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Abstract: Granite is very widely distributed in the world, but granite is an acidic aggregate with poor
adhesion to asphalt. In untreated asphalt mixtures, asphalt pavement water damage and loose disease
are more prominent, affecting the service life of the pavement and service level. Enhancing the road
performance of granite asphalt mixture generally improves the adhesion properties of asphalt and
granite. Qingchuan rock asphalt, anti-stripping agent KH5, aliphatic amine anti-stripping agent AJ-1
and two groups of the composite anti-stripping agents were used to modify the asphalt and analyze
the effect of different anti-stripping agents on the improvement of asphalt-granite aggregate adhesion
properties based on the surface free energy (SFE) theory. Second, the effect of anti-stripping agents
on the rheological properties of asphalt were analyzed by rheological tests, and the modification
effect of granite asphalt mixture road performance was evaluated by Marshall tests. The aging of
asphalt and asphalt mixture was simulated by thermal oxygen aging, and the durability of different
anti-stripping agents was investigated by comparing the performance of asphalt and asphalt mixtures
before and after aging. The results showed that Qingchuan rock asphalt can effectively enhance
the high-temperature stability and anti-aging properties of asphalt mixes, but the low temperature
performance was relatively poor. KH5 and AJ-1 can make up for the lack of low temperature
performance of rock asphalt, but the water stability of asphalt mixes decreases after aging. All five
groups of anti-stripping agents improve the adhesion of granite-asphalt and the water stability of the
asphalt mixture to some extent. Considering the aging effect, the order of granite-asphalt mixture
water stability is: KH/RAMA > AJ/RAMA > RAMA > KHMA > AJMA.

Keywords: granite asphalt mixture; adhesion evaluation; anti-stripping agent; surface free energy;
rheological properties

1. Introduction

Asphalt mixtures are mainly comprised of asphalt, filler, and skeleton aggregate, in
which the skeleton aggregate mass accounts for about 95% of the total mass of the asphalt
mixture, which is an important component of it, and the nature of skeleton aggregate has
an important impact on the operational quality and maintenance cost of asphalt pave-
ment [1–3]. According to the skeleton aggregate, chemical properties can be classified as
acidic aggregate, neutral aggregate, and alkaline aggregate. As asphalt is weakly acidic, in
order to ensure good adhesion between asphalt and aggregate, neutral or alkaline aggre-
gates are usually chosen as the skeletal aggregate for asphalt mixtures in road engineering
construction. However, with the rapid development of road engineering in China, high-
quality neutral or alkaline stone resources are consumed in large quantities [4,5]. As stone
is a non-renewable resource, the over-exploitation and use not only causes irreversible
damage to the natural environment, but has also lead to a tight supply of stone resources
in some areas of China. The national transportation industry requirements advocated by
“green transportation” greatly increased the construction cost and construction cycle of
asphalt pavement. Therefore, in order to alleviate the supply of alkaline stone tension
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and achieve the healthy development of road construction, the application of acid aggre-
gates such as granite in road engineering construction has gradually become an important
research topic.

China’s granite and other acidic rocks are widely distributed and abundant and have
the advantages of being a hard stone, having a dense structure, strong abrasion resistance,
and skeleton-embedded prominence. If local materials such as granite acid stone are
widely used in road construction and maintenance, this can significantly reduce costs,
shorten the construction period, and achieve the rational use of resources [6]. Due to the
strong hydrophilicity and lipophilicity of acidic aggregates such as granite, when water
molecules invade the granite-asphalt interface, the asphalt adsorbed on the surface of the
aggregate is easily repositioned by water molecules, resulting in stripping between the
asphalt and the aggregate. In the absence of special technical treatments, there is a general
lack of adhesion between the granite aggregates and the asphalt [7,8]. At present, there
are three main measures to improve the adhesion between granite and asphalt: replacing
part of the mineral powder with active materials such as slaked lime powder or cement,
modifying asphalt with anti-stripping agents, and pretreating granite coarse aggregates
with lime water [9–11]. Because asphalt anti-stripping agents not only have the advantages
of convenient use and remarkable effect, but also have good development potential, the
asphalt anti-stripping agent is mainly used at home and abroad to improve the adhesion
of granite aggregates and asphalt, and a lot of research has been conducted on the effect
and mechanism of using asphalt as an anti-stripping agent. After a long period of research,
many studies have been completed, and more papers in this area have been published. and
technical specifications.

In the 1980s, the US Federal Highway Administration (FDA) studied the effects of
solid inorganic anti-stripping agents and liquid organic anti-stripping agents on asphalt
mixtures. It has been noted that asphalt mixtures using a combination of slaked lime
powder and liquid anti-stripping agents have better water stability than those using a
single anti-stripping agent. At the same time, the study also pointed out that some liquid
anti-stripping agents can effectively improve the water stability of an asphalt mixture in the
early stages of use. However, as the deepening of asphalt mixture ages, the anti-stripping
agent gradually decomposes and fails, resulting in the insufficient durability of the asphalt
mixture, and the problem of water damage in asphalt pavements thus continues to exist [12].
In 1988, the Strategic Highway Research Program (SHRP) project was proposed in the
United States to improve the water stability of asphalt mixtures and reduce the water
damage to asphalt pavement caused by insufficient adhesion between the asphalt and
the aggregate. The SHRP program proposed the addition of asphalt anti-spalling agents
as the main method to improve the water stability of asphalt mixtures [13,14]. At the
same time, the SHRP program classified and categorized different types of anti-stripping
agents according to their characteristics, chemical composition, and mechanisms of action.
In the technical specifications for the construction of asphalt mixtures for highways in
Japan, it was proposed that anti-stripping agents such as cement, lime, and amines can
be used to improve the adhesion between asphalt and aggregates if the water stability of
asphalt concrete pavement was insufficient. At the same time, the specification indicates
the amount of asphalt mixture to be mixed with slaked lime powder, cement, and other anti-
stripping agents, in addition to the methods of use [15]. Ding used a molecular dynamics
simulation to study the effect of silane coupling agents on the adhesion properties of granite
and asphalt. The results showed that the silane coupling agent can effectively improve the
adhesion of asphalt and granite aggregates, which was comparable to alkaline aggregates.
At the molecular scale, the addition of silane coupling agents can significantly increase
the concentration distribution of asphalt molecules on the aggregate surface [16]. Wang
used a silane coupling agent and slaked lime to improve the water stability of the granite
asphalt mixture, and the experimental results showed that both the silane coupling agent
and slaked lime can effectively improve the road performance of granite and asphalt, and
the combination of the two achieved the best effect [17]. Peng investigated the effect of a



Coatings 2022, 12, 1954 3 of 23

new composite anti-spalling additive DMA-NSDD, consisting of the marine biomimetic
materials dopamine methacrylamide (DMA) and nano-silica dispersion (NSDD), on the
properties of asphalt and its mixtures, and the results showed that the asphalt-aggregate
adhesion and water stability of asphalt mix with DMA-nSDD were significantly improved,
and the improvement effect of DMA-NSDD on the performance of granite aggregate
asphalt mixture was better than that of the limestone aggregate asphalt mixture [18].
Zhang explored the feasibility of using low-grade granite aggregates, solid waste fillers
(desulfurization gypsum residue, DGR), and binders (waste tire rubber modified asphalt,
RMA) in asphalt mixes, and the results showed that both RMA and DGR had positive
effects on the low-temperature crack resistance and fatigue performance of granite asphalt
mixes. DGR enhanced the moisture stability, and RMA contributed more to the high-
temperature deformation resistance of the granite asphalt mixture, which compensated
for the lack of high temperature stability of DGR. The results demonstrated that the
granite, DGR, and RMA-formulated asphalt combination had good road performance [19].
Li used waste plastic derivatives as a novel anti-stripping agent to improve the road
performance of granite asphalt mixtures. The experimental results found that the waste
plastic derivative could effectively improve the water damage resistance of the asphalt
mixture [20]. Ye used a variety of anti-stripping agents to improve the adhesion properties
and road performance of granite asphalt mixtures. The test results demonstrated that
Qingchuan rock asphalt and SBS may substantially enhance the water stability and road
performance of granite asphalt mixtures [21]. Arabani used liquid anti-stripping agents
(Wetfix BE and Wetfix AP17) to modify No. 70 matrix asphalt, and the test results showed
that Wetfix AP17 could more effectively improve the water stability of granite asphalt
mixture compared with Wetfix BE [22]. Peng et al. used KH550, KH560, KH570, and
KH792 to modify the matrix asphalt and investigated the effect of the four anti-stripping
agents on the improvement of adhesion between the matrix asphalt and the aggregate from
macroscopic and microscopic perspectives [23]. To ascertain the impact of steel slag on the
road performance of granite asphalt mixtures, Zhao employed asphalt mixes produced
with granite and steel slag (GSAM) and compared them to asphalt mixes made with
limestone aggregates. The findings demonstrated that steel slag may successfully enhance
the granite asphalt mixture’s high-temperature stability, low-temperature crack resistance,
and water stability [24]. Muniandy used waste ceramics to replace part of the granite
aggregates, showing that the strength of the mixture peaked at 20% of ceramic aggregates
smaller than 5 mm [25]. Liu used plant ash by-products as anti-stripping agents to improve
asphalt-granite aggregate adhesion properties. According to scanning electron microscope
observations, it can be observed that the plant ash by-products formed reticular crystals at
the interface between the asphalt and aggregate, which can enhance the interfacial bond
between the asphalt and aggregate and prevent asphalt film spalling [26].

