an open-graded asphalt mixture and conducted a coaxial
shear test (CAST), and the study found that compared with traditional porous or semi-
porous asphalt mixtures, the moisture sensitivity of the CRMA mixture was reduced [21].
However, there are also different viewpoints. Quan Lv et al. studied the pull-off tensile
strength of CRMA, polymer-modified asphalt, and matrix asphalt and basalt slabs on a
large scale through binder bond strength (BBS) tests, on the basis of controlling the asphalt
film thickness [22–25]. It was found that the polymer and CR powder adversely affected
the pull-off tensile strength of the asphalt aggregates.

In addition to the common water boiling test, water immersion test, surface free
energy theory, and BBS test, atomic force microscopy (AFM) for nanoscale research has
also developed rapidly in recent years. The microstructural characteristics of asphalt
surfaces show multinomial heterogeneity at the nanoscale, and the nanoscale properties
of asphalt have always been the focus of academic research [26–28]. AFM is a powerful
tool for evaluating the microstructure of asphalt. In 1996, L. Loeber et al. first used AFM
to discover the bee structure of the asphalt surface [29]. The bee structure is also called
catanaphase in the later research classification, which is temperature-reversible [28]. The
chemical composition of the catanaphase was initially thought to be mainly asphaltenes,
but increasing evidence suggests that interactions between wax crystals and other chemical
constituents in asphalt lead to the formation of the catanaphase [30]. AFM is often used to
evaluate asphalt’s modification effects, degree of aging, and adhesion [31–33].

The loss of adhesive bonds and the fracture of cohesive bonds under the action of
water are the main causes of moisture damage [34]. Common adhesion theories include
chemical reaction, surface energy, molecular orientation, and mechanical adhesion [35].
When the deformation exceeds the influence of mechanical interlocking and surface molec-
ular orientation, cohesive bond failure occurs [36]. Conventional adhesive strength tests
such as the pneumatic adhesion tensile testing instrument (PATTI) and BBS have certain
limitations and have been continuously improved [23]. The compression pull-off test has
been developed and proven to be excellent [37]. Considering the complexity of adhesion
and the diversity of test methods, the adhesion mechanism of crumb-rubber-modified
asphalt needs to be further explored.

In this work, the rheological parameters of asphalt binder and base asphalt were
characterized for three CR powder contents. The pull-off tensile strength between asphalt
with di and limestone, basalt, and granite slabs was tested, and the effect of crumb rubber
powder on the BBS was analyzed. Secondly, the SFE parameters of asphalt binders with
different crumb rubber powder contents were studied, and the work of adhesion between
different asphalt binders and three aggregates was calculated. In addition, the changes
in the catanaphase and the adhesion force were used to analyze the influence of the
modification of the CR powder on the adhesion and its mechanism of action via AFM.
Finally, the effects of CR powder on the adhesion between the binders and aggregates were
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compared and analyzed from the perspectives of macroscopic strength, surface free energy
theory, and nanomechanical properties. The results of this research can help to understand
the effect of CR powder on the moisture damage resistance of the mixture, so as to ensure
the long-term durable use of the pavement.

2. Materials and Methods
2.1. Materials

The base asphalt was used in this work, and its properties were tested according to the
“Standard Test Methods of Asphalt and Bituminous Mixtures for Highway Engineering”
(JTG E20-2011) [38], as shown in Table 1. The CR powder used in this work was 80 mesh,
its relative density was 1.128, its water content was 0.49%, and its metal content and sieve
residue were 0.02% and 4.27%, respectively. Distilled water, ethylene glycol, and glycerol
were used to measure the contact angles of asphalt with different rubber powder contents
and aggregates, and the surface energies of the three liquids are shown in Table 2 [39].
The detailed parameters can be found in Section 2.3.3. The chemical composition of the
aggregates is shown in Table 3.

Table 1. Properties of the original asphalt.

Properties Test Results Test Methods

Penetration (25 ◦C, 100 g, 5 s; 0.1 mm) 92 T0604
Ductility (15 ◦C, 5 cm/min; cm) >100 T0605

Softening point (◦C) 46.5 T0606
Density (g/cm3) 1.023 T0603

Solubility (%) 99.71 T0607
Flash point (◦C) 295 T0611

Table 2. Surface free energy parameters of the test liquids.

Type γd (mJ/m2) γp (mJ/m2) γ (mJ/m2)

Distilled water 21.8 51.0 72.8
Ethylene glycol 29.3 19.0 48.3

Glycerol 34.0 30.0 64.0

Table 3. Chemical components of the aggregates.

Type SiO2 Al2O3 Fe2O3 CaO MgO TiO2 Na2O K2O P2O5 MnO Ignition Loss

Limestone 19.31 9.5 13.2 24.17 4.34 1.96 1.07 1.28 0.94 0.29 23.62
Basalt 47.32 15.0 16.36 8.21 3.76 1.44 2.13 0.44 0.21 0.17 1.94

Granite 72.05 12.81 2.13 0.75 0.11 0.07 2.81 4.63 0.04 0.02 2.88

2.2. Preparation of Rubberized Asphalt Binder

The asphalt was heated and melted, and then CR powder with a mass of 15%, 20%,
or 25% of the asphalt was added. The asphalt was then sheared at 4000 rpm for 60 min at
180 ◦C, followed by low-speed stirring for 30 min (800 rpm) [23]. The base asphalt was
named 90#, and the three rubberized asphalts were named CR-15, CR-20, and CR-25.

