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This Special Issue is devoted to research on asphalt pavement materials, including
asphalt binders, asphalt mixtures and recycled asphalt pavement (RAP). It called for
outstanding papers on asphalt pavement recycling materials and new asphalt pavement
materials to expand the current understanding of asphalt pavement materials.

Asphalt binder plays very important role in the asphalt mixture. It binds the granular
aggregate together and provides the material with strength, meaning that the performance
of the asphalt mixture largely depends on the technical performance of the asphalt binder.
With respect to the asphalt binder, it is difficult for the performance of conventional
petroleum asphalt to meet the requirements of new pavements. Therefore, the modification
of the asphalt binder is suggested to improve the performance of the asphalt binder and
asphalt mixture [1,2]. With respect to the asphalt mixture, the main efforts are directed
toward the strength of the mixture, with the primary aim of reducing the waste of resources,
improving the performance of asphalt materials and reducing the economic pressure on
the RAP. A short review of the papers in this Special Issue follows.

Current asphalt pavements have large and complex axle loads, and the performance
of asphalt pavements deteriorates rapidly with age. However, the performance of asphalt
binders can be significantly improved with the use of asphalt modifiers. The asphalt
modifier can be a solid waste, such as crumb rubber (CR), or a rock asphalt, such as Bourdon
rock asphalt (BRA). Currently, the uncertainty of CR’s swelling mechanism in asphalt limits
the application of crumb rubber modified bitumen (CRMB) in the road field. To overcome
this limitation, a comprehensive study was carried out on CRMB, swelling rubber in CRMB
(SCR) and recycled asphalt after CR action (CRRB) [3]. It was noted that CR can improve
the high-temperature performance, ultra-low-temperature cracking resistance, storage
stability and elastic recovery of an asphalt binder. The decrease in the relative content of
light components in asphalt binder improved the high-temperature performance of CRRB
and worsened its low-temperature performance. The swelling reaction led to an increase in
the volume of the CR. Additionally, the CR’s microscopic surface became more complex,
the small molecule content was significantly higher and the generation of C=C bonds led to
an increase in the toughness of the crumb rubber. A Bourdon rock asphalt modified asphalt
mixture (BRA-MAM) demonstrates excellent high-temperature performance and moisture
damage resistance, reducing the dependence on petroleum asphalt for conventional asphalt
pavements. The segregation problem of the BRA in a Bourdon rock asphalt modified
asphalt mixture (BRA-MA) has attracted a great deal of scholarly attention. A study of
the physical performance and storage stability of BRA-MA by particle size and content
of BRA is reported in this Special Issue [4]. Through simulating the separation process
of BRA-MA, the viscosity and high-temperature stability of BRA-MA were negatively
correlated with the particle size of BRA and positively correlated with its dosage. The
degree of separation of the BRA-MA was positively correlated with the particle size, dosage,
storage temperature and storage time of the BRA. Less common asphalt modifiers include
the mussel-like adhesive L-Dopa methacrylic anhydride (L-DMA), which reacts with
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asphalt through physical reactions. The main physical reactions of L-DMA are hydrogen
bonding, aromatic ring conjugation, the conjugation of benzene rings and the conversion
of catechol to quinone and semi-quinone at high temperatures [5]. Among these reactions,
the adhesion of modified asphalt was improved mainly through a hydrogen bond and
aromatic ring conjugation, and its high-temperature performance was improved mainly
through a hydrogen bond, benzene ring conjugation and catechol. L-DMA can improve
the rutting coefficient, creep recovery rate and compound modulus of an asphalt binder.
When the dosage of L-DMA is higher than 10%, the low-temperature rutting performance
of the asphalt can be improved to some extent.

In addition, asphalt aging is an important research problem with respect to asphalt
performance. Heat, ultraviolet radiation, moisture and other external factors can have
effects on an asphalt binder, leading to its aging. An aged asphalt mixture demonstrates
poor performance and a short life. Herein, thermal oxygen aging, ultraviolet aging, and
still-water erosion tests were conducted to investigate the aging mechanism of asphalt
under various aging conditions such as high temperature, ultraviolet radiation, and an
aqueous solution, respectively [6]. High temperature and UV composite conditions had
a positive impact on the high-temperature stability of asphalt, but their impact on low-
temperature cracking resistance was negative. At the same time, ultraviolet rays had a
greater impact on the physical and chemical performance of an asphalt binder than water.
The mechanism of the thermal-oxidative aging of asphalt was the increase in saturated
hydrocarbons and aromatic ring substances and the rapid generation of polar components.
The influence of ultraviolet radiation on the physical and chemical performance of asphalt
decreases with the deepening of aging. It is exciting that this provides a research idea
for asphalt regeneration. On asphalt, when the aging effects of heat, ultraviolet rays and
water occur in the positive direction, the performance of the asphalt can be restored from
the reverse direction; that is, to supplement the components lost due to aging, achieve
asphalt regeneration and achieve the reuse of the asphalt pavement materials. As steel
slag powder (SSP) can be used as a substitute for a natural aggregate in asphalt mixtures,
the application of steel slag to asphalt roads can alleviate the incongruous situation of the
annual production and utilization of steel slag. Research on SSP as a substitute for natural
mineral powder in an asphalt mixture has also been carried out in which the anti-aging
performance of steel slag asphalt mortar (SSP-MAM) was the focus of the research. The
thermal oxidation and UV aging performance of SSP-AM can be achieved through the use
of antioxidants and UV absorbers to prepare active composite modified asphalt mortar
(SSP-MAM) [7]. In SSP-MAM, antioxidants capture the free radicals generated by light and
thermal oxygen while ultraviolet absorbers convert ultraviolet rays into heat, improving
their thermal oxidation and ultraviolet aging performance.

The purpose of designing a high-performance asphalt binder is to improve the per-
formance of asphalt mixture and ultimately apply it to asphalt pavement to improve the
performance and service life of the asphalt pavement. The research in this Special Issue
indicates that improving the interaction between the asphalt masterbatch and aggregate
can extend the durability of pavement, thereby improving its overall performance [8]. The
current axle load environment and traffic requirements of automobiles require asphalt
mixtures to have early strength, rutting resistance, and self-compacting performance. A
new type of cement emulsified bitumen mixture (CEBM) demonstrates excellent rutting re-
sistance, water stability, and dynamic stability which meet the corresponding requirements
well [9]. The research on the strength formation mechanism, mechanical performance,
and road performance of CEBM showed that the presence of water had a small impact on
the adhesion between emulsified asphalt and aggregates and had a positive effect on the
processability of the CEBM. In CEBM, the hydration products of cement form a skeleton in
the aggregate, jointly establishing a spatial network structure with the original adhesion
of the asphalt and ensuring the high strength of the CEBM. To ensure that the Marshall
stability of the CEBM met the specifications, the curing time of the CEBM was required
to be higher than 6 h, and the recommended dosage of emulsified asphalt and cement
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in CEBM was determined. The performance of asphalt mixtures is affected by various
factors, one of which is aggregate gradation (AG). Through the coarse aggregate vibration
compaction test, Marshall compaction test, and wheel tracking test of mixtures with differ-
ent gradings, the effects of AG on the rutting performance (RP) and volume parameters
(VPs) of an asphalt mixture were studied [10]. AG has a high impact on the RP and VPs of
asphalt mixtures. To achieve a high bone density of asphalt mixtures, the fine and coarse
aggregate boundary sieve (BS) should be 2.36 mm, and there should also be an appropriate
BS pass rate. This Special Issue also introduces a phosphogypsum-based filler asphalt
mixture, which is formed by coupling phosphogypsum with steel slag powder to form
phosphogypsum-based filler (PF). When the proportion of phosphogypsum in the steel
slag powder was 23%, a PF asphalt mortar (P-AM) achieved the best performance, and the
PF had a positive effect on the high-temperature performance and water stability of the
asphalt mixture [11].

The research on asphalt mixture cannot remain only at the laboratory level: on-site
research is also necessary. The final on-site construction conditions are the last link that
determines the performance of the new asphalt mixture pavement. The uncontrollable
temperature problem during the construction of asphalt pavement is one of the causes
of asphalt pavement damage. Here is a report on the pavement performance and service
life issues caused by temperature segregation during paving with asphalt pavement [12].
Through the use of unmanned aerial vehicle infrared thermal imaging technology to
collect the temperature distribution of an asphalt mixture pavement construction site
and by simulating on-site pavement conditions in the laboratory, it was concluded that
the prediction results for the performance of asphalt mixture pavement obtained using
unmanned aerial vehicle infrared thermal imaging technology have a high accuracy, and the
relationship between the melt temperature, high-temperature stability and water stability
of asphalt mixture was determined.

When the asphalt mixture reaches its service life, its road performance fails. At
the same time, it is necessary to recover the asphalt pavement material. The recycling
of recycled asphalt pavement materials is proposed to realize the resource utilization of
recycled asphalt pavement materials, mostly including recycled asphalt and binder recycled
asphalt mixture (RAM). To overcome the limitation of a single light oil regenerator on
the performance of recycled asphalt, a composite regenerator made of tung oil, dioctyl
phthalate (DOP), C9 petroleum resin and organic montmorillonite (OMMT) was used to
regenerate aged asphalt [13]. The optimum ratio of the tung oil composite regenerate
is tung oil: DOP: C9 petroleum resin: OMMT = 25:5:2:3. An asphalt regenerate at this
ratio can promote the anti-aging performance of recycled asphalt and the dispersion and
dissolution of polar substances, and the structure and morphology of aged asphalt can also
be restored. During the process of regenerating aged asphalt with a tung oil composite
regenerate, the macromolecules in the asphalt are destroyed and transformed into small
molecules. The road performance of steel slag recycled asphalt mixture (SSRAM) and
basalt recycled asphalt mixture (BRAM) has received attention [14]. Compared to RAM,
SSRAM demonstrates better fatigue resistance, skid resistance, high- and low-temperature
performance, and water stability, as well as excellent durability in high-temperature and
water environments. SSRAM had better rutting resistance, fatigue performance, and
low-temperature cracking resistance than BRAM.

Of course, the outstanding research in this Special Issue is not the end point of asphalt
mixture research. There are still some limitations in the research process, such as the high-
cost preparation of L-DMA, which limits its application in optimizing asphalt performance.
In the future, new SSP-MAM anti-aging agent substitutes are needed to reduce the economic
pressure caused by the extensive use of ultraviolet absorbers and antioxidants, and the
engineering implementation and energy consumption of SSRAM must be studied in the
future. These should not become frustrating issues. In the future, after breakthroughs
in key issues in the continuous, pioneering research on asphalt mixtures, perhaps road
scholars will find pleasure.
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Abstract: The single light oil regenerating agent has certain limitations on the performance recovery
of aged asphalt. In this study, tung oil, dioctyl phthalate (DOP), C9 petroleum resin, and organic
montmorillonite (OMMT) were used to prepare the composite regenerating agent, and its optimal
mix proportion was determined by the orthogonal experimental design. The rheological properties
and anti-aging performance of reclaimed asphalt were studied by the dynamic shear rheometer
(DSR) and bending beam rheometer (BBR); and the Fourier transform infrared (FTIR) spectrometer,
gel permeation chromatography (GPC), and scanning electron microscope (SEM) were adopted
to explore its microstructure, morphology, and mechanism of action. The results show that with
the addition of tung oil composite regenerating agent, the rheological properties of aged asphalt
can be effectively recovered, even better than that of base asphalt. By using the complex modulus
aging index (CMAI) and phase angle aging index (PMAI) it is found that the anti-aging performance
of reclaimed asphalt is better than that of base asphalt. With the optimal content of the tung oil
composite regenerating agent, the contents of characteristic functional groups and macromolecular
asphaltenes in the aged asphalt can be reduced, indicating that the composite regenerating agent
is beneficial to the dispersion and dissolution of polar substances in the aged asphalt. After aging,
a large number of wrinkles appear on the surface of the asphalt. However, the addition of the
tung oil composite regenerating agent can make the asphalt surface smooth, which indicates that
the tung oil composite regenerating agent can restore the microstructure and morphology of aged
asphalt to a certain extent.

Keywords: tung oil composite regenerating agent; aged asphalt; reclaimed asphalt; rheological
properties; microstructure and morphology

1. Introduction

With the rapid development of road construction in China, asphalt pavement is widely
used due to its excellent road performance. However, under the comprehensive action
of various factors, such as a complex traffic environment and driving load, the aging
phenomena of asphalt materials inevitably appear, which weakens the adhesion, aging
resistance, low-temperature crack resistance, and other properties of asphalt pavement,
eventually producing a large amount reclaimed asphalt pavement (RAP) [1,2]. By rationally
treating a large number of old materials, the shortage of raw asphalts can be alleviated
and an economical and environmentally friendly society with green transportation can be
realized. Therefore, much attention has been paid to the recycling technology of reclaimed
asphalt mixtures.
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The recycling technology of asphalt is that a certain proportion of a regenerating
agent is added to the reclaimed asphalt and effectively achieves its regeneration, thereby
prolonging the service life of asphalt pavement [3–5]. The demand for regenerating agents
is increasing day by day. However, it is difficult for the traditional single light oil to
be used as the regenerating agent to achieve the ideal regeneration effect. In addition,
the regeneration cost is growing higher and higher, which restricts the recycling tech-
nology. Therefore, it is inevitable to develop a green, environmentally friendly, and
economical composite regenerating agent to replace the traditional regenerating agent
and single light oil.

At present, regenerants with mineral oil as the main component are widely used. How-
ever, its shortcomings such as strong volatility and non-renewable restrict the development
of regeneration technology [6]. The reclaimed light oil is usually used as a regenerating
agent because of its good performance, low cost, and easily available raw materials. For
example, reclaimed vegetable oil, organic oil, aromatic extract, distilled tall oil, and bio-oil
can be used as regenerating agents to restore the performance of aged asphalt [7–9]. The
reclaimed cooking oil (WCO) is conducive to the physical properties, rheological properties,
and other pavement behaviors of asphalt binders [10–12]. Eleyedath et al. [13] believed
that the light components contained in such regenerating agents had a small molecular
weight and low viscosity, which could quickly restore their performance after mixing with
the aged asphalt; however, the difference in molecular weight between these lightweight
components and other molecules was too large, which led to poor compatibility, and the
rapid loss of small and medium molecules caused the poor durability of asphalt pavement.
The use of bio-oil can improve the low-temperature cracking resistance of aged asphalt,
and its microstructure is similar to that of base asphalt [14–16]. The residual soybean oil
selected as a regenerating agent increases the permeability and reduces the viscosity, which
is unfavorable for the high-temperature rutting resistance [17,18]. Moreover, the reclaimed
engine oil chosen as a regenerating agent improves the viscoelasticity and flexibility of
the asphalt binder, and its anti-stripping performance is comparable to that of base as-
phalt [19,20]. Zhang et al. [21] used reclaimed wood-derived bio-oil to balance the chemical
components of aged asphalt. Tung oil with the main chemical component of fatty acid
triglycerides can be used as a natural light oil to supplement and balance the missing
components of aged asphalt [22].