Researchers have confirmed that adding anti-stripping agents to asphalt can effec-
tively improve the adhesion of granite aggregates to asphalt. However, at present, the
improvement effect of the anti-stripping agent is mainly devoted to the direction of the
mixture, and the mechanism of the anti-stripping agent’s action and the change of asphalt
adhesion performance before and after aging are less studied. Therefore, in this paper, three
anti-stripping agents, namely Qingchuan rock asphalt, amine anti-stripping agent AJ-1 and
anti-stripping agent KH5, were selected to modify the asphalt. Based on the surface energy
theory, the surface energy parameters of asphalt and granite were determined by using the
lying drop method, and the effect of the anti-spalling agent on the adhesion strength and
cohesion strength of asphalt-granite aggregate interface was evaluated by calculating the
spalling work and cohesion work of asphalt and granite aggregate. This study also gives
scientific and technical advice for the design of granite asphalt mixes while thoroughly
examining the rheological characteristics of asphalt and the road attributes of mixtures.
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2. The Surface Free Energy Theory
2.1. Fundamentals of Surface Free Energy

The change in the surface area of an object in a constant temperature vacuum environ-
ment is bound to produce energy exchange with the external environment, mainly because
the intermolecular force inside the material and the surface molecules of the material
are not the same. The internal molecules of the material are in the symmetric force field
generated by the surrounding molecules, while the molecules on the surface of the material
are in the asymmetric force field only by the internal molecules, thus giving the surface of
the material a contracting nature [27]. According to this property, the surface tension or
surface energy of liquids can be determined by a liquid tensiometer, but it is difficult to
determine the surface tension or surface energy of solid materials. Therefore, to determine
the surface energy parameters of solid materials more accurately, Fowkes, Good and van
Oss developed an indirect method for measuring the surface energy of materials in 1964
and pointed out that the surface free energy of materials can be composed of dispersive
and polar components, while the polar component includes two parts, the Lewis acid and
Lewis base [28,29], whose expression is shown in Equation (1).

Γ = ΓLW + ΓAB = ΓLW + 2
√

Γ+Γ− (1)

where Γ is the material surface free energy, ΓLW is the dispersion component, ΓAB is the
polarity component, Γ+ is the Lewis acid component, and Γ− is the Lewis base component.
For the convenience of expression, the subscripts A, S, L, W and SL for the following surface
energy components denote asphalt, solid (aggregate), test liquid, water, and solid-liquid
interface, respectively.

For solid-liquid interfaces, Ones and Wendt stated that there is a geometric average
relationship between the polar acid-base components, non-polar dispersion components,
and surface acid-base components for liquids and solids [30]. Therefore, the surface free
energy of the solid-liquid interface is calculated as shown in Equation (2).

ΓSL = ΓS + ΓL − 2
√

ΓLW
S ΓLW

L − 2
√

Γ+
S Γ−L − 2

√
Γ−S Γ+

L (2)

Thomas Young first used the contact angle of the solid-liquid-gas contact interface to
depict the equilibrium state of the liquid on the solid surface, as shown in Figure 1, and
proposed the well-known Young’s model to characterize the interaction forces between
the solid and the liquid [31], and the computational model is expressed in the form of
Equation (3).

ΓL cos θ = ΓS − ΓSL (3)

where θ indicates the magnitude of the solid-liquid-gas contact angle.

Coatings 2022, 12, x FOR PEER REVIEW 4 of 24 
 

 

study also gives scientific and technical advice for the design of granite asphalt mixes 
while thoroughly examining the rheological characteristics of asphalt and the road attrib-
utes of mixtures. 

2. The Surface Free Energy Theory 
2.1. Fundamentals of Surface Free Energy 

The change in the surface area of an object in a constant temperature vacuum envi-
ronment is bound to produce energy exchange with the external environment, mainly be-
cause the intermolecular force inside the material and the surface molecules of the mate-
rial are not the same. The internal molecules of the material are in the symmetric force 
field generated by the surrounding molecules, while the molecules on the surface of the 
material are in the asymmetric force field only by the internal molecules, thus giving the 
surface of the material a contracting nature [27]. According to this property, the surface 
tension or surface energy of liquids can be determined by a liquid tensiometer, but it is 
difficult to determine the surface tension or surface energy of solid materials. Therefore, 
to determine the surface energy parameters of solid materials more accurately, Fowkes, 
Good and van Oss developed an indirect method for measuring the surface energy of 
materials in 1964 and pointed out that the surface free energy of materials can be com-
posed of dispersive and polar components, while the polar component includes two parts, 
the Lewis acid and Lewis base [28,29], whose expression is shown in Equation (1). 

𝛤 = 𝛤 + 𝛤 = 𝛤 + 2√𝛤 𝛤  (1)

where Γ is the material surface free energy, ΓLW is the dispersion component, ΓAB is the 
polarity component, Γ+ is the Lewis acid component, and Γ− is the Lewis base component. 
For the convenience of expression, the subscripts A, S, L, W and SL for the following sur-
face energy components denote asphalt, solid (aggregate), test liquid, water, and solid-
liquid interface, respectively. 

For solid-liquid interfaces, Ones and Wendt stated that there is a geometric average 
relationship between the polar acid-base components, non-polar dispersion components, 
and surface acid-base components for liquids and solids [30]. Therefore, the surface free 
energy of the solid-liquid interface is calculated as shown in Equation (2). 

𝛤 = 𝛤 + 𝛤 − 2 𝛤 𝛤 − 2 𝛤 𝛤 − 2 𝛤 𝛤  (2)

Thomas Young first used the contact angle of the solid-liquid-gas contact interface to 
depict the equilibrium state of the liquid on the solid surface, as shown in Figure 1, and 
proposed the well-known Young’s model to characterize the interaction forces between 
the solid and the liquid [31], and the computational model is expressed in the form of 
Equation (3). 

𝛤 𝑐𝑜𝑠 𝜃 = 𝛤 − 𝛤  (3)

where θ indicates the magnitude of the solid-liquid-gas contact angle. 

 
Figure 1. Contact Angle Model. Figure 1. Contact Angle Model.



Coatings 2022, 12, 1954 5 of 23

Combined with Equation (2), the relationship between the solid-liquid-gas contact
angle and the solid-liquid interface free energy can be obtained, as shown in Equation (4).

ΓL(1 + cos θ) = 2
(√

ΓLW
L γLW

S +
√

Γ+
S Γ−L +

√
Γ−S Γ+

L

)
(4)

Assuming that the surface energy parameters ΓLW
S , Γ+

S , and Γ−S of the solid material
are x1, x2 and x3, Equation (4) can be deformed to Equation (5).

ΓL(1 + cos θ) = 2
(√

Γd
L · x1 +

√
Γ−L · x2 +

√
Γ+

L · x3

)
(5)

If the surface energy parameter liquid of multiple sets of reagents is determined, and the
contact angle between the reagent and the solid is determined, the matrix equation for solving
the surface energy parameters of the solid can be obtained by substituting Equation (5), as
shown in Equation (6).