2.3. Methodology
2.3.1. Dynamic Shear Rheometer (DSR) Test

The Anton Paar SmartPave 102 DSR was used to test the rheological parameters of
the different asphalts. The test adopted a temperature sweep; the temperature range was
from 46 ◦C to 82 ◦C. The test was performed once at an interval of 6 ◦C; the frequency
was 10 rad/s, and the strain was controlled to 1.5% to ensure that the asphalt’s rheological
behavior was within the linear viscoelastic (LVE) range [40,41]. Three replicate experiments
were performed on the same sample to eliminate accidental errors.
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2.3.2. Binder Bond Strength (BBS) Test

The BBS test is conducted based on AASHTO TP-91 [42], and a American Defelsko
Positest AT-A adhesion tester was used to evaluate the binder bond strength of different
kinds of asphalt. The diameter of the stub was 20 mm and the tensile strength loading rate
was 0.7 MPa/s. The thickness of the asphalt film was maintained by the crumb rubber
gasket at 0.8 mm [23]. At this time, in addition to adhesion failure, cohesive ductile damage
still interfered. The aggregates’ base materials were limestone, basalt, or granite, as shown
in Figure 1. Prior to the test, each specimen was subjected to 48 h of moisture conditioning
in a 40 ◦C water bath. In water conditioning, 15 h of conditioning can affect the bond
strength and failure mode. As a result, most samples exhibited an adhesive failure. The
peak tensile strength was recorded to quantitatively evaluate the adhesion properties
between the different asphalts and aggregates [25]. Pull-off tensile strength (POTS) is the
maximum tensile strength of the stub pulling away from the aggregates in the BBS test.
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2.3.3. Surface Free Energy (SFE) Theory

The surface energy consists of two parts: the dispersion component and the polar
component. The expression is shown in Equation (1).

γ = γd + γp (1)

where γ is the surface free energy (mJ/m2), γd is the dispersive component (mJ/m2), and
γp is the polarity component (mJ/m2).

Wa = 2γ (2)

The cohesion energy or cohesive bond energy (Wa) is defined as the value of the energy
needed to create two new surfaces with unit areas [43,44]. A higher value of cohesion
energy implies a higher level of energy needed for propagating a crack and fracturing the
material into two new surfaces [45].

The surface energy of asphalt can be calculated using Equations (3)–(5), which can be
obtained from Young’s equation and surface energy theory [46].

γl cos θ = γs − γsl (3)
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γsl = γs + γl − 2
√

γsdγl
d − 2

√
γs pγl

p (4)

1 + cos θ

2
γl√
γl

d
=
√

γs p

√
γl

p

γl
d +

√
γsd (5)

where γs, γl , and γsl are the surface free energy of the solid, liquid, and solid–liquid
phases, respectively (mJ/m2); γl

d and γl
p express the dispersion component and polar

component of the surface energy of the liquid phase, respectively (mJ/m2); γs
p and γs

d are
the dispersion component and polar component of the solid (asphalt) phase, respectively
(mJ/m2); θ is the angle connecting the solid–liquid interface; and γb is the surface free
energy of the aggregate (mJ/m2).

In Equation (5), (1+cos θ)γl

2
√

γl
d

can be regarded as the y coordinate and
√

γl
p

γl
d can be

regarded as the x coordinate. The measured contact angle and the surface energy data
of the three liquids can be substituted into the x and y coordinates for linear fitting. The
square of the slope of the fitting line is the polar component of the solid surface energy. The
square of the fitting intercept is the dispersion component of the surface energy. The sum
of the two is the total surface energy.

The work of adhesion is used to evaluate the difficulty of water penetrating the asphalt
film into the binder–aggregate interface of the asphalt mixture, and the work of adhesion
for asphalt–aggregate systems can be calculated as shown in Equation (6):

Was = γl(1 + cos θ) (6)

where Was is the work of adhesion between the asphalt and the solid (limestone) (mJ/m2).
In the actual measurement, the actual heating temperature, drop height, and droplet

size of the asphalt are difficult to control, so Equation (7) can be used to calculate the
asphalt–aggregate adhesion work.

Was = 2
(√

γsdγad +
√

γs pγa p
)

(7)

where γs
d and γs

p express the dispersion component and polar component of the surface
energy of the solid (limestone) phase, respectively (mJ/m2), while γa

p and γa
d are the

dispersion component and polar component of the asphalt, respectively (mJ/m2).

2.3.4. Contact Angle Test of Asphalt Samples

The surface free energy of asphalts with different rubber powder contents was tested
by using a German DataPhysics dynamic surface tensiometer, as shown in Figure 2. A glass
slide with a flat asphalt film was formed by the Wilhelmy hanging plate method, and the
contact angle of the asphalt was measured [39]. The surface free energy of the asphalt was
quantified using two liquids with known surface energies that are insoluble in asphalt and
do not chemically react with asphalt. The test was conducted at a temperature of 25 ◦C, and
each set of experiments was run in parallel with three times to rule out accidental errors.

2.3.5. Contact Angle Test of Aggregates

The contact angle of the aggregates was tested based on the static contact angle,
and three probe solutions of distilled water, ethylene glycol, and glycerol were also used.
The surface free energy parameters of the aggregates were calculated according to the
abovementioned surface energy theory. Before the aggregate contact angle test, 200-mesh,
400-mesh, and 1000-mesh sandpapers were used to preliminarily grind one side of the
aggregate slices to avoid contact angle lag caused by the rough surface of the aggregates.
In this test, a JC000D1 contact angle tester was used for testing, and the experimental
temperature was 25 ◦C. After the contact angle test and calculation, the SFE parameters of
the three aggregates were obtained.
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Figure 2. Dynamic surface tensiometer.

2.3.6. Atomic Force Microscopy (AFM)

Microscopic images and nanomechanical characterizations of the four asphalt surfaces
were obtained using a Bruker Dimension Icon Atomic Force Microscope (AFM), as shown in
Figure 3a. The selected probe cantilever was a TAP300-G with a thickness of 4 µm, a width
of 30 µm, a length of 125 µm, a nominal spring constant of 40 N/m, and a nominal resonance
frequency of 300 kHz. The probe was uncoated, and the probe tip was made of monolithic
silicon. The scanning frequency of the probe was set to 1.0 Hz, and different kinds of asphalt
surfaces were scanned in tapping mode to obtain 20 µm × 20 µm topographic images
and force curves of the asphalt surfaces [47]. Typically, three primary microstructures
developed on the asphalt surface at around room temperature after annealing of asphalt
from its melting temperature. The wrinkled areas were named the catanaphase (bee
structures), the islands around the wrinkled domains were called the periphase, and the
paraphase was the smoother phase neighboring the periphase, as shown in Figure 3b. The
AFM images were analyzed by using the software Nanoscope Analysis 1.9 to quantitatively
calculate the roughness of the samples. The adhesion force was determined from the
measured force curve, as shown in Figure 3c.