From the above-mentioned information, most of the current research focuses on a
single oil regenerating agent. However, a single light oil or other aromatic compounds used
as a regenerating agent can only improve the fluidity of the asphalt but finds it difficult to
restore or improve the overall performance of the reclaimed asphalt. In this paper, tung
oil, dioctyl phthalate (DOP), C9 petroleum resin, and organic montmorillonite (OMMT)
were compounded to prepare a composite regenerating agent of asphalt. The optimal
content of each raw material of the composite regenerating agent was determined by the
orthogonal design test, which effectively restored the rheological properties and anti-aging
performance of aged asphalt, and combined with the microstructure test, its regeneration
mechanism was analyzed as well.

2. Raw Materials and Test Methods
2.1. Raw Materials

The tung oil from a tung oil factory in Mianyang, Sichuan was used as the base oil;
DOP from a chemical plant in Yixing, Wuxi was adopted as the plasticizer; C9 petroleum
resin from a chemical plant in Dongguan, Guangdong was chosen as the tackifier resin; and
OMMT with the advantages of barrier properties, aging resistance, and flame retardancy
was selected from a mineral products processing plant in Hebei. The main technical indexes
of each raw material are shown in Table 1.
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Table 1. Technical indexes of tung oil.

Raw Materials Appearance Density/g·cm−1 Flash Point/◦C

Tung oil Yellow liquid 0.943 236
DOP Colorless oily liquid 0.985 225

C9 petroleum resin Yellow particle 0.995 260
OMMT White powder 1.03 -

2.2. Asphalt Preparation
2.2.1. Aged Asphalt

The PG64-22 petroleum asphalt provided by Hunan Baoli International was used as the
base asphalt, and the aged asphalt was prepared by the laboratory simulation accelerated
aging test method. The specific operation is that the base asphalt is aged by the rolling thin
film oven test (RTFOT) for 85 min, and then placed in a pressurized aging vessel (PAV) to
accelerate the aging for 20 h. The technical indexes of base asphalt and aged asphalt are
shown in Table 2.

Table 2. Technical indexes of substrate asphalt and aged asphalt.

Technical Indexes Base Asphalt Aged Asphalt Test Methods

Penetration (25 ◦C)/0.1 mm 68.7 21.1 ASTM D5
Ductility (15 ◦C)/cm 142.0 5.6 ASTM D113

Softening point (ring and ball
method)/◦C 48.0 65.6 ASTM D36

Viscosity (135 ◦C)/mPa·s 485 936 ASTM D4402

2.2.2. Reclaimed Asphalt

According to the previous research [22,23], for long-term-aged asphalt with RTFOT
aging for 85 min and PAV aging for 20 h, the appropriate content of tung oil is in the range
of 2–8%. We must consider that different sources of asphalts have different performances to
some extent. The tung oil composite regenerating agent was blended with the aged asphalt
(4%, 6%, 8%, 10%, and 12%) to prepare the reclaimed asphalt. The aged asphalt was kept
at 135 ± 5 ◦C with the tung oil composite regenerating agent added. It was sheared for
20 min (3000 r/min) by the high-speed shear, and then continuously stirred for 10 min
(500 r/min). The reclaimed asphalt is named according to the content of the regenerating
agent, such as R-4% reclaimed asphalt, that is, the content of the tung oil composite
regenerating agent in the reclaimed asphalt is 4%.

2.3. Test Methods
2.3.1. Rheological Property Test

The DSR test can measure the complex modulus (G∗) and the phase angle (δ) of the
asphalt, and the rutting resistance of asphalt pavement can be characterized by the rutting
factor G∗/ sin δ. In this study, high-temperature rheological properties were evaluated by
temperature sweep and frequency sweep tests. A rotor with a diameter of 25 mm was
selected for base asphalt and reclaimed asphalt, and its setting interval is 1 mm. However,
an 8 mm rotor with an interval of 2 mm was chosen for the aged asphalt. The temperature
range of the temperature sweep test is 42~72 ◦C. The temperatures of the frequency sweep
are 28 ◦C, 40 ◦C, 52 ◦C, 64 ◦C, and 76 ◦C, and its frequency is in the range of 0.1–10 Hz
at each temperature. The master curves of the complex modulus and phase angle were
constructed by the time-temperature equivalence principle. Based on the time–temperature
equivalence principle, the effect of the temperature and loading frequency on the asphalt
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material was converted into a reduced frequency by using the displacement factor. The
displacement factor can be obtained by the WLF empirical equation:

LogαT =
−C1

(
T − Tre f

)

C2 + T − Tre f
(1)

where αT is the displacement factor at T; TR is the reference temperature; and C1 and C2 are
empirical constants.

In addition, the low temperature cracking resistance of asphalt can be characterized
by the BBR test. The BBR test can measure the creep stiffness (S) and creep rate (m), and the
test temperature includes −12 ◦C, −18 ◦C, and −24 ◦C.

2.3.2. Anti-Aging Performance Test

The aging resistance of reclaimed asphalt was analyzed by rheological properties after
PAV aging and UV aging. The aging resistance of reclaimed asphalt was analyzed according
to the effects of rheological indicators (CMAI, PMAI) on the rheological properties of aged
asphalt. The calculation of Formulas (2) and (3) is shown below:

CMAI =
G∗

G∗
0

(2)

PMAI =
δ

δ0
(3)

where G∗ is the complex modulus of asphalt after aging; G∗
0 is the complex modulus of

asphalt before aging; δ is the phase angle of asphalt after aging; and δ0 is the phase angle of
asphalt before aging.

2.3.3. Micro Performance Test

Scanning electron microscopy (SEM) was used to compare the difference between the
microstructure and morphology of reclaimed asphalt with the optimum content and base
asphalt. The asphalt samples were sprayed with gold prior to SEM.

Fourier transform infrared (FTIR) spectroscopy was adopted to compare the differ-
ences in the composition of characteristic functional groups between the reclaimed asphalt
with the optimum content and the base asphalt. FTIR spectroscopy studied the physical
and chemical changes during the aging and regeneration processes of asphalt, and the
information on chemical bonds or functional groups was obtained through the absorption
peaks with FTIR spectroscopy. The changes in asphalt functional groups after adding the
tung oil composite regenerating agent were analyzed. The FTIR test wavelength range is
500–4000 cm−1, and the number of scans is 32.

Gel permeation chromatography (GPC) analyzed the molecular weight distribution
changes of asphalt during the aging and regeneration processes. The molecular weight
distribution of asphalt measured by GPC is closely related to the macroscopic properties of
asphalt [24]. In this study, the mobile phase is tetrahydrofuran (THF), the concentration of
the asphalt sample is 2 mg/mL, and the flow rate is 10 mL/min.

3. Orthogonal Test Design and Analysis

We used orthogonal tables to analyze multi-factor and multi-level experiments [25].
Under the condition that the orthogonal test can ensure the level of each test factor, the
same number of tests can simplify the test groups and improve the test efficiency. The
components of the tung oil composite regenerating agent mainly composed of tung oil,
DOP, C9 petroleum resin, and OMMT were taken as the main factors, and the factor levels
of the orthogonal test design are shown in Table 3.
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Table 3. Factor levels of orthogonal test design.

Levels Tung Oil (A)/% DOP (B)/% C9 Petroleum
Resin (C)/% OMMT (D)/%

Level 1 75 10 14 1
Level 2 70 15 10 5
Level 3 65 20 6 9

4. Test Results and Analysis
4.1. Orthogonal Test Results of Tung Oil Composite Regenerating Agent

In order to select the primary and secondary effects of each factor on each index, a
25 ◦C penetration and softening point, a 15 ◦C ductility, and 135 ◦C viscosity of reclaimed
asphalt were used as evaluation indexes to discuss, analyze, and determine the optimal
level of each factor. The orthogonal test results and preferred combinations are shown in
Tables 4 and 5, respectively.

Table 4. Orthogonal test results.

No. Tung Oil (A)/% DOP(B)/% C9 Petroleum
Resin (C)/% OMMT(D)/% Softening

Point/◦C Penetration/0.1 mm Ductility/cm Viscosity/mPa·s

1 75 10 14 1 48.4 93.5 143.6 480.0

2 75 15 10 5 47.0 100.1 138.2 455.0

3 75 20 6 9 45.1 130.0 142.6 404.0

4 70 10 10 9 46.6 145.2 125.4 447.0

5 70 15 6 1 46.7 103.2 134.3 426.0

6 70 20 14 5 48.4 82.5 121.0 477.5

7 65 10 6 5 46.5 99.6 117.4 451.0

8 65 15 14 9 47.2 98.9 119.3 483.0

9 65 20 10 1 48.2 86.0 97.6 505.0

Table 5. Preferred combinations of orthogonal tests.

Indexes Preferred Combinations

Softening point/◦C A1B2C3D3
Penetration/(0.1mm) A2B2C3D3

Ductility/cm A1B2C3D3
Viscosity/(mPa·s) A1B2C3D3

It can be seen from Tables 4 and 5 that the performance of aged asphalt can be restored
by selecting 70% or 75% of tung oil; however, when the content of tung oil increases from
70% to 75%, the change trend of the penetration is relatively small, while the change trend
of the ductility, viscosity, and softening are relatively large. Therefore, the optimal content
of tung oil is 75%. With the increase in DOP content, the indexes of the softening point and
viscosity first decrease and then increase, while the indexes of the penetration and ductility
first increase and then decrease, indicating that the DOP starts to have adverse effects after
improving the aging asphalt maximally. As a result, the optimal content of DOP is 15%. To
meet the principle whereby the softening point is the minimum while the penetration and
ductility are the maximum, the optimal contents of the C9 petroleum resin and OMMT are
6% and 9%, respectively.

According to the comprehensive analysis of the orthogonal test, the best combination
of the tung oil composite regenerating agent is A1B2C3D3, namely tung oil: DOP: C9
petroleum resin: OMMT = 25:5:2:3.
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4.2. Effects of Composite Regenerating Agent on the Rheological Properties of Reclaimed Asphalt
4.2.1. Complex Modulus

Figures 1 and 2 show the effect of the tung oil composite regenerating agent on the
complex modulus and phase angle of aged asphalt. The range of the test temperature is
42–72 ◦C, and its increase rate is 2 ◦C/min; the loading frequency ω is 10 rad/s, and the
strain control is 12%.

Figure 1. Test results of complex modulus (G∗) of aged asphalt after the regeneration.

Figure 2. Test results of phase angle (δ) of aged asphalt after the regeneration.

It can be seen from Figure 1 that the complex modulus G* of all asphalt samples
decreases gradually with the increase in temperature. For instance, at the initial test
temperature, the G* of aged asphalt is nearly 6 times higher than that of base asphalt,
indicating that the aging makes the asphalt harder. The addition of the tung oil composite
regenerating agent can reduce the complex modulus of reclaimed asphalt, because the
tung oil can dissolve macromolecular substances and supplement the light components of
asphalt, softening the asphalt and reducing the complex modulus. As the content of the
tung oil composite regenerating agent increases, the G* of each reclaimed asphalt gradually
decreases, which has a negative influence on the deformation resistance of the asphalt.
However, the appropriate content of the tung oil composite regenerating agent can restore
the fluidity of the aged asphalt. The G* of the R-8% reclaimed asphalt is close to or even
higher than that of base asphalt, partly because the C9 petroleum resin in the composite
regenerating agent is favorable to high temperatures. YAN [22] et al. used tung oil as a
regenerating agent to restore the high-temperature rheological properties of aged asphalt
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only to the level of base asphalt. However, the composite regenerating agent of tung oil
in this paper caused the high-temperature performance of R-8% asphalt to be better than
that of matrix asphalt. Therefore, the tung oil composite regenerating agent can restore and
improve the deformation resistance of aged asphalt.

4.2.2. Phase Angle

In Figure 2, it is shown that after the asphalt is aged, the phase angle δ decreases
and the deformation resistance increases. With the addition of the tung oil composite
regenerating agent, the phase angle δ of reclaimed asphalt gradually decreases and is still
smaller than that of base asphalt, indicating the elastic recovery ability of reclaimed asphalt
is better than that of base asphalt.

4.2.3. Rutting Factor

The test results of the rutting factor of reclaimed asphalt are shown in Figure 3. As the
temperature increases, the G∗/ sin δ of all asphalts gradually decreases. Moreover, as the
content of the tung oil composite regenerating agent increases, it also declines, indicating
that the addition of the regenerating agent and the increase in temperature reduce the
deformation resistance of the asphalt. The G∗/ sin δ of aged asphalt is the largest, indicating
its rutting resistance is the best. As the content of the tung oil composite regenerating agent
increases, the G∗/ sin δ of reclaimed asphalt gradually decreases and is close to that of
base asphalt. The addition of too much of the tung oil composite regenerating agent can
lead to poorer rutting resistance of reclaimed asphalt. Therefore, the proper content of the
regenerating agent ensures that the reclaimed asphalt has sufficient rutting resistance. The
G∗/ sin δ of R-8% reclaimed asphalt is very close to or even better than that of base asphalt.
Thus, the content of the tung oil composite regenerating agent should not exceed 8%.

Figure 3. Test results of rutting factor (G∗/ sin δ).

4.2.4. Master Curve

The temperature range of the frequency sweep test is 28–76 ◦C (the temperature
interval is 12 ◦C), and its sweep frequency is 0.1–10 Hz. According to the WLF equation [26],
the master curve of the complex modulus and phase angle constructed at the reference
temperature of 20 ◦C is shown in Figures 4 and 5.
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Figure 4. Master curve of complex modulus of reclaimed asphalt.

Figure 5. Master curve of phase angle of reclaimed asphalt.

As shown in Figure 4, compared with the base asphalt, the aged asphalt shows a
higher complex modulus, which is beneficial to the rutting resistance of RAP at a low
frequency and high temperature; G* has a great linear relationship with the frequency. As
the content of the tung oil composite regenerating agent increases, the G* of the asphalt
shifts close to that of base asphalt and increases with the increase in frequency, which means
that the asphalt has the advantage of road deformation resistance at a high-frequency state
and a low temperature. As the loading frequency decreases and the temperature increases,
the G* of reclaimed asphalt decreases and the G* of R-8% reclaimed asphalt is the closest to
that of base asphalt.