√
ΓLW

L1

√
Γ+

L1

√
Γ−L1√

ΓLW
L2

√
Γ+

L2

√
Γ−L2√

ΓLW
L3

√
Γ+

L3

√
Γ−L3


x1

x2
x3

 =
1
2

(1 + cos θ1) · ΓL1
(1 + cos θ2) · ΓL2
(1 + cos θ3) · ΓL3

 (6)

2.2. Fundamentals of Surface Free Energy

Cohesion work is an important parameter in fracture mechanics and is used to account
for the energy required for microcrack growth in asphalt binders. The cohesive work
characterizes the adhesion properties of the asphalt itself; the larger the value, the better
the crack resistance, and the more difficult it is for moisture to penetrate the asphalt film
into the asphalt-aggregate interface. The cohesive work is the energy required to fracture
a homogeneous substance at a constant vacuum temperature and produce two identical
interfaces, so the cohesive energy of an asphalt material can be considered as twice the
surface energy of asphalt [32,33], which can be expressed in Equation (7) as:

WAA = 2
(

ΓLW
A + 2ΓAB

A

)
(7)

where WAA is the cohesive work of asphalt.
Adhesion work refers to the external work required to separate the interface of two

phases in a vacuum constant temperature environment. Under water-free conditions, the
energy present inside the asphalt mixture is the asphalt-aggregate adhesion bond energy,
whose expression is shown in Equation (8), Under the condition of water, the internal
energy of the system can be considered as the asphalt-water and aggregate-water two-
phase system adhesion bond energy [34]. Therefore, the adhesion model of the three-phase
system can be expressed in Equation (9) as:

WAS = 2
(√

ΓLW
A ΓLW

S +
√

Γ+
AΓ−S +

√
Γ−AΓ+

S

)
(8)

WAWS = 2


√

ΓLW
A ΓLW

W +
√

ΓLW
S ΓLW

W −
√

ΓLW
A ΓLW

S − ΓW

+
√

Γ+
W

(√
Γ−A +

√
Γ−S
)
+
√

Γ+
A

(√
Γ−W −

√
Γ−S
)

+
√

Γ+
S

(√
Γ−W −

√
Γ−A
)

 (9)

where WAS is the work of adhesion between asphalt and aggregate in an anhydrous state,
and WAWS is the work of adhesion between asphalt and aggregate in an aqueous state.

The adhesion work under anhydrous conditions characterizes the amount of the
energy released to the outside world when the asphalt and aggregate are combined into
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an asphalt-aggregate system; the greater the adhesion work, the more stable the asphalt-
aggregate system, the better the adhesion. The adhesion work under water conditions
can also be referred to as the stripping work, which characterizes the internal structure
of the asphalt mixture, and the dynamic water pressure formed inside the mixture under
the action of external load will flush the asphalt mixture, and the moisture will gradually
replace the asphalt film wrapped around the aggregate surface; therefore, the asphalt-
aggregate system inside the mixture is dispersed into two systems of asphalt-water and
water-aggregate. In this process, the energy released from the system to the outside world
is the spalling work, and the greater its value, that is, the more energy released from the
system to the outside, the easier it is to replace the asphalt paste film that wraps the surface
of the aggregate, and the greater the likelihood of water damage disease in the asphalt
mixture [34].

2.3. Energy Ratios (ER1 and ER2)

Cohesive work, adhesion work and peeling work of granite asphalt mixture is used to
evaluate the bonding performance of asphalt and aggregate or the water damage resistance
of asphalt mixes from one side, and cannot comprehensively evaluate the water stability
strength of asphalt-aggregate systems. Therefore, to better evaluate the water stability of
the asphalt-aggregate system, Bhasin et al. proposed a water stability index based on the
use of asphalt cohesion work, asphalt-aggregate adhesion work, and spalling work based
on a large number of experiments; a larger value of ER means a better water stability of
the asphalt-aggregate system [35], whose expressions are shown in Equations (10) and
(11). ER1 and ER2 both characterize the strength of water stability of asphalt mixtures,
but ER2 considers the cohesive function of asphalt material, so this paper takes ER2 as the
evaluation index of water stability of the asphalt-aggregate system.

ER1 =

∣∣∣∣ WAS
WAWS

∣∣∣∣ (10)

ER2 =

∣∣∣∣WAS −WA A
WAWS

∣∣∣∣ (11)

3. Materials and Test Methods
3.1. Experimental Materials
3.1.1. Asphalt

The asphalt used in this paper was Qilu 70-A matrix asphalt, according to the “Stan-
dard Test Methods of bitumen and Bituminous Mixtures for Highway Engineering” (JTG
E20-2011) [36] for the performance indexes related to the 70-A base asphalt of the relevant
tests, and the index results are shown in Table 1.

Table 1. Qilu 70-A Base Asphalt Test Results.

Experimental Index Result Technical Requirement

Penetration (25 ◦C)/0.1 mm 69 60.0~80.0
Softening point/◦C 48.0 ≥46.0
10 ◦C ductility/cm 34 ≥20.0
15 ◦C ductility/cm >150 ≥100.0

Mass change/% −0.121 ≤±0.80
Residual penetration ratio/% 68.6 ≥61.0
Residual ductility (10 ◦C)/cm 13 ≥6.0
Residual ductility (15 ◦C)/cm 51.2 ≥15.0

3.1.2. Aggregate

The granite acidic aggregate selected for this paper was produced in the coastal area
of Weihai, Shandong Province. The specifications of granite coarse aggregate used were
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10~20 mm, 10~15 mm and 5~10 mm, 3~5 mm. The road performance of the granite coarse
aggregate aggregates used was tested according to the test procedure, and the test results
are shown in Table 2.

Table 2. Technical Performance of Coarse Aggregate.

Technical Performance Index Result Technical
Requirement

Apparent relative density of
coarse aggregate

3~5 2.712

≥2.60
5~10 2.662

10~15 2.601
10~20 2.680

Crushing value/% 17.3% ≤26
Water absorption/% 1.7% ≤2.0
Abrasion value/% 21% ≤28

The granite fine aggregate used in this paper was 3~5 mm and 0~3 mm granite
machine-made sand. According to the test protocols, the technical performance indexes of
granite machine-made sand were tested, and the indexes are shown in Table 3.

Table 3. Technical Performance of Fine Aggregate.

Technical Performance Index Result Technical Requirement

Apparent relative density of fine aggregate 2.642 ≥2.50
The sand equivalent of fine aggregate/% 84 ≥60

Methylene blue value of fine aggregate/g kg−1 51.2 ≥15.0

Mineral powder is obtained by crushing and grinding water-repellent and strongly
alkaline stones such as limestone. Mineral powder accounts for a small percentage of the
asphalt mixture, but it has an important impact on the overall performance of the asphalt
mixture and is one of the determinants of the overall performance of asphalt pavement.
Mineral powder performance indicators were tested, and the results are shown in Table 4.

Table 4. Technical Indexes of Mineral Powder.

Technical Performance Index Result Technical Requirement

Apparent density 2.569 6<2.4
water content 0.61% 6>1.0

3.1.3. Anti-Stripping Agent

Three anti-stripping agents were used in this test, namely Qingchuan rock asphalt RA,
anti-stripping agent KH5, and the amine anti-stripping agent AJ-1.

Qingchuanyan asphalt is a kind of natural asphalt, black solid, and has similar com-
position with the base asphalt. In engineering application, Qingchuanyan asphalt can
reduce the segregation of modified asphalt and has good storage stability.KH5 is soluble in
organic solvents, but acetone and carbon tetrachloride are not suitable as diluents. It has
good compatibility with asphalt and plays an important role in improving the adhesion of
asphalt and aggregate.

AJ-1 asphalt anti stripping agent is a new type of aliphatic amine asphalt anti stripping
material, which can be applied to two kinds of stone polymer active compounds, acid
and alkali.
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3.2. Test Scheme

The technical results of KH5, AJ-1, and Qingchuan rock asphalt were studied [37,38],
the proposed mixture of KH5 and AJ-1 was 0.8%, and the yield of Qingchuan rock asphalt
was 4.5%, as shown in Table 5.

Table 5. Asphalt Modification Scheme.

Scheme Asphalt and Additive Abbreviation

1 70-A 70-A
2 70-A + KH5 KHMA
3 70-A + AJ-1 AJMA
4 70-A + rock asphalt RAMA
5 70-A + brock asphalt + KH5 KH/RAMA
6 70-A + rock asphalt + AJ-1 AJ/RAMA

To better study the improvement effect of different anti-stripping agents on the adhe-
sion of asphalt and granite aggregates, two groups of asphalt and aggregates commonly
used in road engineering were added as blank control groups, namely 70-A with alkaline
aggregate limestone combination and 70-A with neutral aggregate basalt combination,
and the test scheme is shown in Table 6. The road performance test scheme of the asphalt
mixture is shown in Table 7.