2.3.7. Cohesive and Adhesive

As shown in Figure 4, the cohesion energy or cohesive bond energy is defined as the
value of the energy needed to create two new surfaces with unit areas [43]. The amount of
energy required for deboning the binder–aggregate interface of the asphalt is called the
adhesion energy (or adhesive bond energy) [43,44].
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3. Results and Discussion
3.1. Analyses of Rheological Parameters

The rheological parameters of the four different binders under temperature sweep are
shown in Figure 5. From Figure 5a, it can be seen that the phase angle of the base asphalt
is relatively high, at 80–90◦ in the tested temperature range, while the phase angle of the
rubberized asphalt is relatively low. The phase angle of CR-15 is within 60–80◦, and it is
greatly affected by temperature changes. The phase angle of CR-20 and CR-25 does not
change much over the tested temperature range, within 50–60◦. Unlike the base asphalt
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and CR-15, the phase angle of CR-20 and CR-25 decreases slightly within 76–82 ◦C. In
general, the crumb rubber powder can reduce the phase angle of the binder.
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Figure 5b shows the variation in the complex shear modulus for the different binders.
It can be intuitively found from the figure that the complex shear modulus of the rubberized
asphalt is several times that of the base asphalt at the same test temperature, and the gap
is further expanded at high temperatures. Similar to the change in the phase angle, the
complex shear moduli of CR-20 and CR-25 are similar, which indicates that 20% CR powder
content can achieve a relatively stable CRMA system. The addition of CR powder can
improve the complex shear modulus.

Figure 5c shows the variation in the rutting factor of different binders. The rutting
factor can reflect the ability of the asphalt binder to resist permanent deformation at high
temperatures. The variation in the rutting factor of the four binders is essentially the same
as the variation trend of the complex shear modulus. In general, the rubberized asphalt
improves the high-temperature rheological properties of the binder.

3.2. Pull-Off Tensile Strength (POTS) Analyses

The results of the POTS between the different rubberized asphalts and limestone,
basalt, and granite are shown in Figure 6. It can be clearly seen from the figure that the CR
powder can have a negative impact on the adhesion between the asphalt binder and the
aggregate. Comparing the adhesion between the three kinds of rubberized asphalt and
limestone, it can be found that the POTS of CR-15, CR-20, and CR-25 decreases by 42.1%,
52.6%, and 56.1%, respectively, compared with the base asphalt.

The addition of more CR powder has a greater negative impact on the adhesion
performance of the asphalt binder, and similar results can also be found in SBS-modified
asphalt [25]. The reason for these results is that additives such as CR powder can have
a negative impact on the homogeneity of the asphalt. The CR powder is not inherently
sticky, so it does not improve adhesion in the rubberized asphalt–binder system during
POTS test. In addition, the CR powder has certain volume characteristics that are blended
in physical form in the rubberized asphalt. The CR powder occupies a certain contact area
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at the interface between the rubberized asphalt and the aggregate, and the adhesion force
brought by this part of the contact area is lower than the adhesion force between the asphalt
and the aggregate, so the adhesion performance between the rubberized asphalt and the
aggregate deteriorates [23].
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There are also obvious differences in the adhesion between rubberized asphalt and
different aggregates. It can be seen from the Figure 6 that the adhesion between rubberized
asphalt and limestone is the best, followed by basalt, while the adhesion with granite
is relatively poor. Taking CR-20 as an example, its POTS with granite is 1.64 MPa, and
its POTS with basalt is 8.5% higher than that with granite, reaching 1.78 MPa, while its
POTS with limestone is 13.4% higher than that with granite, reaching 1.86 MPa. The above
results are caused by the differences in the properties of the different lithological aggregates,
including the differences in the surface texture and composition of the aggregates [16].

3.3. Surface Free Energy (SFE) Analyses

Figure 7 shows the calculation results of the SFE parameters of the four different
asphalts. The polar components of the four asphalts are all much smaller than the dispersion
components. Overall, the polar component decreases with the increase in dosage. The
dispersive component and total SFE of the asphalts with the higher crumb rubber powder
contents are higher. The total surface energy of the four asphalts is between 23 mJ/m2 and
27 mJ/m2. Surface energy theory states that the surface energy of a substance in a stable
state is low. As shown in Equation (2), asphalt with a higher surface energy has higher
cohesive energy. Based on the SFE parameters of the base asphalt and the three kinds of
rubberized asphalt, 90# ≈ CR-15 < CR-20 ≈ CR-25.

The polar components of these four asphalts are 1.66, 1.667, 0.321, and 0.0968, respec-
tively, and the change rule is a decreasing trend. Some scholars believe that the rubberized
asphalt has a negative impact on the smooth glass slide, and samples with rough surfaces
can easily lead to inaccurate test results [25]. In this work, the dynamic contact angle test
method was used to continuously test the asphalt slides to avoid the uncertainty of a single
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static contact angle. With the increase in rubber powder content, the polar component
decreases, the dispersion component increases, and the cohesive energy increases. There-
fore, it is recommended to use the dynamic contact angle to test the SFE parameters of
rubberized asphalt.

Polymers 2022, 14, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 7. SFE parameters of different rubberized asphalts. 

From the SFE parameters of three kinds of aggregates, as shown in Table 4, it can be 
seen that the surface energy of limestone is greater than that of basalt, while the surface 
energy of granite is the lowest. The maximum polar component of limestone is 21.37 
mJ/m2, and the minimum polar component of granite is 16.91 mJ/m2. Figure 8 shows the 
calculation results of the work of adhesion between the different asphalts and the three 
aggregates. The four kinds of asphalt have the strongest adhesion to limestone, followed 
by basalt, and the worst adhesion to granite. Taking the base asphalt as an example, the 
work of adhesion of base asphalt to limestone, basalt, and granite is 51.031 mJ/m2, 49.291 
mJ/m2, and 44.917 mJ/m2, respectively. As an acidic substance, the adhesion of asphalt to 
the aggregate is greatly affected by the acidity and alkalinity of the aggregate. The adhe-
sion between alkaline aggregates and asphalt is better than that of acidic aggregates [48]. 

Table 4. Surface free energy parameters of the three aggregates. 