It can be seen from Figure 5 that the aged asphalt has the smallest δ due to the loss of
light components, which increases the proportion of elastic components in the asphalt; the
addition of the tung oil composite regenerating agent can increase the δ of aged asphalt.
As the content of the tung oil composite regenerating agent increases, the δ of the asphalt
gradually increases and is close to that of base asphalt, indicating that the tung oil composite
regenerating agent can increase the proportion of viscous components in the aged asphalt
and improve the viscoelastic properties of aged asphalt; Moreover, when the content of the
tung oil composite regenerating agent is 8%, the δ of R-8% asphalt is smaller than that of
base asphalt, indicating that the elastic recovery performance of R-8% asphalt is better than
that of base asphalt.
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The black diagram used to evaluate the viscoelastic properties of asphalt is a diagram
of rheological data for asphalt materials in the form of complex modulus and phase angle.
Figure 6 shows a black diagram of base asphalt, aged asphalt, and reclaimed asphalt. The
curve of aged asphalt is incoherent in the black diagram. However, because the tung oil
composite regenerating agent can improve the molecular conformation of aged asphalt to a
certain extent, the curve of reclaimed asphalt is smooth, which is basically a coherent curve.
The phase angle of reclaimed asphalt is smaller than that of the base asphalt, indicating
that the elastic response of reclaimed asphalt is stronger.

Figure 6. Black diagram of reclaimed asphalt.

4.2.5. Creep Stiffness and Creep Rate

The results of creep stiffness S and creep rate m of different asphalt samples were
shown in Figures 7 and 8. The test temperatures are −12 ◦C, −18 ◦C, and −24 ◦C. There is
no test result for R-10% and R-12% reclaimed asphalts due to their excessive deformation
at −12 ◦C.

Figure 7. S of different reclaimed asphalt samples.
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Figure 8. m of different reclaimed asphalt samples.

It can be seen from Figures 7 and 8 that as the content of the tung oil composite regen-
erating agent increases, the S and m of reclaimed asphalt gradually decreases and increases,
respectively, indicating that with the addition of the tung oil composite regenerating agent,
the low-temperature flexibility and cracking resistance of reclaimed asphalt are gradually
improved. YAN [22] restored the low-temperature performance of aged asphalt by using
tung oil as a regenerating agent. At −18 ◦C, the S of the regenerated asphalt with 8% tung
oil is 170 MPa, and its m is 0.38, while the content of the tung oil composite regenerating
agent in this paper is 8%, the S of R-8% asphalt is 135 MPa, and its m is 0.375, indicating
that the tung oil composite regenerating agent has better recovery ability compared to the
low-temperature performance of aged asphalt. This is because the plasticizer in the tung
oil composite regenerating agent can improve the flexibility, low-temperature ductility,
and crack resistance of the asphalt. Compared with those of base asphalt, the S and m of
R-8% reclaimed asphalt decrease by 60% and increase by 15.1% at −12 ◦C, respectively; at
−18 ◦C, the S and m decrease by 57.7% and increase by 21.4%, respectively; and at −24 ◦C,
the S and m decrease by 41.1% and increase by 23.2%, indicating that the tung oil composite
regenerating agent can not only restore the S and m of aged asphalt to the level of base
asphalt, but also improve the low-temperature crack resistance of reclaimed asphalt with
the optimal content, which is better than that of base asphalt.

4.3. Anti-Aging Performance of Reclaimed Asphalt with Composite Regenerating Agent
4.3.1. Thermo-Oxidative Aging Resistance

Figure 9 shows the change trends of CMAI and PMAI of base asphalt and different
contents of reclaimed asphalt after the PAV aging. The CMAI of asphalt first increases and
then decreases with the increase in temperature. The motion state of asphalt molecules is
closely related to the ambient temperature. According to its deformation characteristics
under the action of external force, the asphalt can be divided into a glass state, high elastic
state, and viscous flow state. Liquids with lower molecular weights usually tend to show
lower viscous flow temperatures [27]. Prior to asphalt aging, more light components and
fewer heavy components are generated in the asphalt. Under the action of external force, the
relaxation time of asphalt molecules is shorter so that the asphalt is more prone to viscous
flow, and its viscous flow temperature is relatively low; however, after thermal-oxidative
aging, light components decrease and heavy components increase in the asphalt, which
leads to an increase in the average relative molecular mass of the asphalt and increases the
relaxation time of asphalt molecules; that is, the viscous flow temperature becomes higher.
During the temperature scanning process, as the temperature increases, the viscous flow
of original asphalt appears earlier than that of aging asphalt at the stage of 42~54 ◦C so
that the complex modulus of original asphalt decays much faster than that of aged asphalt
and improves the CMAI of the asphalt. It can be seen from Figure 9a that the CMAI of
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reclaimed asphalt after PAV aging is smaller than that of base asphalt, indicating that the
OMMT in the tung oil composite regenerating agent can effectively block the penetration
and propagation of gaseous substances in the asphalt, such as water molecules and oxygen,
and delay the aging process of asphalt under thermal-oxidative action. Therefore, the
tung oil composite regenerating agent can effectively improve the thermal-oxidative aging
resistance of aged asphalt.

Figure 9. Thermo-oxidative aging resistance of reclaimed asphalt after PAV aging. (a) CMAI.
(b) PMAI.

As the content of the tung oil composite regenerating agent increases, the CMAI of
reclaimed asphalt first decreases and then increases, of which the CMAI of R-8% reclaimed
asphalt is the smallest, indicating that the reclaimed asphalt has the best thermal-oxidative
aging resistance. When the content of the tung oil composite regenerating agent exceeds
8%, the CMAI of reclaimed asphalt gradually increases. Thus, when the content of the
tung oil composite regenerating agent is 8%, the reclaimed asphalt can be guaranteed
to have better thermal-oxidative aging resistance. It can be seen from Figure 9b that the
phase angle of the asphalt decreases after PAV aging, and more viscous components in
the asphalt are transformed into elastic components; when the content of the tung oil
composite regenerating agent is 4%, the PMAI of reclaimed asphalt is close to that of
base asphalt; and when its content exceeds 4%, the PMAI of reclaimed asphalt is larger
than that of base asphalt, indicating that the tung oil composite regenerating agent can
restore the thermo-oxidative aging resistance of aged asphalt and effectively improve the
thermo-oxidative aging resistance of reclaimed asphalt.

4.3.2. UV Aging Resistance

In Figure 10, the change trends of CMAI and PMAI of base asphalt and reclaimed
asphalt with different contents after UV aging are shown. It can be seen from Figure 10a
that the CMAI of base asphalt ranges from 2.2 to 2.7 and gradually decreases with the
increase in temperature; and the CMAI of reclaimed asphalt is lower than that of base
asphalt, indicating that the tung oil composite regenerating agent can reflect and absorb the
UV light and decrease the damage of UV light to the reclaimed asphalt. When the content
of the tung oil composite regenerating agent increases to 8%, the CMAI of reclaimed asphalt
is the smallest, and thereby its UV aging resistance is the best. As shown in Figure 10b, the
PMAI of base asphalt is 0.92~0.98 and increases linearly with the increase in temperature,
while the PMAI of R-8%, R-10%, and R-12% reclaimed asphalts is larger than that of
base asphalt, indicating that the tung oil composite regenerating agent can improve the
UV aging performance of reclaimed asphalt. However, when the content of the tung oil
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composite regenerating agent exceeds 8%, the PMAI of reclaimed asphalt tends to decrease.
As a result, when the content of the tung oil composite regenerating agent is 8%, it can be
ensured that the reclaimed asphalt has better UV aging resistance.

Figure 10. UV aging resistance of reclaimed asphalt after the UV aging. (a) CMAI. (b) PMAI.

4.4. Microstructure and Mechanism Analysis of Reclaimed Asphalt with Composite Regenerating Agent
4.4.1. Morphology

A Zeiss sigma 300 SEM was used to collect the surficial micro-morphologies of as-
phalt samples. The microstructures and morphologies of base asphalt, aged asphalt, and
reclaimed asphalt are shown in Figure 11. It can be seen from Figure 11 that the overall
surface of base asphalt is in a flat and smooth state, which is basically a homogeneous
structure, and a large number of wrinkles appear on the surface of aged asphalt. This is
because the light components decrease, the molecular polarity increases, the molecular
movement ability is weakened, and the asphalt fluidity deteriorates after aging. With the
addition of the tung oil composite regenerating agent, the surface of R-8% reclaimed asphalt
tends to be flat and smooth, which is similar to that of base asphalt. In addition, the uneven
striped “honeycomb structure” can be seen from the graphs of both aged asphalt and
reclaimed asphalt, and the area of a single honeycomb structure of aged asphalt is larger
than that of reclaimed asphalt, which may be due to the aggregation of macromolecular
asphaltenes of the asphalt [20]. After the tung oil composite regenerating agent is added,
the light components increase. Furthermore, the area of the honeycomb structure of R-8%
reclaimed asphalt decreases, and its surface tends to be smooth, indicating that the tung
oil composite regenerating agent can roughly restore the microstructure and morphology
of aged asphalt.
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Figure 11. Micromorphologies of different asphalts under SEM (5000 times). (a) Base asphalt.
(b) Aged asphalt. (c) R-8%.

4.4.2. Composition of Regenerating Agent and Reclaimed Asphalt

The functional groups of the asphalt samples were determined by the Nicolet iS50
FTIR spectrometer. The wavelength range of the test is 500–4000 cm−1, and the number of
scans is 32. The infrared spectra are shown in Figures 12 and 13.

Figure 12. Infrared spectrum of tung oil composite regenerating agent.
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Figure 13. FTIR images of different asphalt samples.

The infrared spectrum of the tung oil composite regenerating agent is shown in
Figure 12. Through the analysis of characteristic peaks in the infrared spectrum of the tung
oil composite regenerating agent, it is found that the absorption peak near 2958 cm−1 is
a CH3 antisymmetric and symmetric stretching vibration, while the absorption peak in
the interval of 2922 cm−1~2854 cm−1 is a -CH2 antisymmetric and symmetric stretching
vibration, indicating that the tung oil composite regenerating agent contains non-polar
methyl and methylene functional groups. The absorption peak near 3009 cm−1 is the C-H
stretching vibration. The tung oil composite regenerating agent has absorption peaks of
C=C stretching vibration of three aromatics near 1595 cm−1, 1456 cm−1, and 1378 cm−1,
and C-H bending vibration of the benzene ring in the interval of 900 cm−1~650 cm−1,
indicating that the main components of the tung oil composite regenerating agent are light
components rich in aromatic hydrocarbons. There is a C=O stretching vibration absorption
peak of saturated fatty acid ester near 1740 cm−1 and a C-O stretching vibration absorption
peak near 1265 cm−1, 1156 cm−1, and 1072 cm−1. Moreover, there is a C-H in-plane bending
and stretching characteristic peak in the interval of 900 cm−1~600 cm−1, indicating that
the tung oil composite regenerating agent is rich in aromatic compounds and has good
compatibility with the asphalt.

Figure 13 shows the infrared spectra of base asphalt, aged asphalt, and reclaimed
asphalt. It can be found from Figure 13 that the positions of characteristic peaks of all
asphalts are almost the same. Compared with the base asphalt, the aging asphalt has an
absorption peak caused by the carbonyl C=O at 1700 cm−1, and the characteristic peak of
sulfoxide group S=O at 1030 cm−1 increases, which is caused by the oxidation reaction
during the aging process of the asphalt. For the reclaimed asphalt, a new characteristic peak
appears near 1742 cm−1 after the addition of the tung oil composite regenerating agent,
which is caused by the C=O stretching vibration of saturated fatty acid ester. In addition,
no other characteristic peaks appear in the reclaimed asphalt. Its characteristic peak is
almost the same as that of base asphalt, indicating that the tung oil composite regenerating
agent has no chemical reaction with the asphalt, rather only physical blending.

4.4.3. Molecular Weight and Distribution of Different Asphalts

The molecular weight and distribution of asphalt were analyzed by Waters 1515 GPC,
and tetrahydrofuran (THF) was used as the mobile phase. The concentration and flow rate
of the asphalt sample are 2 mg/mL and 10 mL/min, respectively.

In Figure 14, the abscissa of the GPC curve is the molecular weight, and its ordinate is
the differential distribution of molecular weight. The GPC is usually divided into 13 blocks,
of which blocks 1–5 are macromolecules (LMS), blocks 6–9 are medium molecules (MMS),
and blocks 10–13 are small molecules [28]. According to the distribution of molecular
weight in Figure 14, the integral areas of LMS, MMS, and SMS of base asphalt, aged
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asphalt, and reclaimed asphalt were calculated, and the content of each molecule of LMS,
MMS, and SMS was obtained, as shown in Figure 15. It can be seen from the figure
that compared with those of base asphalt, the LMS content of aged asphalt increases by
12.5%, while the MMS and SMS contents decrease by 5.8% and 6.7%, respectively. This
is because, in the process of thermo-oxidative aging, there is a polymerization reaction
between aromatic and colloidal components of small molecular weight and asphaltenes
of a large molecular weight produced, thereby enhancing the intermolecular force of the
asphalt and weakening its molecular movement ability. Compared with those of aged
asphalt, the contents of LMS and MMS of R-8% reclaimed asphalt decrease by 3.2% and
1.4%, respectively, and the content of its SMS increases by 4.6%. It is shown that the tung oil
composite regenerating agent contains a certain number of medium and small molecules,
which can fully supplement small and medium molecules in the components of aging
asphalt and dissolve a small part of the macromolecules, thus solving the agglomeration
problem of macromolecules.

Figure 14. Molecular weight distribution of different asphalts.

Figure 15. Molecular weight proportion of different asphalts.
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In Figure 15, it is shown that after the PAV and UV aging, the LMS and MMS of R-8%
reclaimed asphalt have different increasing trends, while its SMS has decreasing trends.
Furthermore, the molecular weight of PAV-aged asphalt is larger than that of UV-aged
asphalt, indicating that during the UV aging process, the R-8% reclaimed asphalt without
thermo-oxidative aging loses few medium and small molecules. According to the change
trend of the molecular weight of LMS, MMS, and SMS in Figure 15, the change range of
molecular weight of base asphalt and R-8% reclaimed asphalt after the PAV aging was
calculated, as shown in Table 6.

Table 6. Change range of molecular weight of asphalt after PAV aging.

Types of Asphalt LMS (%) MMS (%) SMS (%)

Base asphalt 12.5 −5.8 −6.7
R-8% reclaimed

asphalt 4.2 −2 −2.2

It can be seen from Table 6 that after PAV aging, the LMS content of base asphalt in-
creases by 12.5%, while its MMS and SMS contents decrease by 5.8% and 6.7%, respectively.
Furthermore, the LMS content of R-8% reclaimed asphalt increases by 4.2%, while its MMS
and SMS contents decrease by 2% and 2.2%, respectively. It is obvious that the change
range of the molecular weight of R-8% reclaimed asphalt is small, indicating that the aging
performance of R-8% reclaimed asphalt decays slowly after PAV aging, which is beneficial
to the aging resistance of reclaimed asphalt. Moreover, it can be found from Figure 15
that after PAV aging, the SMS content of R-8% reclaimed asphalt is more than that of base
asphalt, indicating that the tung oil composite regenerating agent can inhibit the loss of
small molecules in the reclaimed asphalt.