Table 6. Test Scheme for Adhesion of Asphalt and Aggregate.

Scheme Asphalt Aggregate Scheme Name

1 70-A Granite TS1
2 KHMA Granite TS2
3 AJMA Granite TS3
4 RAMA Granite TS4
5 KH/RAMA Granite TS5
6 AJ/RAMA Granite TS6
7 70-A Limestone TS7
8 70-A Basalt TS8

Table 7. Test Scheme for Road Performance of Asphalt Mixture.

Scheme Asphalt Aggregate Scheme Name

1 70-A Granite M1
2 KHMA Granite M2
3 AJMA Granite M3
4 RAMA Granite M4
5 KH/RAMA Granite M5
6 AJ/RAMA Granite M6

3.3. Preparation of Modified Asphalt and Mixture
3.3.1. Asphalt Mixture

This study selected the AC-13 asphalt mixture for testing, and the AC-13 granite
asphalt mixture of mineral material gradation: 10–16 mm: 5–10 mm: 3–5 mm: 0–3 mm:
ore powder = 29%: 30%: 7%: 31.5%: 2.5%. In this section, according to the “Standard
Test Methods of bitumen and Bituminous Mixtures for Highway Engineering” (JTG E20-
2011) [36], combined with the practical experience of actual asphalt pavement engineering
and with experience and formulas, five sets of standard Mar stress specimens with different
oil-to-rock ratios were prepared and the estimated oil-to-rock ratio of granite asphalt
mixture was calculated to be 4.5%, and five different oil-to-rock ratios were taken at
0.5% intervals. It determined the volume index and mechanical index of the molded
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Marshall specimen according to the test procedures, and determined the optimal oil-to-
stone ratio of granite asphalt mixture to be 4.9%.

3.3.2. KHMA

The 70-A matrix asphalt was heated in the oven at 145 ◦C for 2 h and sheared at
3000 r/min. KH5 was added during the shearing process, and the temperature was raised
to 165 ◦C after the addition was completed and sheared at 165 ◦C for 30 min. After the
shearing was completed, it was put into the oven at 100 ◦C for 30 min development.

3.3.3. AJMA

The 70-A base asphalt and anti-spalling agent AJ-1 were heated in 145 ◦C ovens to a
flowing state, and the asphalt was sheared at 3000 r/min while adding the AJ-1 in flowing
state to the asphalt for shearing. After adding, the temperature was raised to 165 ◦C for
30 min. after shearing, and the asphalt was put into the oven at 100 ◦C for 30 min.

3.3.4. RAMA

70-A base asphalt was heated in a 145 ◦C oven for 2 h and the shear temperature
was set to 165 ◦C. When the temperature was stabilized, it was added and then sheared
in asphalt at 3000 r/min for 30 min in a 165 ◦C environment and sheared asphalt after
completing 30 min of development in a 165 ◦C oven [39].

3.3.5. KH/RAMA

The 70-A base asphalt was heated in the oven at 145 ◦C for 2 h and sheared at
3000 r/min. KH5 was added during the shearing process, and the temperature was raised
to 165 ◦C after the addition was completed, and then the asphalt was sheared at 3000 r/min
for 30 min under the environment of 165 ◦C. After the shearing was completed, the asphalt
was placed in the oven at 165 ◦C for 30 min.

3.3.6. AJ/RAMA

The 70-A base asphalt and the anti-spalling agent AJ-1 were heated to the flowing
state in the oven at 145 ◦C. The asphalt was sheared at 3000 r/min, while the AJ-1 in the
flowing state was added to the asphalt for shearing. After adding, the temperature was
increased to 165 ◦C and the temperature was stabilized, and the asphalt was then sheared
at 3000 r/min for 30 min at 165 ◦C before the asphalt was placed in the oven at 165 ◦C for
30 min.

3.4. Contact Angle Test

Aggregates were prepared by a rock slicer, and the rocks were cut into cuboids of
approximately 15 mm × 15 mm × 10 mm in size and sanded sequentially using sandpaper
of fineness from coarse to fine to ensure that both sides of the stone were smooth. The
six types of asphalt selected for the test were heated to a molten state, poured on washed
slides, and then hung in an oven at 160 ◦C. The asphalt was left for 2 min to flow freely
on the slides to form a thin layer and to prepare the asphalt specimens. Three sets of each
asphalt were prepared in parallel and, finally, the slides were placed in a desiccator for 12 h
before use.

The contact angle was determined by the lying drop method, and the dynamic contact
angle measuring instrument produced by Shanghai was chosen, as shown in Figure 2a.
Three test liquids were selected to determine the contact angles between various types
of asphalt and granite aggregates, and the size of adhesion between granite aggregates
and different asphalt was calculated by the surface energy theory formulas. Distilled
water, ethylene glycol and formamide were selected as the test liquids with the surface
energy parameters shown in Table 8. The test temperature was controlled at 25 ◦C, the test
liquid was slowly dropped on the sample surface with a syringe, and the contact angle
of the droplet was measured by the ring method, as shown in Figure 2b, and the test was
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repeated five times for each group of tests, with its average value as the final contact angle
of this measurement.
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Table 8. Surface free energy and component of chemical reagent (mJ/m2).

Test Liquid ΓL ΓLW
L ΓAB

L Γ+
L Γ−L

Formamide 57.90 38.87 18.93 2.27 39.47
Glycol 48.30 29.37 19.23 1.94 47.60

Distilled water 72.80 21.80 51.00 25.50 25.50

3.5. Rheological Properties of Asphalt
3.5.1. Multiple Stress Creep Recovery Test

According to the test method of AASHTO T, 350-2019 on multi-stress creep recovery
test for asphalt [40], a Gemini II ADS type dynamic shear rheometer with strain control
was used in this paper with a test start temperature of 58 ◦C and loading stresses of 0.1 kPa
and 3.2 kPa. The test results were evaluated using the irrecoverable creep elasticity Jnr and
creep recovery rate R to assess the high-temperature rheological properties of the asphalt
with the following meanings.

Creep recovery rate R indicates the proportion of elastic deformation in the multiple
stress creeps recovery test. A larger R value indicates that the asphalt material can be
recovered under high-temperature conditions, and the greater the deformation, the better
the high-temperature stability. The unrecoverable creep flexibility Jnr represents the energy
consumption generated by plastic deformation after the end of the loading cycle under
different stress conditions; the smaller the Jnr, the smaller the irrecoverable deformation of
the asphalt and the better the resistance to deformation at high temperatures.

3.5.2. Bending Beam Rheological Test

The bending beam rheological test was performed on asphalt according to the test
method of AASHTO TP 125 [41], and the instrument used in this test was a TE-BBR-F
thermoelectric bending beam rheometer manufactured by CANNON, USA, with the test
temperature of −12 ◦C. The results of the test adopted the creep stiffness S and creep
rate m at the 60th s in the bending beam rheological test as an index to evaluate the
low-temperature crack resistance, with the following meanings.

Creep stiffness S indicates the asphalt’s low-temperature deformation resistance, and
the larger the value of S, the more likely the asphalt is to crack. The creep rate m is the
tangent slope of the creep curve in a logarithmic coordinate system, which can be seen as
the rate of change in creep stiffness.
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3.5.3. Asphalt Aging Test

Short-term aging and long-term aging of asphalt are two different aging processes.
Short-term aging is the aging of asphalt caused by heat during the construction period of
asphalt pavement, starting from the mixing station and ending when the temperature drops
to the natural temperature after asphalt pavement compaction. Long-term aging is the
aging of asphalt pavement through the mixing station operation, under the combined effect
of light, temperature, precipitation and traffic load, and the temperature drops to terminate
after asphalt pavement compaction; the short-term aging of asphalt was simulated with
a rotating film oven, and the residue after RTFOT was simulated with a pressure aging
instrument at 100 ◦C, 2.1 MPa and 20 h. The test methods were referred to as AASHTO T
240 and AASHTO R 28 [42,43].