Type γd (mJ/m2) γp (mJ/m2) γ (mJ/m2) 
Limestone 17.43 21.41 38.64 

Basalt 16.22 19.71 35.93 
Granite 13.28 16.71 30.17 

In addition, from the perspective of asphalt, the addition of CR powder can reduce 
the work of adhesion between the rubberized asphalt and the aggregate, thereby weak-
ening the adhesion performance. Taking the work of adhesion between the different as-
phalts and basalt as an example, the work of adhesion between the base asphalt and 
basalt was 49.29 mJ/m2, while the work of adhesion between CR-15, CR-20, and CR-25 
and basalt was 48.75 mJ/m2, 46.38 mJ/m2, and 44.25 mJ/m2, respectively. The adhesion of 
CR-15, CR-20, and CR-25 to basalt was 1.10%, 5.91%, and 10.22% lower than that of base 
asphalt, respectively. The reason for this is also because the crumb rubber powder, which 
does not have adhesive properties, occupies a certain area of the adhesive interface be-
tween the asphalt and the aggregate. 

Figure 7. SFE parameters of different rubberized asphalts.

From the SFE parameters of three kinds of aggregates, as shown in Table 4, it can be
seen that the surface energy of limestone is greater than that of basalt, while the surface en-
ergy of granite is the lowest. The maximum polar component of limestone is 21.37 mJ/m2,
and the minimum polar component of granite is 16.91 mJ/m2. Figure 8 shows the calcula-
tion results of the work of adhesion between the different asphalts and the three aggregates.
The four kinds of asphalt have the strongest adhesion to limestone, followed by basalt,
and the worst adhesion to granite. Taking the base asphalt as an example, the work of
adhesion of base asphalt to limestone, basalt, and granite is 51.031 mJ/m2, 49.291 mJ/m2,
and 44.917 mJ/m2, respectively. As an acidic substance, the adhesion of asphalt to the
aggregate is greatly affected by the acidity and alkalinity of the aggregate. The adhesion
between alkaline aggregates and asphalt is better than that of acidic aggregates [48].

Table 4. Surface free energy parameters of the three aggregates.

Type γd (mJ/m2) γp (mJ/m2) γ (mJ/m2)

Limestone 17.43 21.41 38.64
Basalt 16.22 19.71 35.93

Granite 13.28 16.71 30.17

In addition, from the perspective of asphalt, the addition of CR powder can reduce the
work of adhesion between the rubberized asphalt and the aggregate, thereby weakening
the adhesion performance. Taking the work of adhesion between the different asphalts
and basalt as an example, the work of adhesion between the base asphalt and basalt was
49.29 mJ/m2, while the work of adhesion between CR-15, CR-20, and CR-25 and basalt
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was 48.75 mJ/m2, 46.38 mJ/m2, and 44.25 mJ/m2, respectively. The adhesion of CR-15,
CR-20, and CR-25 to basalt was 1.10%, 5.91%, and 10.22% lower than that of base asphalt,
respectively. The reason for this is also because the crumb rubber powder, which does not
have adhesive properties, occupies a certain area of the adhesive interface between the
asphalt and the aggregate.
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3.4. Micromorphological Analyses

The modification with crumb rubber particles absorbed the light components of the
asphalt and swelled, forming a uniform interconnection network in the asphalt system [49].
Rubber powder modification has a mainly physical effect [50]. The asphalt–rubber interac-
tion stages can be divided into three steps, as shown in Figure 9 [51,52].
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Stage 0—initial configuration: Rubber particles are immersed in the fluid asphalt.
Stage 1—swelling phase: Rubber particles start swelling by absorbing the light frac-

tions of bitumen and form a gel layer adjacent to the bitumen–rubber interface.
Stage 2—post-swelling and beginning of degradation: The swelling of the rubber

particles continues. Meanwhile, chemical degradation takes place through the breakup of
the crosslinked network and polymer chains. Swollen rubber particles are split into smaller
ones due to the destruction of the network structure.

Stage 3—degradation and complete dissolution: The degradation of the rubber par-
ticles continues progressing until they are completely dissolved into the bitumen matrix,
which produces a homogeneous binder.

Regarding the microstructure of rubberized asphalt, some scholars believe that the
dispersion of CR powder after absorbing the light components hinders the aggregation of
asphaltenes, resulting in a reduction in the catanaphase and difficulty in identification [53].
However, there is evidence that an increase in the oil content can actually reduce the
catanaphase [54]. Some studies suggest that asphaltenes do not play a decisive role in the
formation of the catanaphase [28,55]. Thus, the reduction in light oil adsorption is related to
the relevance of the reduced catanaphase is questionable. The investigation of the effect of
crumb rubber on the microstructure using atomic force microscopy–infrared spectroscopy
(AFM-IR) indicated that the main chemical change takes place in the paraphase [27], but
that chemical change is not the main mechanism of rubber modification. Therefore, the
nanomorphological changes in crumb-rubber-modified asphalt still tend to be physical
changes caused by the unbalanced stress between phases.

Figure 10 shows the AFM images of different crumb rubber powder dosages. The
catanaphase has obvious characteristic changes. The CR powder can be clearly seen in the
three-dimensional image with the CR powder dosage of 25%. The change in the apparent
structure may be more due to the change in the interfacial tension caused by the floating
and agglomeration of the micro-rubber powder [56]. When the dosage is 15% and 20%, the
catanaphase is broken; the details can be seen in Figure 10.

The common roughness indices are Sa, Sq, and SZ, which are shown in Table 5 [57].

Table 5. Three-dimensional (3D) roughness parameters used in this study.