5. Conclusions

- The optimal mix proportion of the tung oil composite regenerating agent was deter-
mined by the orthogonal design test method; that is, tung oil: DOP: C9 petroleum
resin: OMMT = 25:5:2:3.

- As the content of the tung oil composite regenerating agent increases, the rutting factor
and creep stiffness gradually decrease and the creep rate increases, indicating that the
tung oil composite regenerating agent can restore the rheological properties of aged
asphalt, which is even better than that of base asphalt. The CMAI of reclaimed asphalt
is smaller than that of base asphalt, while the PMAI of reclaimed asphalt is larger
than that of base asphalt. The anti-aging ability of reclaimed asphalt is significantly
improved, and the optimal content of the tung oil composite regenerating agent is 8%.

- As the content of macromolecules increases, the fluidity of aged asphalt becomes poor
and a wrinkled texture and large honeycomb structure appear on its surface. The
addition of the tung oil composite regenerating agent can restore the morphological
features of aged asphalt to a certain extent, which makes its surface tend to be flat and
smooth, and the size of te honeycomb structure is reduced.

- The FTIR diagram shows that the tung oil composite regenerating agent is mainly
composed of light components rich in aromatic hydrocarbons, and the characteristic
peaks of reclaimed asphalt are basically consistent with those of base asphalt, indicat-
ing that the tung oil composite regenerating agent is beneficial to the dispersion and
dissolution of polar substances in the aged asphalt.

- The GPC results of reclaimed asphalt show that the tung oil composite regenerating
agent can reduce the content of macromolecule in the aged asphalt, and the change
range of molecular weight of reclaimed asphalt after aging is smaller than that of
base asphalt, indicating that the aging of reclaimed asphalt decays slowly, which is
favorable for the aging resistance of reclaimed asphalt.
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Abstract: The main objective of this study was to determine the effect of aggregate gradation (AG) on
the volumetric parameters (VPs) and rutting performance (RP) of asphalt concrete (AC) mixtures. The
boundary sieve (BS) between fine and coarse aggregates was 2.36 mm size, and 15 gradation curves
of three nominal maximum aggregate sizes (13.2, 19.0, and 26.5 mm) were designed based on the
percentage passing of the BS. A vibrating compaction test of coarse aggregates, Marshall compaction
and wheel-tracking tests of AC mixtures with various gradations were conducted. It was found
that AG had crucial effects on the VPs and RP of AC mixtures. The AC mixture can be designed
as a skeletal dense structure provided that the percentage passing of the BS is appropriate. More
notably, AC mixtures with a skeletal dense structure showed the best rutting resistance performance.
Therefore, it is important to optimize AG for enhancing the high-temperature RP of AC mixtures.

Keywords: aggregate gradation; asphalt concrete mixture; volumetric parameters; rutting perfor-
mance; skeletal dense structure

1. Introduction

It is well accepted that the performance of asphalt concrete (AC) pavement is greatly in-
fluenced by its aggregate characteristics, since AC mixtures contain approximately 90–95%
of mineral aggregate by weight. In particular, aggregate gradation (AG) is a significant
factor to be considered in the design of AC mixture. Hence, different methods have been
developed and applied on gradation selection [1,2], including Superpave and Marshall mix
designs, which meet the requirements for the volumetric properties of AC mixture. The
paramount volumetric properties of a mix design include voids in the mineral aggregate
(VMA), voids filled with asphalt (VFA), and air voids (AV). Current VMA requirements
are built upon the premise that pavement performance and durability reduce when the
VMA drops below the minimum value. However, an increase in minimum VMA can
attenuate the performance of some mixtures. AG plays an important role in ensuring that
an adequate amount of VMA is obtained to achieve the desired performance levels [3].
Therefore, VMA has a crucial effect on the designs of aggregate gradation [4]. According to
the Asphalt Institute, the recommendations for optimizing the gradation curves to achieve
the desired effects on AV and VMA are largely dependent on the experience of designers in
handling different materials [5]. A growing body of research has focused on the association
between AG and Maximum Density Line (MDL) and how this connection can affect the
VMA of AC mixtures [6].

With regard to volume fraction, the fine and coarse aggregates account for 85–90% of
the volume of hot mix asphalt (HMA) [7,8], in which the proportion of coarse aggregates
(particle size > 2.36 mm) is also prominent. From a different perspective, coarse aggregates
in HMA play dual roles: (i) the internal resistance of HMA is characterized as stone-on-
stone skeleton established in the mix design (also for open-graded friction or stone mastic
asphalt course), and the coarse aggregate contact of HMA gradation is regarded as the
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primary source of internal resistance [8,9]; (ii) the percentage voids in the coarse aggregate
of asphalt mixture (VCAmix) structured by coarse aggregates can provide a maternal space
for VMA and partially restrict the VMA values [4]. Hence, VCAmix is also a critical volume
indicator that has no direct relationship with the gradation design.

AG is one of the important properties of HMA, as it has various aspects of mixture
performance, including VMA, resistance to permanent deformation, durability and com-
patibility [10–14]. It has been reported that AG is closely related to the rutting and indirect
tensile (IDT) performance. The gradation effect is aggregate specific for rutting. The design
binder content can be used to measure the effect of gradation on indirect tensile strength
(ITS), which is associated with the VMA values of AG [15]. Sangsefidi and colleagues [16]
assessed the moisture susceptibility of warm mix asphalt and the effect of AG on creep.
Their findings demonstrated that AG could differently affect the moisture vulnerability
and rutting resistance of the studied mixtures. Hafeez and co-workers [17] evaluated the
effects of AG with various nominal maximum aggregate sizes on the fatigue, rutting and
stiffness performance of stone mastic asphalt (SMA). Their findings showed that stiffer
SMA had lower rut values and fatigue life. A mixture of stiffness and rut resistance may
enhance with increasing aggregate sizes during AG. Xiao and colleagues [18] found that
AG could affect the rutting resistance and moisture susceptibility of open graded friction
course (OGFC) mixtures. Kim and co-workers [19] conducted a study to examine the effects
of mix gradations related to the Superpave restricted zone on rutting potential, particularly
for low traffic volume roadways. They concluded that similar to that for medium to high
traffic volume pavements, the restricted zone is not a significant factor influencing the RP of
HMA for low traffic volume local pavements. The fineness of AG, rather than the restricted
zone, may serve as a promising factor that influences rutting performance. Sun et al. [20]
evaluated the skeleton contact stability of a graded aggregate system and analyzed the
slip creep properties of asphalt mixture from the geometric characteristics of aggregates.
Devulapalli et al. [21] summarized the concerns in the SMA mixtures and gave knowledge
about the gradation, stone-on-stone contact, drain down, and stabilizing agents based on a
detailed literature review.

According to the relevant literature [7] and our research [22,23], a 2.36 mm size can
be employed as the boundary sieve (BS) between fine and coarse aggregates. Hence, the
coarse aggregates > 2.36 mm constitute the skeleton structure of asphalt mixtures. The AC
mixture has been widely used in the asphalt pavement structure in China, which is often
regarded as a dense-suspended gradation structure. However, the dense skeleton structure
in AC mixture can also be formed when the suitable AG is designed. The main objective of
this study was to assess the quantitative impacts of AG variations (i.e., different percentage
passing of 2.36 mm sieve) on the volumetric parameters (VPs) and high-temperature RP
of AC mixtures. In this paper, the relations between key volumetric parameters, rutting
resistance performance and percent passing of BS for AC-13, AC-20 and AC-25 were
established, respectively. In addition, the reference values of the percentage passing of
BS were presented for guiding the gradation design of AC mixture with dense skeleton
structure.

2. Materials and Experiments
2.1. Materials
2.1.1. Aggregates and Filler

AC mixtures with 3 nominal maximum sizes of 26.5, 19 and 13.2 mm, namely, AC-25,
AC-20 and AC-13, were employed in the present study. AC-25, AC-20 and AC-13 were ap-
plied in the bottom, middle and upper surface layers of the asphalt pavement, respectively.
Considering the mechanical properties and abrasion resistance of crushed basalt stones,
they were employed for fine and coarse aggregates in AC-13. Meanwhile, the crushed
lime stones were applied for fine and coarse aggregates in AC-25 and AC-20. One basalt
fine aggregate (0–3 mm) and three basalt coarse aggregates with different particle sizes
(3–5, 5–10 and 10–15 mm) were selected. Table 1 shows the properties of basalt coarse
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aggregates according to the Chinese specifications [24], while Table 2 shows the properties
of lime coarse aggregates with different particle sizes (3–5, 5–10, 10–20 and 20–30 mm). The
basic properties of the two kinds of fine aggregates are presented in Table 3. The limestone
powder was used as a mineral filler after passing through the #200 sieve. All the materials
have met the technical requirements specifications [24].

Table 1. Properties of the basalt coarse aggregates.

Properties
Test Values

Specification
10–15 mm 5–10 mm 3–5 mm

Apparent specific gravity 2.835 2.848 2.823 ≥2.60
Bulk specific gravity 2.770 2.679 2.703 –
Water absorption (%) 1.0 1.5 1.2 ≤2.0

Percent of flat and elongated particles (%) 8.3 9.5 9.8 ≤15
Crushed stone value (%) 12.6 12.6 – ≤26

L.A. abrasion (%) 9.3 9.6 9.0 ≤28

Table 2. Properties of the lime coarse aggregates.

Properties
Test Values

Specification
20–30 mm 10–20 mm 5–10 mm 3–5 mm

Apparent specific gravity 2.737 2.727 2.747 2.673 ≥2.50

Bulk specific gravity 2.700 2.687 2.694 2.612 –

Water absorption (%) 0.5 0.5 0.7 0.9 ≤3.0

Percent of flat and elongated particles (%) 10.3 11.5 9.8 11.0 ≤15

Crushed stone value (%) 18.5 18.5 18.5 – ≤28

L.A. abrasion (%) 17.3 17.6 17.2 – ≤30

Table 3. Properties of the two fine aggregates.

Properties
Test Values

Specification
Basalt Limestone

Apparent specific gravity 2.821 2.723 ≥2.50
Angularity (s) 38 36 ≥30

2.1.2. Asphalt Binder

A 70 penetration grade (Pen 70) asphalt binder was supplied by a commercial petroleum
company and was employed in all mixture designs. Table 4 shows the properties of the Pen
70 asphalt binder. The specifications for pavement asphalt binders are met for all data [24].

Table 4. Properties of the Pen 70 asphalt binder.

Index
Softening Point

(◦C)
Penetration

(25 ◦C, 0.1 mm)
Specific Gravity

(15 ◦C)
Ductility (cm)

15 ◦C 10 ◦C

Test values 49.6 71 1.021 >100 40

2.2. Mix Design

The size of BS between fine and coarse aggregates was 2.36 mm. Five grading curves
of AC-25, AC-20 and AC-13 were designed based on the percent passing (PP) of the BS.
The structure and type of the aggregate can be reflected by the PP of the BS. The gradation
curves of all aggregates demonstrated S type. Figures 1–3 show the design gradation curves
of aggregates with 3 nominal maximum sizes. The gradation curves can be seen in two
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parts consisting of a coarse section (sieve size is equal or greater than 2.36 mm) and fine
section (sieve size is less than or equal to 2.36 mm). Additionally, the coarse sections of
five gradation curves for each nominal maximum aggregate size were designed as S type
curves, and the proportion of the coarse aggregates was constant.
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According to the China specifications [24], our previous research and field experience
of AC mixture [25], the asphalt contents of the three AC mixtures were evaluated, which
were 3.9%, 4.4% and 5.3% for AC-25, AC-20 and AC-13, respectively. To further assess the
individual effect of AG on the VPs and high-temperature RP of AC mixtures, 5 AGs of each
AC mixture used the similar asphalt contents.

2.3. Experimental Program and Testing Methods

First of all, VCA formed from the packing of coarse aggregates for three kinds of
AC mixtures at the state without any asphalt binders were conducted using vibrating
compaction. Then, the VPs and RP of AC mixtures were assessed by determining the
effects of 5 levels of AG and 3 levels of nominal maximum aggregate size. A total of 15 AC
mixtures were designed with the Marshall method and examined using the two-wheel
laboratory tracking devices.

2.3.1. Vibrating Compaction Test of Coarse Aggregates

The vibrating compaction test of coarse aggregates was performed by a vibration
table, and the vessel with a weight stack is shown in Figure 4. Firstly, different size coarse
aggregates were fully mixed by the proportion according to the coarse sections of designed
gradation curves, and the mixed specimen was obtained. Next, the mixed specimen was
placed in a 10 L capacity vessel 3 times. After loading the sample into a layer, the vessel
was placed onto a vibration table, and the compaction experiment was conducted (the
vibration frequency and time were 50 Hz and 90 s, respectively). Lastly, when the final
layer was vibrated, the surface of the samples was leveled. To maintain data accuracy, the
experimental errors were reduced and the number of parallel experiments was set to 3. The
values of VCA can be calculated using Equation (1).

VCA =

(
1 − ρ

ρb

)
× 100 (1)

where ρ is the packing density of the mixed coarse aggregates in the vessel; ρb is the
synthetic bulk density of coarse aggregates with different sizes.
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2.3.2. Marshall Compaction Test

To assess the effects of different AGs on the VPs of AC mixtures, the samples were
fabricated with 75 blows of Marshall Compactor. The asphalt mixture samples were
prepared according to the T072-2011 [26]. Four samples were fabricated for each AG.
The VMA, AV and VCAmix of the compacted specimens of various AGs were tested and
calculated in terms of the procedures and formulas described in the China Standard Test
Methods [26].

2.3.3. Wheel-Tracking Test

To evaluate the high-temperature RP of the AC mixture, the wheel-tracking test was
performed by utilizing the wheel-tracking device (Figure 5). Each sample was 50 mm in
height and 300 mm × 300 mm in cross-sectional areas. According to the China Standard
T0719-2011 [26], the wheel-tracking test was conducted using the 0.7 MPa wheel load
at 60 ◦C temperature under dry conditions. Dynamic stability (DS) is presented by the
number of times the wheel passes the sample per rut depth within an interval of 45–60 min,
which can be calculated using Equation (2) [26]:

DS =
(t2 − t1)× N

d2 − d1
(2)

where d1 and d2 are rut depth at t1 (45 min) and t2 (60 min), respectively; N is the speed of
wheel passing over the center of the sample, 42 cycles/min.
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A high DS of the AC mixture is indicative of an excellent performance of its resistance
to permanent deformation at high temperature.

3. Results and Discussion
3.1. Results of Vibrating and Marshall Compaction Tests

The proportions of various coarse aggregates in the three AC mixes and correspond-
ing VCA values are shown in Table 5. Vibrating compaction tests were repeated three
times for each AC mixture, and the values of VCA are represent as means. Based on the
testing density parameters of Marshall compacted samples for the three AC mixtures, the
calculated results of VMA, AV and VCAmix as a function of the PP of BS are presented in
Figures 6–8. The average values of the four duplicates are obtained.