3.6. Road Performance Test of Mixture
3.6.1. High Temperature Performance Test of Mixture

This paper uses a rutting test to determine the high-temperature stability of granite
asphalt mixes. The test specimen was prepared by the wheel rolling method with the size
of 300 mm × 300 mm × 50 mm granite asphalt mixture rutting plate. The test piece and the
mold were cooled at room temperature for 12 h and then placed in the oven at 60 ◦C for five
hours. The rutting plates were then rolled using a rutting tester with a wheel pressure size
of 0.7 ± 0.05 MPa and a travel speed of 42 ± 1 times/min. In the rutting test, the dynamic
stability DS is used to evaluate the high-temperature stability of the asphalt mixture with
the formula shown in Equation (12).

DS =
(t2 − t1)× N

d2 − d1
× C1 × C2 (12)

where DS donates asphalt mixture dynamic stability, times/mm; d1 donates t1 moment
rutting plate deformation, mm; d2 donates t2 moment rutting plate deformation, mm; C1
donates test machine correction factor, C1 = 1.5; C2 donates test correction coefficient, the
value is 1.0; N donates crushing speed, times/min.

3.6.2. Low Temperature Performance Test of Mixture

In this paper, the maximum bending strain of trabecular is used as an index to evaluate
the low-temperature performance of the asphalt mixture, the test temperature is −10 ◦C,
the specimen size is 250 mm × 30 mm × 35 mm, the test instrument is an MTS-810,
the middle point loading adopts the three-point bending damage loading mode, the
loading rate is 50 mm/min, and the bending tensile strength, maximum damage strain
and bending stiffness modulus are used to evaluate the low-temperature performance of
granite asphalt mixture.

3.6.3. Water Stability Test of Mixture

This section studies the effects of different anti-stripping agents on the water stability
of a granite asphalt mixture by a freeze-thaw splitting experiment. The specimens used in
the freeze-thaw splitting test were Marshall specimens compacted 50 times on both sides,
and the specimens were divided into two groups; one group of specimens was immersed in
a constant temperature water bath at 25 ◦C for 2 h to test the splitting strength and recorded
as R1, while the other group of Marshall specimens was immersed in a constant temperature
water bath at 25 ◦C for 2 h. The sample is then immersed in water and vacuumized for
15 min, then placed in an environmental chamber at −18 ◦ C for 16 h, and then placed in
a constant temperature water bath at 60 ◦ C for 24 h. The specimens were then put in a
constant temperature water bath at 25 ◦C for 2 h to test splitting strength, and recorded
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as R2. Their residual strength ratios f were calculated according to Equation (12) as an
evaluation index for the water stability of asphalt mixes.

R0 =
R2

R1
× 100% (13)

3.6.4. Mixture Aging Test

Due to the disadvantages of poor long-term stability of the anti-stripping agent, that
is, a good anti-stripping effect in the early stages, but serious water damage in the later
stage after a period of aging and degradation or loss of anti-stripping agent components,
the thermal oxygen aging method of granite asphalt mixture was used to evaluate the long-
term stability of granite asphalt mixtures. The aging phenomenon of asphalt mixtures is
one of the most important factors affecting the quality and life of asphalt pavement, thus it
is particularly important to fully consider the influence of aging factors in the performance
evaluation of asphalt and asphalt mixtures and to use accurate and reasonable aging
simulation test methods [2]. In this study, oven heating was used to simulate the aging of
the asphalt mixture, and the aging of asphalt mixtures was controlled by controlling the
oven temperature and heating time.

4. Results and Discussion
4.1. SFE Properties
4.1.1. SFE Components of Asphalt and Aggregate

To ensure the accuracy of the test, the contact angle data were re-measured if the
coefficient of variation CV of the test results exceeded 5% in the tests measuring the contact
angle θ. The test data are shown in Tables 9 and 10. The contact angle data were substituted
into Equation (6) and the matrix equation was solved to obtain the ΓA of the asphalt and
aggregate, the dispersion component ΓLW

A , and the polarity component ΓAB
A , as shown in

Figure 3.

Table 9. Asphalt contact angle (◦).

Test Liquid 70-A AJMA KHMA RAMA AJ/RAMA KH/RAMA

Formamide 74.87 68.17 71.39 69.87 66.48 68.97
Glycol 62.45 56.48 59.58 58.96 58.93 62.18

Distilled
water

88.56 78.18 86.40 83.06 73.85 76.50

Table 10. Aggregate contact angle (◦).

Test Liquid Granite Limestone Basalt

Formamide 52.50 44.83 40.41
Glycol 39.12 26.76 16.91

Distilled water 69.02 64.69 55.97

As shown in Figure 3a, compared with the matrix asphalt, the surface free energy of
all five groups of modified asphalt showed significant increases in AJMA (10.2%), KHMA
(32.0%), RAMA (35.4%), AJ/RAMA (39.5%), and KH/RAMA (50.3%), respectively. It can
be seen that both AJ-1 and KH5 can effectively enhance the surface energy of asphalt, but
the effect of AJ-1 was much smaller than that of KH5. Meanwhile, compared with the
surface energy fraction of the matrix asphalt, the polar fraction and dispersion fraction of
KHMA and AJMA was larger than that of the matrix asphalt, indicating that KH5 and AJ-1
increase the polar force and dispersion force between asphalt molecules, and the increase of
polar force was slightly larger than that of the dispersion force, primarily because the main
components of KH5 and AJ-1 contain a large number of organic functional groups, and the
functional groups can react with asphalt to produce a large number of polar chemical bonds.
The reaction between the functional groups and the asphalt molecules generates many
polar chemical bonds, effectively increasing the polar force between the asphalt molecules.



Coatings 2022, 12, 1954 13 of 23Coatings 2022, 12, x FOR PEER REVIEW 13 of 24 
 

 

70-A KHMA AJMA RAMA  KH/RAMA AJ/RAMA
0

5

10

15

20

25

30

35

SF
E

 C
om

po
ne

nt
s 

/ m
J/

m
2

 Total SFE
 Polar component
 Lifitz-van der Waal component

 Granite Limestone Basalt
0

10

20

30

40

50

SF
E

 C
om

po
ne

nt
s 

/ m
J/

m
2

 Total SFE
 Polar component
 Lifitz-van der Waal component

 
(a) (b) 
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Although the surface energies of KHMA and RAMA were quite similar, their surface
energy components were very different. The growth of the polar and dispersive components
of KHMA was fairly comparable to that of the matrix asphalt, but the increase of the
dispersive component of RAMA was much more than the polar component. This was
mostly due to the chemical similarities between matrix asphalt and rock asphalt and their
favorable compatibility. Moreover, rock asphalt contained many asphaltenes, metal ions
and mineral ions such as calcium carbonate, which made a great increase in the average
molecular weight of asphalt, thus making the asphalt molecular dispersion force enhanced.
Compared with RAMA, the increase of surface free energy of the composite-modified
asphalt was AJ/RAMA (3.0%) and KH/RAMA (11.1%), respectively. C The largest increase
in surface free energy of the composite modified asphalt is mainly due to the increase in
asphalt dispersion fraction.

It can be seen from Figure 3b that the surface energy of different aggregates differed
greatly, the dispersion components of the three aggregates were very close, and the dif-
ference in surface energy was mainly due to the different polar acid-base fractions of
the aggregates.

4.1.2. SFE Components of Asphalt and Aggregate

Cohesion work indicates that the amount of energy required for cohesive damage
of the asphalt material itself under strain, and the larger the cohesion work value, the
better the effect of its resistance to cohesive damage, and the more difficult it is for water
molecules to diffuse in the asphalt film. According to the definition of Gibbs free energy,
when the cohesion work of asphalt was positive in the absence of water, it indicated that the
cohesive destruction of asphalt requires the process of absorbing energy from the outside
world to be carried out. Consequently, the larger the value, the higher the adhesion and
cohesion strength.