Parameter Describe Formula

Sa Roughness average Sa = 1
A
s

A
|Z(x, y)|dxdy

Sq Root-mean-square roughness Sa =
√

1
A
s

A
|Z(x, y)|dxdy

SZ Maximum height of the roughness SZ = Sp − SV
Sp Maximum roughness peak height Zmax
SV Maximum roughness valley depth Zmin

As shown in Figure 11, it can be seen that the three indicators are consistent for the
roughness changes with different dosages of CR powder. The smaller the roughness value,
the smaller the difference between phases and the more stable the microstructural proper-
ties [58]. As shown in Figure 11, the roughness value is the highest and the microscopic
morphology is the most unstable when the rubber powder content is 25%. The roughness
value increases continuously with the increase in the rubber powder content. This shows
that the content of rubber powder particles will continuously destroy the apparent mor-
phology of the asphalt and reduce the stability of its microscopic properties. The roughness
values did not change significantly at low rubber powder contents.
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The schematic diagram of the scatter of morphological changes in the catanaphase is
shown in Figure 12. The area is the area of the catanaphase, and the aspect is the ratio of the
major and minor axes of the catanaphase. With the increase in the amount of CR powder,
the slender catanaphase of the base asphalt becomes more dispersed when the amount of
CR powder is 15%, and the length of the catanaphase also decreases. When the dosage is
20%, the original large catanaphase is broken into several smaller sections of catanaphase
by the crumb rubber powder. When the dosage reaches 25%, the catanaphase effectively
does not exist, and even if the catanaphase exists, it is blurred and counted in order to have
a certain contrast, and it can actually be considered to be non-existent.
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As shown in Figure 13, the adhesive force shows a trend of first increasing and then
decreasing with the increase in the CR powder content. Because the probe itself will be
affected by van der Waals forces, the rubber forms a gel structure to improve the cohesion
by absorbing the light components. The cohesion of the rubber-modified asphalt interferes
with the test results, such that the adhesion of the rubber-modified asphalt is greater than
that of the original asphalt. However, the comparison rule of rubber-modified asphalt is
consistent with the previous test, indicating that atomic force microscopy is more suitable
for the comparison of two-phase systems. When the dosage is higher, the CR microparticles
can aggregate on the surface of the asphalt, destroying the surface tension. The stability of
microscopic properties decreases, leading to a decrease in adhesion. In this process, the
catanaphase is squeezed and broken by the continuously aggregated microgel powder
particles until it completely disappears. The change trend of the catanaphase change
coefficient Tb (as shown in Equation (8)) is consistent with the change in the adhesive force,
indicating that the microstructure is strongly related to the performance, and the change in
the catanaphase can be used to evaluate the modification effect of the CR powder.

Tb = n× As
3 (8)

where n is the number of small catanaphase, and As is the average aspect of the catanaphase.
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4. Conclusions

In this work, the adhesion characteristics of the original asphalt and three kinds of
rubberized asphalt were studied. The rheological properties of the different asphalts were
characterized by DSR, while the adhesion characteristics of the rubberized asphalts were
analyzed from three perspectives by BBS tests, contact angle tests, and AFM. The following
conclusions can be drawn:

1. The incorporation of CR can improve the complex shear modulus and reduce the
phase angle of the asphalt. CR can significantly improve the stiffness, modulus, and
cohesive energy of asphalt, thereby improving the high-temperature elastic properties
of asphalt, which is also an important prerequisite for its wide application.

2. According to the BBS test results, CR has a negative effect on the pull-off tensile strength
of asphalt and aggregates. CR itself does not have adhesive performance and can
occupy part of the contact area at the interface between the asphalt and the aggregate,
resulting in a deterioration in the adhesive properties of the rubberized asphalt.

3. CR can improve the SFE parameters of asphalt, and the changes in the total surface
energy and dispersion components are significantly affected by the changes in CR
content. The work of adhesion between asphalt and limestone is the highest, followed
by basalt and, finally, granite, due to the differences in chemical composition between
the different aggregates.

4. The large catanaphase of asphalt with higher CR contents is continuously broken with
the increase in dosage. The roughness value increases with the increase in the dosage.
CR-25 had the highest roughness value and the worst microscopic properties. The
roughness values did not change significantly at low rubber powder contents.

5. The adhesion deteriorates with the increase in CR content. AFM is more suitable for the
comparison of two-phase systems. The change factor of the catanaphase is consistent
with the change trend of the adhesion force, and the microscopic morphology has a
strong correlation with the change in the adhesion performance.
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5. Further Study

In this work, a variety of test methods were used to evaluate the polymerization
energy and adhesion energy of modified asphalt with different rubber powder contents,
and the relationships between different test indices and cohesive energy and adhesion
energy were explored. However, this work did not consider the effect of aggregate texture
on adhesion performance, and it also did not explore the role of moisture. The evaluation
of the adhesion properties of rubber powder still needs further verification.

Author Contributions: Conceptualization, B.Y. and H.J.; software, H.J.; investigation, H.J.; data
curation, H.J. and J.L.; writing—original draft preparation, H.J. and J.L.; writing—review and editing,
H.J. and Z.W.; supervision, X.W. and Z.W.; funding acquisition, X.W. and Z.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Central Plains Thousand People Plan of Henan Province
(No. 204200510004), the Science and Technology Development Project of Shaanxi (No. 2022GY-
417), the Project of Xinjiang Production and Construction Corps (No. 2021DB005), and the Shaanxi
Transportation Technology Project (No. 21-53K). The authors also thank the reviewers for their
valuable comments and suggestions concerning our manuscript.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yuan, D.; Jiang, W.; Xiao, J.; Tong, Z.; Jia, M.; Shan, J.; Ogbon, A.W. Assessment of the Aging Process of Finished Product–Modified

Asphalt Binder and Its Aging Mechanism. J. Mater. Civ. Eng. 2022, 34, 04022174. [CrossRef]
2. Xu, P.; Gao, J.; Pei, J.; Chen, Z.; Zhang, J.; Li, R. Research on highly dissolved rubber asphalt prepared using a composite waste

engine oil addition and microwave desulfurization method. Constr. Build. Mater. 2021, 282, 122641. [CrossRef]
3. Ameli, A.; Maher, J.; Mosavi, A.; Nabipour, N.; Babagoli, R.; Norouzi, N. Performance evaluation of binders and Stone Matrix

Asphalt (SMA) mixtures modified by Ground Tire Rubber (GTR), waste Polyethylene Terephthalate (PET) and Anti Stripping
Agents (ASAs). Constr. Build. Mater. 2020, 251, 118932. [CrossRef]

4. Liu, J.; Zhang, T.; Guo, H.; Wang, Z.; Wang, X. Evaluation of self-healing properties of asphalt mixture containing steel slag under
microwave heating: Mechanical, thermal transfer and voids microstructural characteristics. J. Clean. Prod. 2022, 342, 130932.
[CrossRef]

5. Liu, J.; Wang, Z.; Guo, H.; Yan, F. Thermal transfer characteristics of asphalt mixtures containing hot poured steel slag through
microwave heating. J. Clean. Prod. 2021, 308, 127225. [CrossRef]