Table 5. Results of the vibrating compaction test of coarse aggregates.

AC Mixes
Proportions of Different Coarse Aggregates

VCA (%)
20–30 mm 10–20 mm 10–15 mm 5–10 mm 3–5 mm

AC-13 – – 29 51 20 36.01
AC-20 – 65 – 20 15 35.65
AC-25 25 45 – 15 15 34.12
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As shown in Figures 6–8, the AG has crucial effects on the VPs (i.e., VMA, AV and
VCAmix) of AC mixtures. The values of VMA first decline and then elevate with increasing
percentage passing of the BS, and they exhibit an upward-opening parabola, whereas those
of AV reduce monotonically and appear to be constant with the increasing percentage pass-
ing of the BS. The values of VCAmix show a linear increase with the increasing percentage
passing of the BS. In addition, the VPs of different AGs of AC-25, AC-20 and AC-13 have
the same rule of change. VMA and AV are close to the smallest value when the PP of BS
is around 25. It is speculated that the aggregate structure of the AC mixture changes as a
function of the PP of the BS. The inner forms of AC mixtures are skeleton-gap structures
when the content of the coarse aggregate is larger (the PP is <25). Meanwhile, the coarse
skeleton structures of AC mixtures are disrupted by excessive fine aggregate when the
content of fine aggregate is larger (the PP is >25). Hence, the aggregate skeleton structure is
in its densest state when the proportion of fine and coarse aggregates is appropriate.

3.2. Results of Wheel-Tracking Tests

Wheel-tracking tests were performed in triplicate for each AC mixture, and the values
of DS for AC-25, AC-20 and AC-13 are displayed in Figure 9 (the error bars indicate
standard deviation). To perform a comparative analysis of the key parameter (VMA) and
RP of the three AC mixtures, the values of VMA are also plotted in Figure 9.

As shown in Figure 9, the values of DS first elevate and then decline with the increasing
percentage passing of the BS, which is opposite to the trend of VMA. The DS of different
AGs of AC-25, AC-20 and AC-13 have the same rule of change. However, the values of
DS are not influenced by the nominal maximum aggregate sizes. In addition, statistical
tests were conducted by employing the analysis of variance (ANOVA) method. One-way
ANOVA is a commonly used technique for determining the effect of gradation types on the
RP of AC mixtures according to the percentage passing of the BS. Table 6 demonstrates the
ANOVA results of the DS of AC mixtures. Based on the F-statistics and F-critical, AG is an
important factor affecting the values of DS of the three AC mixtures with a 95% significance
level (α = 0.05). It also can be seen that the peak values of DS nearly correspond to the
smallest values of VMA (Figure 9). It is speculated that AC mixtures have the best RP when
the coarse skeleton structure is in its densest state, which is desirable for the design of the
AC mixture. That condition indicates that the rutting resistance of the AC mixture mainly
depends on the grading structure of the aggregate. Therefore, it is important to optimize
AG for enhancing the high-temperature RP of AC mixtures.

3.3. Discussion

As we all know, one of the most defining characteristics of an SMA is the concept of a
stone-on-stone skeleton. This is where a large proportion of coarse aggregate particles are
in contact with each other to form a skeleton or framework with relatively large voids. The
sand-sized particles, filler and binder are then accommodated within the voids in the coarse
aggregate skeleton [27]. Supposing that the skeleton of the AC mixture is composed of
aggregates with a particle size larger than 2.36 mm, the skeletal dense structure (i.e., stone-
on-stone skeleton with the densest state) can be formed as in the case of SMA. Referring to
the method for assessing the stone-on-stone aggregate skeleton of SMA, the parameters
of VCA and VCAmix can also be applied to determine the skeletal dense structure of the
AC mixture. Based on the above experimental results (see Table 5 and Figures 6–8), it
can be seen that the values of VCAmix (34.37, 35.52 and 36.1 for AC-25, AC-20 and AC-13,
respectively) are very close to those of VCA (34.12, 35.65 and 36.01 for AC-25, AC-20 and
AC-13, respectively) when the percentage passing of the 2.36 mm sieve is ≈25 for each AC
mixture. Moreover, at this percentage passing, the VMA and AV almost have the minimum
values, which demonstrate that the coarse skeleton structure is in its dense state. Hence,
the skeletal dense structure of the AC mixture can be evaluated by comparing the values of
VCAmix and VCA. Additionally, the reference values of the percentage passing of BS are
presented for guiding the gradation design of the AC mixture.
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Table 6. ANOVA results for the DS of AC mixtures.

Source of
Variation

Degree of
Freedom

Sum of
Squares

Mean
Square

F-
Statistics

F-
Critical

p-
Value

AC-13
Gradation 4 4,885,150 1,221,288 69.83495 3.47805 2.87 × 10−7

Error 10 174,882 17,488.2
Total 14 5,060,032

AC-20
Gradation 4 1,656,796 414,198.9 64.31926 3.47805 4.26 × 10−7

Error 10 64,397.33 6439.733
Total 14 1,721,193

AC-25
Gradation 4 10,371,596 2,592,899 107.8359 3.47805 3.52 × 10−8

Error 10 240,448.7 24,044.87
Total 14 10,612,044

4. Summary and Conclusions

According to the results and analyses on the VPs and RP of AC mixtures with various
AGs, the main findings and conclusions are summarized as follows:

(1) AG has crucial effects on the VPs of AC mixtures. The values of VMA first decline
and then elevate with the increasing percentage passing of the BS; those of AV reduce
monotonically and appear to be constant, while those of VCAmix show a linear increase.

(2) Statistical analysis of the wheel-tracking test data indicates that AG is important
for enhancing the RP of AC mixtures. The values of DS first elevate and then decline with
the increasing percentage passing of the BS, which is opposite to the trend of VMA.

(3) AC mixtures show the best RP when the aggregate skeleton structure is in its
densest state, which corresponds to the smallest values of VMA. Therefore, it is necessary
to optimize AG to enhance the high-temperature RP of AC mixtures.

(4) Based on the experimental results and analyses, the AC mixture can be designed to
be a skeletal dense structure, provided that 2.36 mm is employed as the BS between fine
and coarse aggregates and the percentage passing of the BS is appropriate. In addition, the
skeletal dense structure of the AC mixture can be evaluated by comparing the values of
VCAmix and VCA.

(5) This research is focused on the RP of AC mixtures; the effects of AG on moisture
susceptibility and fatigue performance will be researched next. Further studies with other
asphalt binders are also needed to verify our findings.
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Abstract: The use of steel slag powder instead of filler to prepare asphalt mortar was beneficial
to realize the effective utilization of steel slag and improve the performance of asphalt concrete.
Nevertheless, the anti-aging properties of steel-slag powder–asphalt mortar need to be further
enhanced. This study used antioxidants and UV absorbers in steel-slag powder–asphalt mortar to
simultaneously improve its thermal-oxidation and UV-aging properties. The dosage of modifier was
optimized by second-generation non-inferior sorting genetic algorithm. Fourier-Transform Infrared
Spectroscopy, a dynamic shear rheometer and the heavy-metal-ion-leaching test were used to evaluate
the characteristic functional groups, rheological properties and heavy-metal-toxicity characteristics
of the steel-slag-powder-modified asphalt mortar, respectively. The results showed that there was a
significant correlation between the amount of modifier and G*, δ, and the softening point. When the
first peak appeared for G*, δ, and the softening point, the corresponding dosages of x1 were 2.15%,
1.0%, and 1.1%, respectively, while the corresponding dosage of x2 were 0.25%, 0.76%, and 0.38%,
respectively. The optimal value of the modifier dosage x1 was 1.2% and x2 was 0.5% after weighing
by the NSGA-II algorithm. The asphalt had a certain physical solid-sealing effect on the release of
heavy-metal ions in the steel-slag powder. In addition, the asphalt structure was changed under the
synergistic effect of oxygen and ultraviolet rays. Therefore, the risk of leaching heavy-metal ions was
increased with the inferior asphalt-coating performance on the steel-slag powder.

Keywords: steel-slag powder; asphalt mortar; anti-aging properties; heavy-metal ions

1. Introduction

Asphalt pavement has been widely used in expressways due to its advantages of flat
surface without joints, low noise, fast traffic recovery, and convenient maintenance [1,2].
By the end of 2020, the total highway mileages were 5,198,100 km in China, which is
an increase of 185,600 km from the end of the previous year. However, due to complex
traffic loads and climatic conditions, physicochemical reactions such as dehydrogenation,
polycondensation, and oxidation [3] of asphalt pavement have been produced on account
of the coupling of heat and oxygen [4,5]. Its road performance has rapidly attenuated and
deteriorated with the occurrence of stresses, such as stripping, potholing, and cracking [6].
Therefore, improving the anti-aging performance of asphalt-pavement materials is crucial
for reducing the stress on asphalt pavement, prolonging its service life, and ensuring traffic
safety [7–9].

The annual production of steel slag was more than 100 million tons with a low
comprehensive-utilization rate of only about 30% [10]. The accumulation of steel slag
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causes water pollution, heavy-metal release and other problems by occupying a lot of
land [11–13]. Therefore, an enormous challenge has been posed to local ecological de-
velopment and resource reuse. Steel slag has the properties of a rough surface texture,
high intensity, wear resistance, and high alkalinity [14–16], which make it an innovative
substitute for natural aggregate in asphalt mixtures. Previous research has focused on
the use of steel slag as an aggregate in asphalt mixtures while neglecting the replacement
of natural mineral powder with steel-slag powder (SSP) [17]. The use of SSP in asphalt
concrete is beneficial to the improvement of its effective-utilization rate, and could enhance
the performance of bituminous concrete by increasing the stiffness of asphalt mortar [18].
However, the steel-slag powder–asphalt mortar (SSP–AM) has poor anti-aging properties,
especially under UV radiation. The porous structure of slag powder leads to multiple
reflections of UV radiation, which exhibits easier entry than heat and oxygen and induces
more serious aging [19,20].

Nowadays, some researchers have improved the aging resistance by adding nanopar-
ticles or polymer modification to asphalt [21,22]. Hu, ZH et al. [23] investigated the
preparation of composite antioxidants from expanded graphite (EG) loaded with CaCO3
nanoparticles and Mg(OH)2 (EG/CaCO3/MH) in order to reduce the thermo-oxidative
aging of the binder. The results showed that EG/CaCO3/MH had a synergistic inhibitory
effect on the thermo-oxidative aging of asphalt cement. Yang, J et al. [24] evaluated the UV-
aging resistance of titanium dioxide/polystyrene reduced graphene oxide (TiO2/PS-rGO)
on SBS modified asphalt. It was found that the viscosity aging index and ductility retention
of the TiO2/PS-rGO/SBS-modified binder were decreased by 65.36 and increased by 8.79,
respectively, which indicates that the UV-aging resistance of the binder was improved by
TiO2/PS-rGO. Rajib, A et al. [25] explored the feasibility of biochar in the retardation of
the aging of rubberized and base asphalt binder. The results indicated that biochar could
delay the UV aging of asphalt by reducing the rheological and chemical aging-indicators of
asphalt. However, only the anti-aging properties of the binder were the concern of most
researchers, and the research directions were only thermal-oxygen aging or ultraviolet
aging. There have been few reports on the coupling of UV- and thermo-oxidative-aging
resistance of asphalt mortar.

For SSP–AM, it was of great significance to explore a new method of simultaneously
improving the thermal-oxidative- and UV-aging properties. Based on this, the antioxidants
1098 and UV-5411 were selected for asphalt mortar at the same time to solve this problem.
The 1098 antioxidant is a typical high-temperature antioxidant with excellent refractory
characteristics. The temperature of the asphalt mixture reaches as high as 160 ◦C during the
mixing process, so the antioxidant needs to have excellent high-temperature resistance. The
UV absorbent UV-5411 is an ultraviolet absorber with a high-efficiency light-stabilization
effect. The ultraviolet rays are converted into heat by ultraviolet absorption through chemi-
cal action, thereby preventing further thermal-oxygen and ultraviolet aging of the asphalt.
Nevertheless, in the multi-objective optimization of the modifier dosage, the experimen-
tal analysis samples were obtained by the researchers through orthogonal experiments.
The combination of sample points obtained by this method did not always fill the total
design space of the variables [26]. It was prone to the blind accumulation of sample points,
resulting in a waste of time and resources. Therefore, an effective experimental design
method was adopted to comprehensively investigate the performance parameter of asphalt
modified by the two additives.

The application of numerical simulation, an approximate mathematical model and
engineering optimization to solve multi-parameter and multi-objective optimization algo-
rithms has become a research hotspot [27,28]. Kollmann, J et al. [29] used the optimization
method of a two-dimensional finite-element model to simulate the generation and propa-
gation of cracks in the asphalt mixture. It was illustrated that damage occurred between
each successive element, resulting in relatively unconstrained crack growth. Sivilevicius, H
et al. [30] applied numerical simulations of the composition to select the optimum added
quantity of new and old materials on the road surface. The results showed that the algo-
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rithm can be used in the preliminary stage of the RHMA hybrid structure design. The
amount of RAP could not exceed 8.43% when the RHMA mixture AC-16 was applied to the
surface layer. The Latin hypercube design (LHD) is a random, multidimensional, stratified
sampling method [31]. The n-dimensional space is evenly divided into m intervals, and
independent equal probability sampling is performed in each sub-interval [32]. The unifor-
mity of random LHD was improved by the Optimal Latin hypercube design (Opt LHD),
making the fit of factors and responses more uniform and random within the design-space
region [33].

Steel-slag powder–asphalt mortar (SSP–AM) has poor anti-aging properties. The
research on the coupling of UV and thermal-oxidative-aging resistance of SSP–AM is
still unclear. In the research on modifier dosage, orthogonal experiments tend to blindly
accumulate sample points, resulting in a waste of time and resources, and the multi-
objective optimization exploration of modifiers in SSP–AM has not been fully explored.
The performance of SSP–AM has not been thoroughly studied. The leaching behavior
of heavy metals from SSP–AM is still not known. Based on the above background, the
purpose of this research was as follows:

1. The dosage parameters of antioxidants and UV absorbers were selected as the inputs,
and the sample points were established based on the Opt LHD design method.

2. The softening point, phase angle, and complex shear modulus of asphalt mortar
after thermal-oxygen and ultraviolet aging were selected as the outputs to establish a
Kriging model [34].

3. The multi-objective optimization analysis of antioxidants and UV absorbers was
performed by using NSGA-II [35] to determine the optimal dosage of each mod-
ifier. Hence, a chemically reactive composite-modified asphalt mortar with good
comprehensive performance was prepared.