From Figure 4, it can be seen that the cohesive work of KHMA and AJMA was
increased compared with the matrix asphalt, which indicated that both KH5 and AJ-1 can
effectively improve the cohesive strength of the matrix asphalt, which was mainly because
the organic functional groups inside KH5 and AJ-1 can chemically react with the carboxyl
groups in the asphalt molecules to form complexes, and the compounds inside KH5 and
AJ-1 have stronger polarity, which can form hydrogen bonds with nitrogen-containing
groups and oxygen-containing groups in asphalt, thus enhancing the cohesive strength
between asphalt molecules [4]. The cohesive work of KHMA was greater than that of
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AJMA compared with KHMA, indicating that silane coupling agent KH5 enhanced the
cohesive strength of asphalt due to the aliphatic amine anti-stripping agent AJ-1.
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Compared with matrix asphalt, the cohesion work of RAMA was improved, indicating
that rock asphalt can effectively improve the cohesion strength of matrix asphalt, mainly
because rock asphalt contains more asphaltenes, mineral ions and metal ions. It decreased
the intermolecular gaps inside the asphalt and increased the cohesive strength, reduced the
generation of microcracks inside the asphalt and reduced the degree of diffusion of water
molecules in the asphalt, thus improving the cohesive strength of the asphalt. Compared
with RAMA, the cohesive work of KH/RAMA had increased significantly, while the
increase of AJ/RAMA cohesion work was small. It is evident that the beneficial effect
created by the composite superposition of rock asphalt and silane coupling agent was more
obvious. This was primarily because the organic functional groups in the silane coupling
agent can cross-link and polymerize with the reactive groups in rock asphalt (carboxyl,
carbonyl, aldehyde, naphthalene, etc.) to form macromolecular functional groups, which
greatly increased the dispersive and polar forces of RAMA [21].

Adhesion work is characterized by the amount of energy released to the external
environment when asphalt and aggregate produced a unit area of the asphalt-aggregate
interface. The greater the adhesion work, the greater the energy required for stripping off
the interface between asphalt and aggregate, and the greater the adhesion strength between
asphalt and aggregate. The spalling work indicated shows that the greater the absolute
value of the energy released by moisture displacement at the structure-asphalt-aggregate
interface of asphalt, the more easily the asphalt is replaced by water molecules and the
more easily the asphalt mixture is destroyed by moisture.

From Figure 5, it can be seen that from the adhesion performance of granite and
asphalt, KHMA and AJMA adhesion work was larger than that of matrix asphalt, and
stripping work was smaller than that of matrix asphalt, which meant that both KH5 and
AJ-1 can effectively improve the adhesion strength of asphalt and granite aggregates. This
is mainly because the amine anti-stripping agent contains many organic functional groups
with strong polarity, which makes the non-polar part of asphalt molecules point to the
inside after mixing with matrix asphalt evenly, which improves the polarity of the asphalt
surface layer and increases the wettability of asphalt to granite aggregates. At the same
time, KHMA adhesion work is greater than AJMA, and KHMA stripping work is less
than AJMA, indicating that KH5 has a better effect than AJ-1 in improving the adhesion
performance of asphalt and granite aggregates.
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The adhesion and spalling work of RAMA and granite aggregate are greater than
that of matrix bitumen, indicating that rock asphalt can enhance the water stability of the
asphalt mixture. The reason is that rock asphalt can enhance the dispersion component of
asphalt, increase the intermolecular force between asphalt and aggregate, and at the same
time, rock asphalt contains metal ions and nitrogen oxide, functional groups, to increase
the polarity of the asphalt surface, thereby increasing the adhesion between asphalt and
granite. Compared with RAMA, KH/RAMA and AJ/RAMA showed a slight increase in
adhesion work and a significant decrease in stripping work. It can be seen that both amine
anti-stripping agents can improve the water stability of RAMA.

By comparing the adhesion properties of limestone, basalt and matrix asphalt, it can
be seen that the adhesion properties of AJMA and granite are smaller than those of matrix
asphalt and basalt, and the adhesion properties of KHMA and RAMA are larger than those
of matrix asphalt and basalt, but lower than those of matrix asphalt and limestone. It can
be seen that the adhesion properties of single anti-stripping agent modified asphalt and
granite are smaller than those of matrix asphalt and limestone. The fundamental reason
why composite-modified asphalt KH/RAMA, AJ/RAMA, and granite adhere better than
matrix asphalt and limestone is that the amine anti-stripping agent enhances the polar
component of RAMA and noticeably improves RAMA and granite aggregate wettability.

4.1.3. Energy Ratios Analysis

According to Equation (11), the water stability between asphalt and aggregate is
calculated, and the improvement effect of different anti-stripping agents on the adhesion
performance of asphalt and granite was quantitatively analyzed, as shown in Figure 6.

It can be seen from the above figure that compared with the matrix asphalt-granite
aggregate, the water stability of modified asphalt and granite aggregate improved AJMA
(3.84%), KHMA (32.24%), RAMA (29.18%), AJ/RAMA (48.02%) and KH/RAMA (57.71%),
respectively. It is evident that the aliphatic amine anti-stripping agent AJ-1 has little effect
on the improvement of asphalt-granite aggregate adhesion, while KH5 and Qingchuan
rock asphalt can significantly improve the water stability of the granite asphalt mixture.
Furthermore, the improvement effect of rock asphalt is weaker than KH5, which is mainly
due to the fact that KH5 can more effectively increase the polar fraction of asphalt, allowing
asphalt to more effectively wet the surface of the granite. The composite modified asphalt
AJ/RAMA and KH/RAMA have the greatest improvement effect on water stability. This
is primarily because KH5 and AJ-1 enhance the polar fraction of RAMA, which increases
RAMA’s capacity to boost the water stability of granite asphalt mixtures. The adhesion
performance of a single anti-stripping agent modified asphalt and granite aggregate is less
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than the water stability of a matrix asphalt-limestone aggregate system, and the adhesion
performance of a composite modified asphalt and granite aggregate is marginally better
than that of a limestone asphalt mixture when compared to matrix asphalt-limestone
aggregate and matrix asphalt-basalt aggregate.
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4.2. Rheological Properties of Asphalt
4.2.1. Multiple Stress Creep Recovery Test Results

In this paper, we chose 58 ◦C as the test temperature to conduct multiple stress creep
recovery tests on the original asphalt, asphalt after short-term aging (RTFOT), and asphalt
after long-term aging (PAV), to obtain the non-recoverable creep flexibility and creep
recovery rate. We compared these with the original asphalt to analyze the effect of aging
on asphalt creep recovery characteristics with the test results shown in Figures 7 and 8.
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Figure 8. 3.2 kPa stress: (a) Irrecoverable creep compliance; (b) Creep recovery rate. 

It can be seen from the figure that as the asphalt aging deepens, the irrecoverable 
creep elasticity of asphalt decreases and the creep recovery rate increases. This is mainly 
due to the change in the ratio of viscoelastic components after asphalt aging, and the vis-
cous component decreases while the elastic component increases, and the elastic mechan-
ical response characteristics of asphalt gradually increase with the increase of asphalt ag-
ing. The main cause of this is the oxidation of some asphalt material constituents during 
the aging process, which results in the formation of macromolecular strong polar func-
tional groups, an increase in the van der Waals force between molecules, and the phenom-
enon of agglomeration and association between molecules. From the microscopic point of 
view, the network structure formed by asphaltene is enhanced, and the free volume be-
tween molecules is reduced; From the macro point of view, the stiffness modulus of as-
phalt material becomes larger as it hardens. The Jnr of asphalt after short-term aging de-
creases by more than 50%, and the Jnr of asphalt after long-term aging decreases by more 
than 80%. Among them, RAMA decreases much more than the other five modified as-
phalts, and its irrecoverable creep flexibility decreases to 30% of the irrecoverable creep 
flexibility of the original asphalt after short-term aging, and its irrecoverable creep flexi-
bility tends to 0 after long-term aging, which is close to the elastic solid. The remaining 
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It can be seen from the figure that as the asphalt aging deepens, the irrecoverable creep
elasticity of asphalt decreases and the creep recovery rate increases. This is mainly due
to the change in the ratio of viscoelastic components after asphalt aging, and the viscous
component decreases while the elastic component increases, and the elastic mechanical
response characteristics of asphalt gradually increase with the increase of asphalt aging.
The main cause of this is the oxidation of some asphalt material constituents during the
aging process, which results in the formation of macromolecular strong polar functional
groups, an increase in the van der Waals force between molecules, and the phenomenon of
agglomeration and association between molecules. From the microscopic point of view,
the network structure formed by asphaltene is enhanced, and the free volume between
molecules is reduced; From the macro point of view, the stiffness modulus of asphalt
material becomes larger as it hardens. The Jnr of asphalt after short-term aging decreases
by more than 50%, and the Jnr of asphalt after long-term aging decreases by more than 80%.
Among them, RAMA decreases much more than the other five modified asphalts, and its
irrecoverable creep flexibility decreases to 30% of the irrecoverable creep flexibility of the
original asphalt after short-term aging, and its irrecoverable creep flexibility tends to 0 after
long-term aging, which is close to the elastic solid. The remaining five groups of asphalt
had approximately the same rate of change of irrecoverable flexibility. Among them the
irrecoverable creep flexibility of KHMA and AJMA is very close to that of the matrix asphalt
after long-term aging, indicating that some KH5 and AJ-1 in the asphalt decompose and fail
after long-term aging. The irrecoverable flexibility of composite-modified asphalt gradually
decreases with the deepening of the aging degree, and the irrecoverable creep flexibility of
composite-modified bitumen and rock asphalt-modified asphalt after long-term aging is
close to 0.