6. Yuan, D.; Jiang, W.; Sha, A.; Xiao, J.; Shan, J.; Wang, D. Energy output and pavement performance of road thermoelectric generator
system. Renew. Energy 2022, 201, 22–33. [CrossRef]

7. Liu, J.; Wang, Z.; Li, M.; Wang, X.; Wang, Z.; Zhang, T. Microwave heating uniformity, road performance and internal void
characteristics of steel slag asphalt mixtures. Constr. Build. Mater. 2022, 353, 129155. [CrossRef]

8. Li, J.; Xiao, F.; Amirkhanian, S.N. High temperature rheological characteristics of plasma-treated crumb rubber modified binders.
Constr. Build. Mater. 2020, 236, 117614. [CrossRef]

9. Mohamed, A.S.; Wang, W.; Weng, H.; Fang, Y.; Xiao, F. Impacts of colloidal and interfacial interactions on bonding strength of
rubberized RAP asphalt binder. Constr. Build. Mater. 2022, 349, 128768. [CrossRef]

10. Li, B.; Zhu, X.; Zhang, X.; Yang, X.; Su, X. Surface area and microstructure of microwave activated crumb rubber modifier and its
influence on high temperature properties of crumb rubber modifier binders. Mater. Express 2020, 10, 272–277. [CrossRef]

11. Zhou, T.; Zhou, J.; Li, Q.; Li, B. Aging Properties and Mechanism of Microwave-Activated Crumb Rubber Modified Asphalt
Binder. Front. Mater. 2020, 7, 603938. [CrossRef]

12. Lei, Y.; Wei, Z.; Wang, H.; You, Z.; Yang, X.; Chen, Y. Effect of crumb rubber size on the performance of rubberized asphalt with
bio-oil pretreatment. Constr. Build. Mater. 2021, 285, 122864. [CrossRef]

13. Liu, J.; Hao, P.; Dou, Z.; Wang, J.; Ma, L. Rheological, healing and microstructural properties of unmodified and crumb rubber
modified asphalt incorporated with graphene/carbon black composite. Constr. Build. Mater. 2021, 305, 124512. [CrossRef]

14. Ma, Y.; Wang, S.; Zhou, H.; Hu, W.; Polaczyk, P.; Zhang, M.; Huang, B. Compatibility and rheological characterization of asphalt
modified with recycled rubber-plastic blends. Constr. Build. Mater. 2021, 270, 121416. [CrossRef]

15. Li, D.; Leng, Z.; Zou, F.; Yu, H. Effects of rubber absorption on the aging resistance of hot and warm asphalt rubber binders
prepared with waste tire rubber. J. Clean. Prod. 2021, 303, 127082. [CrossRef]

16. Liu, J.; Wang, Z.; Zhao, X.; Yu, C.; Zhou, X. Quantitative evaluations on influences of aggregate surface texture on interfacial
adhesion using 3D printing aggregate. Constr. Build. Mater. 2022, 328, 127022. [CrossRef]

http://doi.org/10.1061/(ASCE)MT.1943-5533.0004330
http://doi.org/10.1016/j.conbuildmat.2021.122641
http://doi.org/10.1016/j.conbuildmat.2020.118932
http://doi.org/10.1016/j.jclepro.2022.130932
http://doi.org/10.1016/j.jclepro.2021.127225
http://doi.org/10.1016/j.renene.2022.11.057
http://doi.org/10.1016/j.conbuildmat.2022.129155
http://doi.org/10.1016/j.conbuildmat.2019.117614
http://doi.org/10.1016/j.conbuildmat.2022.128768
http://doi.org/10.1166/mex.2020.1634
http://doi.org/10.3389/fmats.2020.603938
http://doi.org/10.1016/j.conbuildmat.2021.122864
http://doi.org/10.1016/j.conbuildmat.2021.124512
http://doi.org/10.1016/j.conbuildmat.2020.121416
http://doi.org/10.1016/j.jclepro.2021.127082
http://doi.org/10.1016/j.conbuildmat.2022.127022


Polymers 2022, 14, 5474 17 of 18

17. Tayebali, A.A.; Kusam, A.; Bacchi, C. An Innovative Method for Interpretation of Asphalt Boil Test. J. Test. Eval. 2018, 46,
1622–1635. [CrossRef]

18. Yu, D.; Jing, H.; Liu, J. Effects of Freeze-Thaw Cycles on the Internal Voids Structure of Asphalt Mixtures. Materials 2022, 15, 3560.
[CrossRef]

19. Nazirizad, M.; Kavussi, A.; Abdi, A. Evaluation of the effects of anti-stripping agents on the performance of asphalt mixtures.
Constr. Build. Mater. 2015, 84, 348–353. [CrossRef]

20. Hossain, Z.; Bairgi, B.; Belshe, M. Investigation of moisture damage resistance of GTR-modified asphalt binder by static contact
angle measurements. Constr. Build. Mater. 2015, 95, 45–53. [CrossRef]

21. Partl, M.N.; Pasquini, E.; Canestrari, F.; Virgili, A. Analysis of water and thermal sensitivity of open graded asphalt rubber
mixtures. Constr. Build. Mater. 2010, 24, 283–291. [CrossRef]

22. Lv, Q.; Huang, W.; Zheng, M.; Hao, G.; Yan, C.; Sun, L. Investigating the asphalt binder/mastic bonding healing behavior using
bitumen bonding strength test and X-ray Computed Tomography scan. Constr. Build. Mater. 2020, 257, 119504. [CrossRef]

23. Lv, Q.; Lu, J.; Tang, X.; Hu, Y.; Yan, C. Evaluation of the moisture resistance of rubberized asphalt using BBS/UTM bonding test,
TSR and HWT test. Constr. Build. Mater. 2022, 340, 127831. [CrossRef]

24. Zhou, L.; Huang, W.; Xiao, F.; Lv, Q. Shear adhesion evaluation of various modified asphalt binders by an innovative testing
method. Constr. Build. Mater. 2018, 183, 253–263. [CrossRef]

25. Zhou, L.; Huang, W.; Zhang, Y.; Lv, Q.; Sun, L. Mechanical evaluation and mechanism analysis of the stripping resistance and
healing performance of modified asphalt-basalt aggregate combinations. Constr. Build. Mater. 2021, 273, 121922. [CrossRef]