4. The optimized model was verified in accordance with the experimental results. The
chemical and phase compositions of SSP were detected by X-ray fluorescence (XRF)
and X-ray diffraction (XRD). The characteristic functional groups, rheological proper-
ties and heavy-metal-toxicity characteristics of the composite-modified asphalt mortar
were investigated by Fourier-Transform Infrared Spectroscopy (FTIR), a dynamic
shear rheometer (DSR) and the heavy-metal-ion-leaching test (TCLP), respectively.

2. Materials
2.1. Steel-Slag Powder

An experimental study was conducted on SSP of Baotou Iron and Steel Co., Ltd.,
Baotou, Inner Mongolia, China. The jaw crusher was used to grind the steel slag to make
its particle size less than 0.075 mm. Its basic properties are shown in Table 1, and it can be
seen that the indexes met the requirements of the test methods of aggregate for highway
engineering. Meanwhile, XRF was used to detect the chemical composition as shown in
Table 2. The main components of the SSP were Al, Si, Fe, Ca, Mg and Mn respectively.

Table 1. Basic properties of SSP.

Properties Tested Value Specifications

Density (g/cm3) 3.57 ≥2.9
Los Angeles abrasion (%) 8.5 ≤28

Specific surface area (m2/g) 1.95 -
Water absorption ratio (%) 0.68 ≤1.0

Crush values 12.7 ≤26

Table 2. Chemical composition of SSP.

Compounds CaO Fe2O3 SiO2 MgO Al2O3 MnO TiO2 P2O5 Others

Steel slag 35.5 33.3 14.0 4.9 2.4 4.5 1.1 2.2 2.1
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2.2. Asphalt

The AH-70 base asphalt was produced by Guochuang Co., Ltd., Wuhan, Hubei, China.
The essential performance indexes of asphalt were tested in accordance with Standard Test
Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011).
The test results met the requirements as shown in Table 3.

Table 3. Physical information of asphalt.

Information Unit Result Requirements

Penetration (25 ◦C, 5 s, 100 g) 0.1 mm 67.0 60.0–80.0
Softening point ◦C 48.3 ≥45.0

Ductility (5 ◦C, 5 cm/min) cm 156.7 ≥100.0
Density (15 ◦C) g/cm3 1.035 -

Solubility (Trichloroethylene) % 99.8 ≥99.0

2.3. Antioxidant

The German BASF 1098 antioxidant used in this article was a nitrogen-containing
hindered phenolic antioxidant with low volatility, resistance to extraction, non-toxicity, heat-
resistant oxidation, and other properties. The 1098 antioxidant in this paper was selected
because it is a typical high temperature antioxidant with excellent refractory characteristics.
The asphalt mixtures were mixed at 160 ◦C, so the antioxidant should have excellent
high-temperature resistance. The photothermal aging resistance of polymer materials
was effectively improved on account of its functions such as decomposing hydroperoxide,
trapping free radicals, and trapping singlet oxygen. Its addition to asphalt was expected to
trap thermal or photoinduction-free radicals based on the light-stabilization effect, thereby
preventing further aging reactions of the asphalt. Its decomposition chemical equation and
basic physical properties are presented in Figure 1 and Table 4, respectively.
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Figure 1. The decomposition chemical equation of antioxidant 1098.

Table 4. Basic physical properties of antioxidant 1098.

Information Unit Result

Melting point ◦C 156–161
Flashing point ◦C 282
Density (20 ◦C) g/cm3 1.045

Solubility (Water) % 0.01

2.4. Ultraviolet Absorbent

The BASF UV-5411 used in this study was a hydroxyphenyl benzotriazole ultraviolet
absorber, which is an ultraviolet absorber with high-efficiency light stabilization. The
ultraviolet rays were converted into heat by UV-5411 through chemical action, thereby
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preventing further thermal-oxygen and ultraviolet aging of the asphalt. Its decomposi-
tion chemical equation and basic physical properties are shown in Figure 2 and Table 5,
respectively.
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Table 5. Basic physical properties of UV-5411.

Information Unit Result

Melting point ◦C 103.0–105.3
Flashing point ◦C >150
Density (20 ◦C) g/cm3 1.18

Solubility (Water) % <0.01

2.5. Preparation of Steel-Slag-Powder-Modified Asphalt Mortar

In this paper, asphalt mortar was prepared by using steel-slag powder instead of
natural mineral powder. The density of mineral powder and steel-slag powder is quite
different. Taking limestone mineral powder as an example, its apparent relative density is
2.7, while the apparent relative density of steel-slag powder is 3.2. Therefore, the volume
ratio was used to mix the asphalt mortar, and the volume percentage of asphalt: steel-slag
powder was 1:0.3. In addition, Wei et al. [36] determined that the amount of asphalt and
fillers was determined by the qualified asphalt concrete mix proportion, while the asphalt
aggregate ratio was 4.9%. Therefore, the volume ratio of fillers to asphalt was determined
as 0.3.

The preparation process was shown in Figure 3 as follows: First, the steel-slag powder
and asphalt were placed in an oven to be heated (AH-70 asphalt at 135 ◦C and steel-slag
powder at 150 ◦C). Secondly, the asphalt was heated in an oil bath at 160 ◦C, and then
the steel-slag powder (the volume ratio was 0.3) and modifiers (UV-5411 was 0–2.4 wt%
and antioxidant 1098 was 0–4.8 wt%) were added with shearing at a low speed of 500 rpm
for 15 min. Then, the machine was sheared at a high speed of 4000 rpm for 30 min to
fully mix the steel-slag powder and modifiers with the asphalt. Finally, the prepared
steel-slag-powder-modified asphalt mortar was transferred to a storage tank for use.

Materials 2022, 15, x FOR PEER REVIEW 5 of 18 
 

 

2.4. Ultraviolet Absorbent 

The BASF UV-5411 used in this study was a hydroxyphenyl benzotriazole ultraviolet 

absorber, which is an ultraviolet absorber with high-efficiency light stabilization. The ul-

traviolet rays were converted into heat by UV-5411 through chemical action, thereby pre-

venting further thermal-oxygen and ultraviolet aging of the asphalt. Its decomposition 

chemical equation and basic physical properties are shown in Figure 2 and Table 5, re-

spectively. 

 

Figure 2. The decomposition chemical equation of UV-5411. 

Table 5. Basic physical properties of UV-5411. 

Information Unit Result 

Melting point °C 103.0–105.3 

Flashing point °C >150 

Density (20 °C) g/cm3 1.18 

Solubility (Water) % <0.01 

2.5. Preparation of Steel-Slag-Powder-Modified Asphalt Mortar 

In this paper, asphalt mortar was prepared by using steel-slag powder instead of 

natural mineral powder. The density of mineral powder and steel-slag powder is quite 

different. Taking limestone mineral powder as an example, its apparent relative density 

is 2.7, while the apparent relative density of steel-slag powder is 3.2. Therefore, the volume 

ratio was used to mix the asphalt mortar, and the volume percentage of asphalt: steel-slag 

powder was 1:0.3. In addition, Wei et al. [36] determined that the amount of asphalt and 

fillers was determined by the qualified asphalt concrete mix proportion, while the asphalt 

aggregate ratio was 4.9%. Therefore, the volume ratio of fillers to asphalt was determined 

as 0.3. 

The preparation process was shown in Figure 3 as follows: First, the steel-slag pow-

der and asphalt were placed in an oven to be heated (AH-70 asphalt at 135 °C and steel-

slag powder at 150 °C). Secondly, the asphalt was heated in an oil bath at 160 °C, and then 

the steel-slag powder (the volume ratio was 0.3) and modifiers (UV-5411 was 0–2.4 wt% 

and antioxidant 1098 was 0–4.8 wt%) were added with shearing at a low speed of 500 rpm 

for 15 min. Then, the machine was sheared at a high speed of 4000 rpm for 30 min to fully 

mix the steel-slag powder and modifiers with the asphalt. Finally, the prepared steel-slag-

powder-modified asphalt mortar was transferred to a storage tank for use. 

 

Figure 3. The preparation of steel-slag-powder-modified asphalt mortar. Figure 3. The preparation of steel-slag-powder-modified asphalt mortar.

39



Materials 2022, 15, 3635

Since the density of steel-slag powder was much higher than that of 70# base asphalt,
the steel-slag powder would gradually segregate to the lower part of the asphalt mortar
during the storage process, which resulted in poor uniformity. Therefore, the principle
of current production was adopted during the use of steel-slag-powder-modified asphalt
mortar in order to reduce the error caused by the experiment.

3. Experimental Methods
3.1. Optimization Test of Dosage Simulation
3.1.1. Experimental Design Based on Opt LHD Sampling

The basic principle of LHD sampling is to evenly divide each dimensional coordinate
interval [xk

min, xk
max], i ∈ [1, n] into m intervals in the n-dimensional space, and each

small interval is denoted as [xk
i−1, xk

i], i ∈ [1, m]. However, the uniformity of sampling
points could not be considered in this sampling method, so the uniform space filling of
sample points was not filled. Therefore, the Opt LHD sampling method was adopted to
improve the uniformity of random LHD. The fit of factors and responses was more uniform
and random within the design-space region, resulting in higher computational accuracy
for the design of the experimental methods. In this paper, the dosage of antioxidant
1098 x1 ∈ (0, 4.8) and the UV absorber 5411 x2 ∈ (0, 2.4) were evenly divided into 25 sample
spaces. The distribution of LHD and Opt LHD sampling designs are shown in Figure 4a,b,
respectively. It can be seen that some regional sampling points were too concentrated in
LHD sampling, while others were lost. However, the distribution of test points was more
uniform in the Opt LHD.
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3.1.2. Experimental Design Based on Kriging Model

Kriging, also known as spatial local interpolation, is an unbiased optimal estimation
method for regional variables in a finite area based on variogram theory and structural
analysis. The x1 and x2 were set as the inputs; G*, δ, and the softening point were set as the
outputs. A Kriging model was established for 25 sample data with its basic principle as
follows:

x0 is set as the unobserved point that needs to be estimated, x1, x2, . . . , xN, are set as
the observed points around it, and the observed values are correspondingly y(x1), y(x2),
. . . , y(xN). The estimate of the unmeasured point is denoted as ỹ(x0), which is obtained by
the weighted sum of the known observations of the adjacent observation points:

ỹ(x0) =
N

∑
i=1

λiy(xi) (1)
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Among them, λi is the undetermined weighting coefficient. The key to the Kriging
interpolation is to calculate the weight coefficient λi, which must satisfy two conditions:

1 The unbiased estimates: the true value of the evaluation point is set to y(x0). The y(xi),
ỹ(x0) and y(x0) can be regarded as a random variable.

E[ỹ(x0)− y(x0)] = 0,
N

∑
i=1

λi = 1 (2)

2 The variance of the difference between the true value y(x0) and the estimated value is
minimal.

D[ỹ(x0)− y(x0)] = min (3)

D[ỹ(x0)− y(x0)] = −
N

∑
i=1

N

∑
j=1

λiλjγ(xi, xj) + 2
N

∑
i=1

λiγ(xi, x0) (4)

where, γ(xi, xj) represents the semivariance value of the parameter when the distance
between the two points xi and xj is used as the distance h. The γ(xi, x0) is the
semivariance value of the parameter when the distance between the two points xi and
x0 is used as the distance h.

3.1.3. The Multi-Objective Optimization Based on NSGA-II

The simultaneous optimization of multiple sub-objectives is a multi-objectives opti-
mization problem. In most cases, it is generally impossible to concurrently achieve the
optimum for multiple sub-goals. The ultimate goal of solving multi-objectives optimization
problems is to harmonize various objectives, hence each sub-objective is as optimal as
possible. In the non-dominated ranking, NSGA-II was selected to approach the individual
of the Pareto front, which enhanced its ability to advance. In the Pareto optimal relationship,
the individuals in the group were compared according to their target function vector and
divided into multiple frontier layers that were controlled in sequence. NSGA-II is widely
used due to its advantages of solving the Pareto solution set with good accuracy and dis-
persion. NSGA-II was used to optimize the Kriging approximation model in this research.
The constraints, optimization objectives, lower and upper bounds were set according to the
established mathematical model to obtain a set of solutions that all satisfy the conditions.
The main process was in Figure 5 as follows:

1. The initial population P0 was randomly generated and a new population Q0 was
generated through selection, intersection and variation. The population R0 WAs
obtained by merging P0 and Q0.

2. Rt was sorted by non-inferiority to obtain non-inferior front segments F1, F2, . . . .
3. Fi was sorted by crowding distance, and the better individuals and the previous

segments F1, F2, . . . , Fi−1 were selected to form N individuals and population Pt+1.
4. Population Pt+1 was replicated, crossed and deformed to form population Qt+1. If the

termination conditions were met, then it ended. Otherwise, it proceeded to step 2 to
continue execution.
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Figure 5. Flowchart for solving the Pareto solution set.

3.1.4. Optimize Experimental Design

The sampling points were established based on Opt LHD, as shown in Table 6. The
steel-slag-powder-modified asphalt mortar (SSP-MAM) with different contents of antioxi-
dant and UV absorber was prepared to undergo TFOT short-term aging and seven-day UV
aging. The complex shear modulus (G*), softening point and phase angle (δ) of the aged
SSP-MAM were recorded by observation.

Table 6. Opt LHD experimental design and results.

Number
Modifier Dosage Measured Value

x1 (%) x2 (%) G* (64 ◦C)/kPa δ (◦) Softening Point (◦C)

1 0 1.2 9.099 87.3 58.3
2 0.6 1.5 11.324 85.8 59.9
3 3.2 0.6 10.073 86.8 59.0
4 0.4 0.9 8.983 88.6 58.2
5 1.2 0 10.434 85.5 59.3
6 2.4 2.4 13.368 83.3 61.5
7 0.2 1.3 10.454 84.6 59.3
8 2.2 1.8 11.437 84.0 60.0
9 0.8 1.1 11.675 84.1 60.2
10 3.8 0.3 11.371 85.9 60.0
11 3.6 2.2 13.341 83.0 61.4
12 4.6 1.0 13.314 83.4 61.4
13 1.8 0.7 12.064 83.4 60.5
14 2.6 2.1 13.721 82.7 61.7
15 4.2 0.5 12.475 83.9 60.8
16 4.8 2.3 15.631 82.5 63.1
17 2.8 0.8 13.388 83.2 61.5
18 1.0 0.2 11.946 83.6 60.4
19 1.6 0.4 13.511 82.9 61.6
20 4.4 1.4 15.901 82.2 63.3
21 3.0 1.6 16.760 81.8 64.0
22 3.4 2.0 16.083 81.7 63.5
23 2.0 0.1 12.395 83.3 60.7
24 4.0 1.7 16.020 81.8 63.4
25 1.4 1.9 17.193 81.3 64.3

Based on the experimental basis and the literature of the laboratory, the content of
antioxidant 1098 was in the range of 0–4.8%, represented by x1; the content of UV-5411 was
in the range of 0–2.4%, represented by x2.
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3.2. Properties of SSP

Empyrean XRD (Panaco, The Netherlands) and Axios XRF (Almelo, The Netherlands)
were used to characterize the physicochemical properties of the SSP.