4.2.2. Rheological Test Results of the Bending Beam

In order to study the effect of six groups of asphalt in thermal oxygen aging on the low
temperature creep performance of asphalt, this paper conducted bending beam rheological
tests on the original sample asphalt, short-term aging (RTFOT) after asphalt, long-term
aging (PAV) after asphalt in the low-temperature environment at −12 °C, and the test
results are shown in Figure 9.
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Figure 9. (a) Stiffness Modulus; (b) Creep Rate. 

From Figure 9, as the degree of aging increases, the asphalt stiffness modulus in-
creases and the creep rate decreases, indicating that the low-temperature crack resistance 
of asphalt decreases. This is mainly due to the thermal decomposition and volatilization 
of the light components with viscous properties inside the asphalt material during the 
thermal oxygen aging process. Asphalt components with elasticity at low temperatures 
react with oxygen in the air to form strong polar groups, thus increasing the intermolecu-
lar frictional resistance. Macroscopically, the stiffness of asphalt increases and the defor-
mation ability decreases, which weakens the deformation ability of asphalt at low tem-
peratures and increases the risk of asphalt cracking. After comparison, RAMA has the 
highest stiffness modulus and the lowest creep rate under different aging degrees. As the 
aging level deepens, the difference between the test results and the matrix asphalt gradu-
ally increases, which shows that the use of rock asphalt modified asphalt alone not only 
significantly reduces the low temperature performance of asphalt, but also increases the 
aging of asphalt. With the deepening of the aging degree, the KHMA stiffness modulus 
and creep rate values are getting closer to the matrix bitumen, indicating that aging will 
gradually decompose and fail KH5. At the same time, the low-temperature performance 
of AJMA is still much greater than that of matrix asphalt after long-term aging, indicating 
that the viscous components in AJ-1 have certain aging resistance. The changes in low-
temperature cracking resistance of the two groups of composite-modified asphalt after 
aging are significantly different. While the low-temperature performance of KH/RAMA 
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From Figure 9, as the degree of aging increases, the asphalt stiffness modulus increases
and the creep rate decreases, indicating that the low-temperature crack resistance of asphalt
decreases. This is mainly due to the thermal decomposition and volatilization of the light
components with viscous properties inside the asphalt material during the thermal oxygen
aging process. Asphalt components with elasticity at low temperatures react with oxygen in
the air to form strong polar groups, thus increasing the intermolecular frictional resistance.
Macroscopically, the stiffness of asphalt increases and the deformation ability decreases,
which weakens the deformation ability of asphalt at low temperatures and increases the
risk of asphalt cracking. After comparison, RAMA has the highest stiffness modulus
and the lowest creep rate under different aging degrees. As the aging level deepens, the
difference between the test results and the matrix asphalt gradually increases, which shows
that the use of rock asphalt modified asphalt alone not only significantly reduces the low
temperature performance of asphalt, but also increases the aging of asphalt. With the
deepening of the aging degree, the KHMA stiffness modulus and creep rate values are
getting closer to the matrix bitumen, indicating that aging will gradually decompose and
fail KH5. At the same time, the low-temperature performance of AJMA is still much greater
than that of matrix asphalt after long-term aging, indicating that the viscous components in
AJ-1 have certain aging resistance. The changes in low-temperature cracking resistance of
the two groups of composite-modified asphalt after aging are significantly different. While
the low-temperature performance of KH/RAMA significantly declines after aging and is
lower than that of the matrix asphalt after long-term aging, its low-temperature cracking
resistance moves closer to that of RAMA as the aging degree deepens. In contrast, the
low-temperature performance of AJ/RAMA decreases after long-term aging but is still
higher than that of the matrix asphalt after long-term aging.

4.3. Road Performance of Asphalt Mixture
4.3.1. High-Temperature Rutting Resistance

According to the “Test Regulations for Asphalt and Asphalt Mixtures for Highway
Engineering” (JTG E20-2011) [36], seven groups of granite asphalt mixtures were tested for
high-temperature rutting, and the test results are shown in Figure 10.



Coatings 2022, 12, 1954 19 of 23

Coatings 2022, 12, x FOR PEER REVIEW 19 of 24 
 

 

significantly declines after aging and is lower than that of the matrix asphalt after long-
term aging, its low-temperature cracking resistance moves closer to that of RAMA as the 
aging degree deepens. In contrast, the low-temperature performance of AJ/RAMA de-
creases after long-term aging but is still higher than that of the matrix asphalt after long-
term aging. 

4.3. Road Performance of Asphalt Mixture 
4.3.1. High-Temperature Rutting Resistance 

According to the “Test Regulations for Asphalt and Asphalt Mixtures for Highway 
Engineering” (JTG E20-2011) [36], seven groups of granite asphalt mixtures were tested 
for high-temperature rutting, and the test results are shown in Figure 10. 

M1 M2 M3 M4 M5 M6
0

1000

2000

3000

4000

5000

D
yn

am
ic

 s
ta

bi
li

ty
 / 

ti
m

e 
∙ m

m
-1
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From Figure 10, the dynamic stability of granite asphalt mixes in all six groups is
greater than 2800 times/mm, which meets the requirements of highway asphalt pavement
construction specifications for the high-temperature performance of asphalt mixes. When
compared to M1, M3’s dynamic stability declined, showing that the amine anti-stripping
agent AJ-1 had a negative impact on the granite asphalt mixture’s high-temperature stability.
This is mainly because the amine anti-stripping agent contains more light components such
as oil, which reduces the elastic component ratio of the asphalt mixture. The irreversible
deformation rises when the combination is exposed to external stress, which reduces the
granite asphalt mixture’s high-temperature stability. The dynamic stability of both M2
and M4 was improved compared with M1, indicating that the silane coupling agent and
glauconite asphalt enhanced the deformation resistance of the granite asphalt mixture
under a high-temperature environment. This is mainly because the silane coupling agent
can establish a “molecular bridge” with special functions between inorganic stone and
organic polymer asphalt, forming an interface layer between stone and asphalt, and the
interface layer can transmit stress, thereby enhancing the deformation resistance of the
asphalt mixture. The chemical formula of Qingchuan rock asphalt is similar to that of
matrix asphalt, and there is good compatibility between them. Therefore, when Qingchuan
rock asphalt is added to the matrix asphalt, the asphaltene in Qingchuan rock asphalt
is cross-linked with the macromolecular group of the matrix asphalt, which increases
the strength of the asphalt molecular network structure and reduces the intermolecular
voids, thereby significantly increasing the high-temperature stability of the granite asphalt
mixture. M5 has the highest dynamic stability, indicating that the composite superposition
of rock asphalt and silane coupling agent has a positive effect. The dynamic stability of M6
is slightly lower than that of M4. The oil molecules in AJ-1 reduce the high-temperature
stability of RAMA.

4.3.2. Low-Temperature Crack Resistance

Figure 11 shows that KH5 and AJ-1 improved the low temperature deformation
capacity and the stress relaxation capacity of granite. This is mainly due to KH5 and AJ-1
increasing the viscous component in the matrix asphalt, increasing the flexible deformation
capacity of asphalt at low temperatures, thereby reducing the risk of low-temperature
cracking of the granite asphalt mixture. The maximum bending strain of the beam is
significantly lower in M4 compared to M1, indicating that the addition of rock asphalt
makes the asphalt mixture harder and reduces its ability to deform at low temperatures.
This is mainly due to a large amount of asphaltene in the Qingchuan rock asphalt, and the
addition of Qingchuan rock asphalt increases the proportion of the elastic component of
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the matrix asphalt. Compared with MA, M5 and M6 have significantly higher maximum
bending and tensile strains, and the maximum bending and tensile strains of M5 and M6 are
higher than those of M1, indicating that KH5 and AJ-1 can make up for the low-temperature
performance degradation of granite asphalt mixes caused by Qingchuan rock asphalt.
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4.3.3. Water Stability Evaluation

To better understand the durability of different anti-stripping measures, freeze-thaw
cycle tests were conducted on the asphalt mixture before and after aging in this paper, and
the test results are shown in Figure 12.