26. Xie, S.; Yi, J.; Zhao, H.; Feng, D.; Sun, Z. Micromorphology and Micromechanical Properties Evolution of Bitumen and Bitumen
Fractions Using Atomic Force Microscopy Considering Temperature Effect. Energy Fuels 2021, 35, 17434–17445. [CrossRef]

27. Rodriguez-Fernandez, I.; Baheri, F.T.; Cavalli, M.C.; Poulikakos, L.D.; Bueno, M. Microstructure analysis and mechanical
performance of crumb rubber modified asphalt concrete using the dry process. Constr. Build. Mater. 2020, 259, 119662. [CrossRef]

28. Fischer, H.R.; Dillingh, E.C.; Hermse, C.G.M. On the microstructure of bituminous binders. Road Mater. Pavement Des. 2014, 15,
1–15. [CrossRef]

29. Loeber, L.; Sutton, O.; Morel, J.; Valleton, J.-M.; Muller, G. New direct observations of asphalts and asphalt binders by scanning
electron microscopy and atomic force microscopy. J. Microsc. 1996, 182, 32–39. [CrossRef]

30. Xing, C.; Liu, L.; Cui, Y.; Ding, D. Analysis of base bitumen chemical composition and aging behaviors via atomic force
microscopy-based infrared spectroscopy. Fuel 2020, 264, 116845. [CrossRef]

31. Pipintakos, G.; Hasheminejad, N.; Lommaert, C.; Bocharova, A.; Blom, J. Application of Atomic Force (AFM), Environmental
Scanning Electron (ESEM) and Confocal Laser Scanning Microscopy (CLSM) in bitumen: A review of the ageing effect. Micron
2021, 147, 103083. [CrossRef] [PubMed]

32. Roja, K.L.; Aljarrah, M.F.; Sirin, O.; Al-Nuaimi, N.; Masad, E. Rheological, Thermal, and Chemical Evaluation of Asphalt Binders
Modified Using Crumb Rubber and Warm-Mix Additive. J. Mater. Civ. Eng. 2022, 34, 04022049. [CrossRef]

33. Xu, J.; Sun, L.; Pei, J.; Xue, B.; Liu, T.; Li, R. Microstructural, chemical and rheological evaluation on oxidative aging effect of SBS
polymer modified asphalt. Constr. Build. Mater. 2021, 267, 121028. [CrossRef]

34. Kiggundu, B.M.; Roberts, F.L. Stripping in Hma Mixtures: State-of-The-Art and Critical Review of Test Methods; NCAT Report 88-02;
National Centre for Asphalt Technology, Auburn University: Auburn, AL, USA, 1988. Available online: https://trid.trb.org/
view.aspx?id=485075 (accessed on 1 December 2022).

35. Bagampadde, U.; Isacsson, U.; Kiggundu, B.M. Classical and contemporary aspects of stripping in bituminous mixes. Road Mater.
Pavement Des. 2004, 5, 7–43. [CrossRef]

36. Chaturabong, P.; Bahia, H.U. Effect of moisture on the cohesion of asphalt mastics and bonding with surface of aggregates. Road
Mater. Pavement Des. 2018, 19, 741–753. [CrossRef]

37. Rahim, A.; Thom, N.; Airey, G. Development of compression pull-off test (CPOT) to assess bond strength of bitumen. Constr.
Build. Mater. 2019, 207, 412–421. [CrossRef]

38. JTG E20-2011; Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering. Ministry of Transport of
the People’s Republic of China: Beijing, China, 2011.

39. Yang, J.; Zhang, Z.; Shi, J.; Yang, X.; Fang, Y. Comparative analysis of thermal aging behavior and comprehensive performance
of high viscosity asphalt (HVA) from cohesion, adhesion and rheology perspectives. Constr. Build. Mater. 2022, 317, 125982.
[CrossRef]

40. Liu, J.; Wang, Z.; Luo, R.; Bian, G.; Liang, Q.; Yan, F. Changes of components and rheological properties of bitumen under
dynamic thermal aging. Constr. Build. Mater. 2021, 303, 124501. [CrossRef]

41. Yuan, D.; Jiang, W.; Hou, Y.; Xiao, J.; Ling, X.; Xing, C. Fractional derivative viscoelastic response of high-viscosity modified
asphalt. Constr. Build. Mater. 2022, 350, 128915. [CrossRef]

42. AASHTO T 361; Standard Method of Test for Determining Asphalt Binder Bond Strength by Means of the Binder Bond Strength
(BBS) Test. AASHTO: Washington, DC, USA, 2015.

43. Moraes, R.; Velasquez, R.; Bahia, H. Using bond strength and surface energy to estimate moisture resistance of asphalt-aggregate
systems. Constr. Build. Mater. 2017, 130, 156–170. [CrossRef]

44. Bhasin, A.; Masad, E.; Little, D.; Lytton, R. Limits on Adhesive Bond Energy for Improved Resistance of Hot-Mix Asphalt to
Moisture Damage. Transp. Res. Rec. 2006, 1970, 2–13. [CrossRef]

http://doi.org/10.1520/JTE20160383
http://doi.org/10.3390/ma15103560
http://doi.org/10.1016/j.conbuildmat.2015.03.024
http://doi.org/10.1016/j.conbuildmat.2015.07.032
http://doi.org/10.1016/j.conbuildmat.2009.08.041
http://doi.org/10.1016/j.conbuildmat.2020.119504
http://doi.org/10.1016/j.conbuildmat.2022.127831
http://doi.org/10.1016/j.conbuildmat.2018.06.064
http://doi.org/10.1016/j.conbuildmat.2020.121922
http://doi.org/10.1021/acs.energyfuels.1c02268
http://doi.org/10.1016/j.conbuildmat.2020.119662
http://doi.org/10.1080/14680629.2013.837838
http://doi.org/10.1046/j.1365-2818.1996.134416.x
http://doi.org/10.1016/j.fuel.2019.116845
http://doi.org/10.1016/j.micron.2021.103083
http://www.ncbi.nlm.nih.gov/pubmed/34049208
http://doi.org/10.1061/(ASCE)MT.1943-5533.0004194
http://doi.org/10.1016/j.conbuildmat.2020.121028
https://trid.trb.org/view.aspx?id=485075
https://trid.trb.org/view.aspx?id=485075
http://doi.org/10.1080/14680629.2004.9689961
http://doi.org/10.1080/14680629.2016.1267659
http://doi.org/10.1016/j.conbuildmat.2019.02.093
http://doi.org/10.1016/j.conbuildmat.2021.125982
http://doi.org/10.1016/j.conbuildmat.2021.124501
http://doi.org/10.1016/j.conbuildmat.2022.128915
http://doi.org/10.1016/j.conbuildmat.2016.10.043
http://doi.org/10.1177/0361198106197000101