3.3. Aging-Test Method
3.3.1. Short-Term Thermal-Oxygen-Aging Test

The 85-type asphalt film oven was used for the TFOT aging test to simulate the short-
term thermal-oxygen-aging behavior of SSP-MAM in the mixing, paving, and compaction
processes. The test temperature was controlled at 163 ± 1 ◦C, the rotating speed of the
turntable was set at 5.5 ± 1 r/min, the tilt angle of the turntable and the horizontal plane
was not more than 3◦, and the aging time was 5 h.

3.3.2. Accelerated-UV-Aging Test

The LHX-205 type intelligent numerical-control ultraviolet-aging test box was used to
simulate accelerated-ultraviolet-aging experiments. The SSP-MAM sample after short-term
thermal-oxygen aging was placed on the horizontal turntable of the ultraviolet-aging box.
The ultraviolet radiation intensity on the surface of the asphalt sample was 30 W/cm2 by
adjusting the height of the horizontal turntable. The wavelength of ultraviolet light was
365 nm, the experiment temperature was set to 60 ◦C, and the experiment time was seven
days.

3.4. Asphalt Mortar Characteristic Analysis Method
3.4.1. Functional Group Characteristics of Asphalt Mortar

In the FTIR, the molecular structure was observed by measuring the vibrational
and rotational spectra of molecules. A Nexus intelligent FTIR was adopted to analysis
the functional groups of SSP-MAM. First, the asphalt/carbon disulfide solution with a
mass concentration of 5% was configured. Then the asphalt sample was dissolved in the
carbon-disulfide solution, and the prepared solution was dropped onto the KBr wafer.
The SSP-MAM sample film could be obtained after the complete volatilization of the
carbon-disulfide solution. The scanning beam range of the infrared spectrometer was
4000–400 cm−1, and the number of scans was 64.

3.4.2. Rheological Properties of Asphalt Mortar

The dynamic shear rheometer (DSR) is an instrument applied to analyze the rheologi-
cal properties of polymer materials. It has been widely used due to its good experimental
accuracy and repeatability, since SHRP recommended using it to test the rheological prop-
erties of asphalt in 1993. The rheological properties of SSP-MAM samples were tested
by MCR-102 DSR (Anton Paar, Graz, Austria). The rheological parameters at different
temperatures were scanned under the strain-control mode. The scanning frequency was
controlled as 10 rad/s, the temperature scanning range was 30–80 ◦C, the upper and lower
plate diameter was 25 mm, the heating rate was 2 ◦C/min, and the plate spacing (asphalt
film thickness) was 1 mm.

3.5. Leaching Behavior of Asphalt Mortar

TCLP developed by the US Environmental Protection Agency (EPA) was adopted for
the toxicity-extraction experiment of steel slag in this research. The leaching agent was used
to adjust the pH of the solid waste for tumble-extraction experiments in order to implement
the Resource Conservation and Regeneration Act (RCRA) for the management of hazardous
and solid waste. Simultaneously, the leaching content of inorganic components in solid
waste was simulated by judging its contamination capacity.

In this experiment, the leaching behavior of heavy-metal ions from SSP and SSP-MAM
was investigated. SSP-MAM was specially prepared into particles smaller than 9.5 mm
to meet the requirements of the test samples in TCLP. The specific experimental steps in
Figure 6 were as follows: First, 50.0 g of the particle was weighed and placed in a 2 L
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polyethylene bottle for later use. Secondly, the acetate buffer solution with pH value of
2.88 ± 0.05 was prepared, and the corresponding amount of acetate buffer solution was
added according to the liquid- solid ratio of 20:1 (L/kg). Then, the polyethylene bottle
was placed on the inversion shaker, the rotation speed of the shaker was set to 30 rpm,
the shaking time was 18 ± 2 h, and the temperature was 23 ± 2 ◦C. Finally, the mixture
was allowed to stand after shaking, and the clarified filtrate was collected in a centrifuge
tube with filter paper for next step of testing. The leaching concentration of heavy-metal
elements was determined by atomic absorption spectrometry.
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4. Results and Discussions
4.1. Optimization Test of Dosage Simulation

The partial-approximation model, contour plot, and R-Squared accuracy of G* and
x1, x2 are presented in Figure 8a–c, and so on for phase angle and softening point. From
Figure 8c,f,i, the values of R2 can be obtained as 0.96652, 0.95828, and 0.95732, respectively,
where the blue line represents the actual average value, indicating that the fitting accuracy
and reliability were high. The fit of anisotropy and exponential functions were selected as
the Kriging model by comparing the output R2 values. Figure 8b,e,h are contour maps of
the projections of Figure 8a,d,g on the horizontal plane, respectively. The denser the contour
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lines and the greater the slope of the fitted surface, the more significant the influence of this
factor was. The contour lines in the figure were dense and steep, indicating that there was
significant correlation between the amount of modifier and G*, δ, and the softening point.
When the first peak appeared, for G*, δ, and the softening point, the corresponding dosages
of x1 were 2.15%, 1.0%, and 1.1%, respectively. It showed that the effect of antioxidants on δ

was more significant, that is, less antioxidant could change δ. Meanwhile, the corresponding
dosages of x2 were 0.25%, 0.76%, and 0.38%, respectively. It was clarified that the effect of
the UV absorber on G* was more significant, that is, less UV absorber could change G*.
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(a) Partial-approximation model of G*, (b) Contour plot of G*, (c) R-Squared accuracy of G*, (d) Partial-
approximation model of δ, (e) Contour plot of δ, (f) R-Squared accuracy of δ, (g) Partial-approximation
model of softening point, (h) Contour plot of softening point, (i) R-Squared accuracy of softening
point.

In this paper, the softening point and phase angle were selected as research objects
as examples. The optimized Pareto front is shown in Figure 9. The parameters of the
NSGA-II algorithm were set as: population size was 100, evolutionary generation was 100,
hybridization-distribution coefficient was 20, hybridization probability was 0.9, mutation-
distribution coefficient was 100, and mutation probability was 0.9. All the points in Figure 9
were qualified non-inferior solutions. It was necessary to select the appropriate solution in
order to determine the final optimization scheme. The individuals with larger crowding
distances had greater advantages in accordance with the optimization strategy of the
NSGA-II algorithm. The optimal value of the modifier dosage x1 was 1.2%, and x2 was
0.5% after weighing by the NSGA-II algorithm.
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4.2. Properties of SSP

The mineral phase of SSP was characterized by XRD as shown in Figure 10. It can be
seen from the diffraction pattern that there were a variety of diffraction peaks with serious
overlap, which indicates that the types of minerals contained in the steel slag were quite
complex. The strongest diffraction peaks and three strong peaks appearing at 2θ of 32.961
and 33.067 belonged to silicate minerals, indicating that C3S and C2S were the main mineral
phases of steel slag.
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4.3. Functional-Group Characteristics of Asphalt Mortar

Infrared spectroscopy tests were carried out on modified asphalt mortar (MAM) and
unmodified asphalt mortar (UAM) to investigate the change characteristics of functional
groups during thermal-oxygen and ultraviolet aging. The characteristic peaks of oxygen-
containing functional groups were more distinct due to the absorption of oxygen during
aging. The formula to calculate the index of the characteristic functional group carbonyl
(C=O) and sulfoxide (S=O) of asphalt were as follows:

IC=O =
S1700 cm−1

S2000∼600 cm−1
× 100% (5)

IS=O =
S1030 cm−1

S2000∼600 cm−1
× 100% (6)

where S1700 cm−1 is the area of the carbonyl peak band centered around 1700 cm−1, S1030 cm−1

is the area of the sulfoxide peak band centered around 1030 cm−1, and S2000∼600 cm−1 is the
area of the spectral bands between 2000 and 600 cm−1.

In the UAM, the value of IS=O and IC=O were 1.56% and 1.3%, respectively, while the
values of IS=O and IC=O in the MAM were 0.9% and 1.1%, respectively. It revealed that the
content of oxygen-containing functional groups and the degree of photo-oxidation of the
MAM were declined. Therefore, the thermal-oxygen- and ultraviolet-aging resistance of
the MAM was improved.

In the Figure 11, the characteristic absorption peaks of IS=O and IC=O in UAM appeared
at 1033 cm−1 and 1692 cm−1, respectively, while in MAM they appeared at 1676 cm−1 and
998 cm−1, respectively. The reason for the different degrees of bathochromic shift of the
two characteristic absorption peaks was that the antioxidants and UV absorbers contained
auxiliary color groups such as non-bonded-electron heteroatom-saturated groups. Simul-
taneously, the absorption peaks being shifted to long wavelengths under the combined
action of conjugation and auxochrome groups was attributed to the presence of aromatic
heterocycles in antioxidants and UV absorbers.
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In addition, the characteristic peaks of C-H stretching vibration of N-H and aromatic
hydrocarbon benzene ring in MAM were present at 3644 cm−1 and 680 cm−1, respectively,
but they did not appear in UAM. This illustrated that antioxidants and UV absorbers had
chemical reactions with asphalt to generate new functional groups during the aging process
of asphalt, rather than simple physical blending [37].

4.4. Rheological Properties of Asphalt Mortar

Figure 12 showed that G* decreased with the increase in temperature, indicating
that the rheological properties of SSP-MAM had obvious temperature dependence. The
transition of asphalt from a highly elastic state at low temperature to a viscous fluid state
at high temperature due to the increase in the free volume of asphalt with increasing
temperature. Therefore, the decrease in the maximum shear stress and the increase in the
maximum shear strain of the asphalt led to the decrease in G*. Meanwhile, the G* of the
UAM was larger, which was due to the oxidation reaction of the asphalt film in contact
with the oxygen in the air at high temperature. The content of aromatics in asphalt was
decreased, while pectin and asphaltene was increased. Therefore, a molecular weight
migration from small to large occurred between the asphalt components. The asphalt was
hardened by the reduction in plastic flow deformability based on the increase in the overall
molecular weight of the asphalt. The G* in MAM was smaller on account of the modifier
chemically reacting with oxygen, thereby preventing the contact of the bitumen film with
oxygen.
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The anti-aging ability of bitumen was enhanced with the increase in phase-angle ratio
and the decrease in viscosity loss during the aging process. It can be observed that the
phase angle increased with the increase in temperature, which was larger in MAM than
in UAM. It illustrated that the free radicals generated by the asphalt monomer due to
thermal oxygen and light were captured by antioxidants, while the ultraviolet rays were
converted into heat by ultraviolet absorbent through chemical action, thus preventing
further thermal-oxygen and ultraviolet aging of the asphalt.

4.5. Leaching Behavior of Asphalt Mortar

Figure 13 presents the leaching results of heavy-metal ions. It can be clearly discerned
that the leaching concentrations of As, Cr6+ and Cu were higher, followed by Zn, Pb, Ni,
and finally Cd. Meanwhile, the leaching concentration of heavy-metal ions in the SSP was
the largest, followed by the aged SSP-MAM, and finally the unaged SSP-MAM.

A possible cause was that the SSP was coated with chemically stable bitumen to
prevent it from reacting with the acidic extractant. On the other hand, the high-polarity
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water could not fully contact the SSP on account of the low polarity of the asphalt. Therefore,
asphalt had a certain physical solid-sealing effect on the release of heavy-metal ions in the
SSP, and further reduced the leaching heavy-metal-ion content by reducing the chance of
contact between the SSP and the extraction solution. In addition, the encapsulation ability
of the asphalt to the heavy-metal ions in the SSP was also imparity. The leaching amount of
As and Pb decreased the most, which were 47.8% and 46.4%, respectively, followed by Cr6+

(22.6%) and Cd (21.2%), Zn (10.6%), and finally, Ni (7.4%) and Cu (5.2%).

Materials 2022, 15, x FOR PEER REVIEW 15 of 18 
 

 

of As and Pb decreased the most, which were 47.8% and 46.4%, respectively, followed by 

Cr6+ (22.6%) and Cd (21.2%), Zn (10.6%), and finally, Ni (7.4%) and Cu (5.2%). 

 

Figure 13. Heavy-metal leaching from asphalt mortar. 

Obviously, the aged SSP-MAM was larger than the unaged SSP-MAM in terms of 

ionic leaching concentration. The reason was that the asphalt structure was changed un-

der the synergistic effect of oxygen and ultraviolet rays. The flexibility and ductility of the 

asphalt became depraved with the decrease in light components and the increase in as-

phaltene. At this point, the risk of leaching heavy-metal ions increased with the inferior 

asphalt coating performance on SSP. 

5. Conclusions 

SSP was used to replace natural mineral to prepare asphalt mortar in this research, 

and the thermal-oxidation- and ultraviolet-aging resistance of SSP-MAM was evaluated. 

The multi-objective optimization analysis of antioxidants and UV absorbers was carried 

out using the NSGA-II. A chemically reactive composite-modified asphalt mortar with 

good comprehensive properties was prepared. The optimization model was verified ac-

cording to the experimental results. Based on the above research content, the main con-

clusions of this paper were as follows: 

1. The denser the contour lines and the greater the slope of the fitted surface, the more 

significant the influence of this factor was. The contour lines were dense and steep, 

indicating that there was significant correlation between the dosage of modifier and 

G*, δ, and the softening point. When the first peak appeared, for G*, δ, and the sof-

tening point, the corresponding dosages of x1 were 2.15%, 1.0%, and 1.1%, respec-

tively, while the corresponding dosages of x2 were 0.25%, 0.76%, and 0.38%, respec-

tively. All the points in the Pareto front were qualified non-inferior solutions. The 

individuals with larger crowding distances had greater advantages in accordance 

with the optimization strategy of the NSGA-II algorithm. The optimal value of the 

modifier dosage x1 was 1.2%, and x2 was 0.5% after weighing by the NSGA-II algo-

rithm. 

2. In the UAM, the value of IS=O and IC=O were 1.56% and 1.3%, respectively, while the 

values of IS=O and IC=O in the MAM were 0.9% and 1.1%, respectively. This revealed 

Figure 13. Heavy-metal leaching from asphalt mortar.

Obviously, the aged SSP-MAM was larger than the unaged SSP-MAM in terms of ionic
leaching concentration. The reason was that the asphalt structure was changed under the
synergistic effect of oxygen and ultraviolet rays. The flexibility and ductility of the asphalt
became depraved with the decrease in light components and the increase in asphaltene. At
this point, the risk of leaching heavy-metal ions increased with the inferior asphalt coating
performance on SSP.