Coatings 2022, 12, x FOR PEER REVIEW 21 of 24 
 

 

M1 M2 M3 M4 M5 M6
0

20

40

60

80

100

T
S
R

 / 
%

 Before aging
 After aging

 
Figure 12. AC-13 granite asphalt mixture TSR before and after aging. 

Figure 12 shows that the granite asphalt mixture without the addition of an anti-
stripping agent has the lowest freeze-thaw splitting strength, falling short of the required 
freeze-thaw splitting strength of TSR > 75%. This indicates that the water stability of gran-
ite asphalt mixture without anti-stripping treatment is insufficient and that it is easy to 
produce water damage, which is mainly due to more SiO2 content in the granite aggregate, 
the aggregate surface with more anions, due to the strong polarity of water molecules, so 
the cations in the water molecules can be combined with the anions on the surface of the 
aggregate in the form of hydrogen bonding. The adsorption of granite aggregate and as-
phalt mainly depends on the intermolecular dispersion force, so when moisture invades 
the granite aggregate-asphalt interface, the structural asphalt adsorbed on the surface of 
the aggregate can be replaced by water molecules causing the spalling of the asphalt film, 
resulting in insufficient water stability of the granite asphalt mixture. 

Compared with M1, the freeze-thaw splitting strength of M2 and M3 increased 
slightly. KH5 and AJ-1 can effectively improve the water stability of the granite asphalt 
mixture. At the same time, the freeze-thaw splitting strength of M2 is greater than that of 
M3, indicating that the effect of KH5 is better than that of AJ-1. Compared with M1, the 
freeze-thaw splitting strength of M4 was significantly improved, indicating that rock as-
phalt can significantly improve the water stability of granite asphalt mixture, which is 
mainly because rock asphalt can enhance the asphaltene mesh structure in the matrix as-
phalt, thus enhancing the cohesive strength of asphalt. On the other hand, rock asphalt 
contains nitrogen-based functional groups, which can enhance the polarity of asphalt and 
increase the adhesion strength of asphalt and granite aggregates. 

The TSR of the six groups of granite asphalt mixes had different degrees of reduction 
after long-term aging, and there were some differences in the changes of residual stability 
after long-term thermal-oxidative aging. The greatest reduction was observed for the ma-
trix asphalt. It can be seen that the adhesion of the matrix asphalt without an anti-stripping 
agent to granite aggregate decreased significantly after aging, and the asphalt was more 
easily replaced by water molecules under pressure. It can be seen that the residual stability 
of Qingchuan rock asphalt added is significantly greater than the residual stability of other 
anti-stripping agents, indicating that the aging resistance of Qingchuan rock asphalt is 
strong and is primarily due to the presence of nitrogen. After long-term aging, the residual 
stability of M2 and M3 does not meet the requirements of the specification greater than 
85%, and the residual stability of M4, M5, and M6 is greater than 85%. Moreover, rock 
asphalt has undergone long-term oxidation and condensation in the natural environment, 
its oxidation resistance is enhanced, and its properties are very stable, thereby greatly im-
proving the durability of modified asphalt. The residual stability of M5 and M6 is the 
highest after aging, and the residual stability of composite modifiers is significantly higher 
than that of a single anti-stripping agent. 

Figure 12. AC-13 granite asphalt mixture TSR before and after aging.

Figure 12 shows that the granite asphalt mixture without the addition of an anti-
stripping agent has the lowest freeze-thaw splitting strength, falling short of the required
freeze-thaw splitting strength of TSR > 75%. This indicates that the water stability of
granite asphalt mixture without anti-stripping treatment is insufficient and that it is easy to
produce water damage, which is mainly due to more SiO2 content in the granite aggregate,
the aggregate surface with more anions, due to the strong polarity of water molecules,
so the cations in the water molecules can be combined with the anions on the surface of
the aggregate in the form of hydrogen bonding. The adsorption of granite aggregate and
asphalt mainly depends on the intermolecular dispersion force, so when moisture invades
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the granite aggregate-asphalt interface, the structural asphalt adsorbed on the surface of
the aggregate can be replaced by water molecules causing the spalling of the asphalt film,
resulting in insufficient water stability of the granite asphalt mixture.

Compared with M1, the freeze-thaw splitting strength of M2 and M3 increased slightly.
KH5 and AJ-1 can effectively improve the water stability of the granite asphalt mixture.
At the same time, the freeze-thaw splitting strength of M2 is greater than that of M3,
indicating that the effect of KH5 is better than that of AJ-1. Compared with M1, the freeze-
thaw splitting strength of M4 was significantly improved, indicating that rock asphalt
can significantly improve the water stability of granite asphalt mixture, which is mainly
because rock asphalt can enhance the asphaltene mesh structure in the matrix asphalt,
thus enhancing the cohesive strength of asphalt. On the other hand, rock asphalt contains
nitrogen-based functional groups, which can enhance the polarity of asphalt and increase
the adhesion strength of asphalt and granite aggregates.

The TSR of the six groups of granite asphalt mixes had different degrees of reduction
after long-term aging, and there were some differences in the changes of residual stability
after long-term thermal-oxidative aging. The greatest reduction was observed for the matrix
asphalt. It can be seen that the adhesion of the matrix asphalt without an anti-stripping
agent to granite aggregate decreased significantly after aging, and the asphalt was more
easily replaced by water molecules under pressure. It can be seen that the residual stability
of Qingchuan rock asphalt added is significantly greater than the residual stability of other
anti-stripping agents, indicating that the aging resistance of Qingchuan rock asphalt is
strong and is primarily due to the presence of nitrogen. After long-term aging, the residual
stability of M2 and M3 does not meet the requirements of the specification greater than
85%, and the residual stability of M4, M5, and M6 is greater than 85%. Moreover, rock
asphalt has undergone long-term oxidation and condensation in the natural environment,
its oxidation resistance is enhanced, and its properties are very stable, thereby greatly
improving the durability of modified asphalt. The residual stability of M5 and M6 is the
highest after aging, and the residual stability of composite modifiers is significantly higher
than that of a single anti-stripping agent.

5. Conclusions

In this study, the evaluation of different anti-stripping agents to improve the adhesion
between granite and asphalt was investigated. For this purpose, surface energy theory,
rheological tests and a mixture of road performance tests were designed and validated for
anti-stripping agent improvement. The results of the research are summarized as follows:

1. The cohesive strength of asphalt may be increased using Qingchuan rock asphalt, KH5,
and AJ-1, although rock asphalt and KH5 were superior to AJ-1. Qingchuan rock
asphalt, KH5 and AJ-1 can effectively improve the adhesion work between asphalt and
the granite aggregate, while KH/RAMA and AJ/RAMA had a more obvious effect on
improving the adhesion performance;

2. Based on the calculation of the adhesion work and spalling work between asphalt and
granite aggregates, the adhesion properties of modified asphalt and granite prepared by
a single anti-stripping agent were less than those of matrix asphalt and limestone. The
adhesion properties of modified asphalt KH/RAMA, AJ/RAMA and granite prepared
by the composite anti-stripping agent were slightly higher than those of matrix asphalt
and limestone;

3. Qingchuan rock asphalt can improve the high-temperature rheological performance of
asphalt, and the addition of KH5 and AJ-1 can make up for the lack of low-temperature
performance of Qingchuan rock bitumen. KH5 and AJ-1 were prone to decomposition
failure under the action of hot oxygen aging, while Qingchuan rock asphalt had good
aging resistance, and the composite blending had the best anti-aging performance;

4. The use of an anti-stripping agent improved the water stability and durability of the
granite asphalt mixture, as shown by the results of the freeze-thaw splitting test used
to compare the granite asphalt mixture before and after the application of the anti-
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stripping agent. The improvement effect was KH/RAMA and AJ/RAMA > RAMA >
KHMA > AJMA;

5. The low-temperature performance of the granite asphalt mixture was lower than the
design specification after adding rock asphalt. The lack of low temperature performance
may be compensated for by the addition of KH5 and AJ-1. The improvement effect of
KH5 on the road performance of the granite asphalt mixture was better than that of the
aliphatic amine anti-stripping agent AJ-1.
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