Polymers 2022, 14, 5474 18 of 18

45. Bhasin, A.; Howson, J.; Masad, E.; Little, D.N.; Lytton, R.L. Effect of Modification Processes on Bond Energy of Asphalt Binders.
Transp. Res. Rec. 2007, 1998, 29–37. [CrossRef]

46. Guo, P.; Feng, Y.; Wei, W.; He, L.; Tang, B. Adhesion of Warm-Mix Recycled Asphalt Aggregate Mixtures Based on Surface Free
Energy Theory. J. Mater. Civ. Eng. 2019, 31, 04019209. [CrossRef]

47. Liu, J.; Qi, L.; Wang, X.; Li, M.; Wang, Z. Influence of aging induced by mutation in temperature on property and microstructure
development of asphalt binders. Constr. Build. Mater. 2022, 319, 126083. [CrossRef]

48. Guo, F.; Pei, J.; Zhang, J.; Xue, B.; Sun, G.; Li, R. Study on the adhesion property between asphalt binder and aggregate: A
state-of-the-art review. Constr. Build. Mater. 2020, 256, 119474. [CrossRef]

49. Xu, A.; Wang, X.; Xiong, R.; Chen, H.; Fang, J.; Kuang, D.; Wang, X.; Liu, Z. Experimental Investigation on Preparation Technology
and Performance of Rubber Powder Modified Asphalt. Available online: https://www.webofscience.com/wos/alldb/full-
record/CSCD:5979213 (accessed on 1 December 2022).

50. Niu, D.; Xie, X.; Zhang, Z.; Niu, Y.; Yang, Z. Influence of binary waste mixtures on road performance of asphalt and asphalt
mixture. J. Clean. Prod. 2021, 298, 126842. [CrossRef]

51. Wang, S.; Cheng, D.; Xiao, F. Recent developments in the application of chemical approaches to rubberized asphalt. Constr. Build.
Mater. 2017, 131, 101–113. [CrossRef]

52. Wang, H.; Apostolidis, P.; Zhu, J.; Liu, X.; Skarpas, A.; Erkens, S. The role of thermodynamics and kinetics in rubber–bitumen
systems: A theoretical overview. Int. J. Pavement Eng. 2021, 22, 1785–1800. [CrossRef]

53. Yang, X.; Shen, A.; Li, B.; Wu, H.; Lyu, Z.; Wang, H.; Lyu, Z. Effect of microwave-activated crumb rubber on reaction mechanism,
rheological properties, thermal stability, and released volatiles of asphalt binder. J. Clean. Prod. 2020, 248, 119230. [CrossRef]

54. Rafiq, W.; Napiah, M.; Habib, N.Z.; Sutanto, M.H.; Alaloul, W.S.; Khan, M.I.; Musarat, M.A.; Memon, A.M. Modeling and design
optimization of reclaimed asphalt pavement containing crude palm oil using response surface methodology. Constr. Build. Mater.
2021, 291, 123288. [CrossRef]

55. Yu, X.; Burnham, N.A.; Tao, M. Surface microstructure of bitumen characterized by atomic force microscopy. Adv. Colloid Interface
Sci. 2015, 218, 17–33. [CrossRef] [PubMed]

56. Ramm, A.; Downer, M.C.; Sakib, N.; Bhasin, A. Morphology and kinetics of asphalt binder microstructure at gas, liquid and solid
interfaces. J. Microsc. 2019, 276, 109–117. [CrossRef] [PubMed]

57. Long, Z.; Guo, N.; Tang, X.; Ding, Y.; You, L.; Xu, F. Microstructural evolution of asphalt induced by chloride salt erosion. Constr.
Build. Mater. 2022, 343, 128056. [CrossRef]

58. Nahar, S.N.; Schmets, A.J.M.; Scarpas, A.; Schitter, G. Temperature and thermal history dependence of the microstructure in
bituminous materials. Eur. Polym. J. 2013, 49, 1964–1974. [CrossRef]

http://doi.org/10.3141/1998-04
http://doi.org/10.1061/(ASCE)MT.1943-5533.0002802
http://doi.org/10.1016/j.conbuildmat.2021.126083
http://doi.org/10.1016/j.conbuildmat.2020.119474
https://www.webofscience.com/wos/alldb/full-record/CSCD:5979213
https://www.webofscience.com/wos/alldb/full-record/CSCD:5979213
http://doi.org/10.1016/j.jclepro.2021.126842
http://doi.org/10.1016/j.conbuildmat.2016.11.077
http://doi.org/10.1080/10298436.2020.1724289
http://doi.org/10.1016/j.jclepro.2019.119230
http://doi.org/10.1016/j.conbuildmat.2021.123288
http://doi.org/10.1016/j.cis.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25678270
http://doi.org/10.1111/jmi.12842
http://www.ncbi.nlm.nih.gov/pubmed/31696508
http://doi.org/10.1016/j.conbuildmat.2022.128056
http://doi.org/10.1016/j.eurpolymj.2013.03.027

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Rubberized Asphalt Binder 
	Methodology 
	Dynamic Shear Rheometer (DSR) Test 
	Binder Bond Strength (BBS) Test 
	Surface Free Energy (SFE) Theory 
	Contact Angle Test of Asphalt Samples 
	Contact Angle Test of Aggregates 
	Atomic Force Microscopy (AFM) 
	Cohesive and Adhesive 


	Results and Discussion 
	Analyses of Rheological Parameters 
	Pull-Off Tensile Strength (POTS) Analyses 
	Surface Free Energy (SFE) Analyses 
	Micromorphological Analyses 

	Conclusions 
	Further Study 
	References