5. Conclusions

SSP was used to replace natural mineral to prepare asphalt mortar in this research, and
the thermal-oxidation- and ultraviolet-aging resistance of SSP-MAM was evaluated. The
multi-objective optimization analysis of antioxidants and UV absorbers was carried out
using the NSGA-II. A chemically reactive composite-modified asphalt mortar with good
comprehensive properties was prepared. The optimization model was verified according
to the experimental results. Based on the above research content, the main conclusions of
this paper were as follows:

1. The denser the contour lines and the greater the slope of the fitted surface, the more
significant the influence of this factor was. The contour lines were dense and steep,
indicating that there was significant correlation between the dosage of modifier and G*,
δ, and the softening point. When the first peak appeared, for G*, δ, and the softening
point, the corresponding dosages of x1 were 2.15%, 1.0%, and 1.1%, respectively, while
the corresponding dosages of x2 were 0.25%, 0.76%, and 0.38%, respectively. All the
points in the Pareto front were qualified non-inferior solutions. The individuals with
larger crowding distances had greater advantages in accordance with the optimization
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strategy of the NSGA-II algorithm. The optimal value of the modifier dosage x1 was
1.2%, and x2 was 0.5% after weighing by the NSGA-II algorithm.

2. In the UAM, the value of IS=O and IC=O were 1.56% and 1.3%, respectively, while
the values of IS=O and IC=O in the MAM were 0.9% and 1.1%, respectively. This
revealed that the content of oxygen-containing functional groups and the degree of
photo-oxidation of the MAM were declined. The characteristic absorption peaks of
sulfoxide and carbonyl group of the MAM had different degrees of bathochromic
shift.

3. The complex shear modulus was smaller and the phase angle was larger in MAM.
The contact of the bituminous membrane with oxygen was prevented as the modifier
reacted chemically with oxygen. This illustrated that the free radicals generated by
the asphalt monomer due to thermal oxygen and light were captured by antioxidants,
while the ultraviolet rays were converted into heat by ultraviolet absorbent through
chemical action, thus preventing further thermal-oxygen and ultraviolet aging of the
asphalt.

4. The leaching concentration of heavy-metal ions in the SSP was the largest, followed
by the aged SSP-MAM, and finally the unaged SSP-MAM. The asphalt had a certain
physical solid-sealing effect on the release of heavy-metal ions in SSP. In addition,
the encapsulation ability of asphalt for heavy-metal ions in SSP was also insufficient.
The leaching amount of As and Pb decreased the most, which were 47.8% and 46.4%,
respectively. The asphalt structure was changed under the synergistic effect of oxygen
and ultraviolet rays. Therefore, the risk of leaching heavy-metal ions was increased
with the inferior asphalt coating performance on SSP.

The UV-5411 and antioxidant 1098 increased the thermal oxygen and UV-aging re-
sistance of SSP-MAM. Therefore, the mixing performance of the asphalt mixture was
improved and its service life was prolonged. The solid-sealing effect of asphalt on SSP
reduced the risk of leaching of heavy-metal ions, thus improving the application potential
of SSP instead of mineral powder. However, due to the high economic cost of UV absorbers
and antioxidants, their large-scale applications are limited. Therefore, future research can
begin with reducing the dosage of modifiers, finding cheap replacement materials with
excellent performance, or introducing new materials to reduce the dosage of UV absorbers
and antioxidants.
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Abbreviations

Acronyms Full Name
SSP Steel-slag powder
SSP–AM Steel-slag powder–asphalt mortar
LHD Latin hypercube design
Opt LHD Optimal Latin hypercube design
NSGA-II Second-generation non-inferior sorting genetic algorithm
SSP-MAM Steel-slag-powder-modified asphalt mortar
MAM Modified asphalt mortar
UAM Unmodified asphalt mortar
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Abstract: During the service period, asphalt materials are affected by various natural factors, in-
cluding heat, ultraviolet light, oxygen and moisture, etc., resulting in the reduction of pavement
performance, the increase of pavement distress and shortening of service life. This study aims to in-
vestigate the aging performance of asphalt under multiple aging conditions of heat, UV and aqueous
solution. Thermal-oxygen aging, UV aging and hydrostatic erosion tests were carried out sequentially
on asphalt. The rheological properties, chemical structure and element composition of asphalt were
characterized before and after aging, and the effect mechanism of multiple conditions was discussed.
The results show that the multiple conditions of heat and UV can increase the rutting resistance and
weaken the cracking resistance of asphalt. However, the effect degree of UV decreases gradually with
the deepening of aging degree. Additionally, the effect of water on the physicochemical properties is
less than that of UV; however, water can increase the sensitivity of physicochemical properties to UV.
In summary, this study explored the short-term cycling effect of heat, light and water on asphalt and
provided an idea for simulation test of asphalt under multiple aging condition.

Keywords: asphalt; thermal-oxygen aging; UV aging; moisture damage; rheological performance;
chemical structure

1. Introduction

Asphalt concrete, due to its advantages of easy construction, driving comfort and low
noise, is widely used as a paving material throughout the world [1,2]. The appearance of
asphalt concrete distress is mainly due to the occurrence of aging under the conditions
of heat, oxygen, ultraviolet and water [3]. Thermal-oxygen aging occurs mainly during
the construction period, including mixing, paving, etc. Its mechanism mainly includes
the volatilization and oxidation of light components, the condensation of saturates and
the degradation of macromolecules in asphalt [4]. UV radiation has the most significant
effect on asphalt concrete aging during service. The molecular chains in asphalt absorb
enough energy from the UV wavelengths to cause the bonds to break [5]. Additionally,
water and the oxygen in the water can cause the alternating occurrence of asphalt oxidation,
dissolution and migration [6]. In different regions with different climatic conditions, asphalt
concretes are subjected to the diverse service environment [7]. Asphalt concrete in different
areas are exposed to various corrosive media, such as salt, acid and alkali [8–11]. Asphalt
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aging is the main cause of asphalt concrete aging [12]. Therefore, there are a large number
of studies are concerned with the aging of asphalt, but preliminary research mainly focused
on single factor of asphalt aging due to the complexity of asphalt composition [13–15].

With the deepening of research, multiple factors are gradually being considered in the
simulation of asphalt aging. Abouelsaad and White pointed out that the performance of
hot mix asphalt mixture gradually weakened with the increase of coupling aging time [16].
Tan and Li investigated the coupled effect of thermal-oxygen–UV on asphalt and found
the effect of coupled aging was more obvious than thermal-oxygen aging, which showed
a rapid decay of asphalt properties [17]. Li et al. supposed that the coupled ageing
mechanism of UV and different aqueous solution mainly includes three channels, including
the excitation and break of asphalt molecules and the dissolution and separation of the
organic component in asphalt [18]. It was Ilaria and Eyad who found that the combined
effect of UV–heat–oxygen–moisture caused a portion of the asphalt to become soluble
and dissolved, while the rest of the asphalt showed cracking [19]. Zhang et al. concluded
that coupled aging effect of heat–UV–water was considered to have a significant effect on
the viscoelasticity and high-temperature performance of warm mix asphalt [20]. These
atmospheric factors had a very important role in the degradation and microstructural
evolution of asphalt. However, the above studies simulate the simultaneous action of
multiple factors on asphalt, and the interaction and contribution of each factor is not
clear. Because the aging mechanism of the three kinds of aging methods is various, so
is the effect behavior on properties of asphalt. The study of asphalt aging mechanism is
important not only for predicting the longevity of asphalt, but information about asphalt
aging can help correctly restore asphalt properties with recycled asphalt pavement (RAP).
The industries all over the world are looking for solutions to use 100% RAP, which can
significantly improve economic and ecological outcomes [21]. Therefore, it is of great
interest to investigate the aging performance of asphalt under multiple conditions of heat,
UV and aqueous solution.

Changes in asphalt properties are mainly caused by changes in the internal chemical
composition and structure. The combination of EA and FTIR can complement each other
and facilitate a more accurate analysis of the microstructure of asphalt after aging [22].
Therefore, the aging performance of asphalt under multiple conditions of heat, UV and
aqueous solution was investigated in this study using the characterization of the rheological
properties, element composition and chemical structure of asphalt, and the performance
evolution law was discussed. The research program is illustrated in Figure 1. This study
adopted sequentially Thin Film Oven Test (TFOT), UV aging test and hydrostatic immersion
test to conduct different aging test on 70 A. The multiple aging conditions are divided into
three levels, including heat–UV coupling, UV–solution coupling and UV–water cycle. After
aging, Dynamic Shear Rheometer (DSR) test and Bending Beam Rheometer (BBR) test were
employed to observe the change of rheological properties, including high-temperature
rutting resistance and low-temperature cracking resistance. Additionally, the major element
composition and the characteristic functional groups of asphalt were detected by EA test
and FTIR test, respectively. The results of EA test and FTIR test were combined to analyze
the changes in chemical composition before and after aging and to investigate the aging
mechanism of the properties changes.
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Figure 1. Research program.

2. Materials and Experiments
2.1. Materials
2.1.1. Asphalt

Base asphalt with 60/80 penetration grade (simply referred as 70 A) employed in this
study was obtained from Hubei Guochuang Road Material Technology Co., Ltd. (Wuhan,
China). The basic physical properties were illustrated in Table 1.

Table 1. Physical properties of 70 A.

Physical Properties Units 70 A Standards

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 72.4 ASTM D-5 [23]
Softening point ◦C 49.6 ASTM D-36 [24]

Ductility (10 ◦C/5 ◦C) cm >100 ASTM D-113 [25]
Solubility (trichloroethylene) % 99.5 ASTM D-2042 [26]

2.1.2. Preparation of Aqueous Solution

Four kinds of aqueous solutions with different media were prepared, including dis-
tilled water, 10 wt% NaCl saline solution, pH 3 acid solution and pH 11 alkali solution, to
simulate asphalt immersed in various aqueous solution. The 10 wt% NaCl saline solution
was obtained by dissolving solid sodium chloride with distilled water. The distilled water
was used to dilute the mixed solution of sulfuric acid and nitric acid with a molar ratio of
9:1, and the pH 11 alkali solution was prepared by dissolving a certain amount of solid
sodium hydroxide. The pH value of which was monitored by a precision pH meter.
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2.2. Aging Simulation Test of Asphalt

Figure 2 illustrates the sample preparation procedure under the multiple conditions of
heat, UV and aqueous solution following six steps:

i. The 50 g of 70 A was poured on a dry aging tray with a diameter of 140 mm, then
the aging tray was put into a thermal film oven at 163 ◦C for 5 h to obtain TFOT
aged samples;

ii. The TFOT aged samples were placed in UV aging oven at 50 W/m2 of irradiation
intensity and 60 ◦C for 5 days, 10 days and 15 days to obtain UV aged samples;

iii. The UV-aged samples were treated by hydrostatic immersion experiments in
a water bath at 60 ◦C for 5 days with distilled water, 10 wt% NaCl salt solution,
pH 3 acid solution and pH11 alkali solution to obtain the samples (UV 5d + immer-
sion 5d);

iv. The sample (UV 5d + water 5d) were subjected to UV aging for another 5 days,
according to step iii, to obtain the samples (UV 5d + water 5d + UV 5d);

v. Trichloroethylene was selected as a solvent to dissolve the upper part of the samples
at each stage for 90 s, and the trichloroethylene-asphalt solution was poured into
a clean container then placed in fume cupboard for 72 h to allow the trichloroethy-
lene to evaporate completely. Finally, the residues were collected as the aged
asphalt samples.
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Figure 2. Sample preparation procedure.

2.3. Characterization of Asphalt

The rheological properties, chemical structure and element composition of asphalt
were characterized by DSR, BBR, EA and FTIR, and the related information of the in-
struments as shown in the Table 2. These tests were performed in accordance with
relevant specifications.
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Table 2. Relevant information of instruments.

Test Instruments Origin Test Parameters

DSR [27]

Materials 2022, 15, x FOR PEER REVIEW 5 of 20 
 

 

Table 2. Relevant information of instruments. 

Test Instruments Origin Test Parameters 

DSR [27] 

 

Smartpave 102 
Stain: 0.5% 

Frequency: 10 rad/s 

Anton Paar Co., Ltd. 
Temperature: 30–80 °C 

Heating rate: 2 °C/min 

Ostfildern, Germany 

Plate diameter: 25 mm 

Plate gap: 1 mm 

BBR [28] 

 

SYD-0627 Load: 980 ± 50 mN 

Shanghai Changji Geological 

Instrument Co., Ltd. 
Temperature: −6, −12, −18 °C 

Shanghai, China Span length: 102 mm 

EA [29] 

 

Vario EL Cube 

Mode: C/H/N/S 

Elementar Analysensysteme 

GmbH 

Langenselbold, Germany 

FTIR [30] 

 

Nicolet 6700 Chip: KBr  

Thermo Fisher Scientifific 
Scanning range:  

4000–400 cm−1 

Waltham, MA, USA Scan time: 64 times 

2.3.1. DSR Test 

As a kind of viscoelastic material, asphalt is sensitive to changes in temperature and 

load. The rheological property of asphalt has a vital effect on its processability and pave-

ment performance of asphalt mixture [31]. The high-temperature rheological property of 

asphalt samples was characterized by a temperature sweep using DSR with strain control 

mode. About 0.8 g of asphalt sample was used to prepare the cylinder with a diameter of 

25 mm and a height of 1 mm. The complex modulus (G*) and phase angle (δ) of asphalt 

are the main parameters. The high-temperature rheological property is usually 

Smartpave 102 Stain: 0.5%
Frequency: 10 rad/s

Anton Paar Co., Ltd.
Temperature: 30–80 ◦C
Heating rate: 2 ◦C/min

Ostfildern, Germany Plate diameter: 25 mm
Plate gap: 1 mm

BBR [28]

Materials 2022, 15, x FOR PEER REVIEW 5 of 20 
 

 

Table 2. Relevant information of instruments. 

Test Instruments Origin Test Parameters 

DSR [27] 

 

Smartpave 102 
Stain: 0.5% 

Frequency: 10 rad/s 

Anton Paar Co., Ltd. 
Temperature: 30–80 °C 

Heating rate: 2 °C/min 

Ostfildern, Germany 

Plate diameter: 25 mm 

Plate gap: 1 mm 

BBR [28] 

 

SYD-0627 Load: 980 ± 50 mN 

Shanghai Changji Geological 

Instrument Co., Ltd. 
Temperature: −6, −12, −18 °C 

Shanghai, China Span length: 102 mm 

EA [29] 

 

Vario EL Cube 

Mode: C/H/N/S 

Elementar Analysensysteme 

GmbH 

Langenselbold, Germany 

FTIR [30] 

 

Nicolet 6700 Chip: KBr  

Thermo Fisher Scientifific 
Scanning range:  

4000–400 cm−1 

Waltham, MA, USA Scan time: 64 times 

2.3.1. DSR Test 

As a kind of viscoelastic material, asphalt is sensitive to changes in temperature and 

load. The rheological property of asphalt has a vital effect on its processability and pave-

ment performance of asphalt mixture [31]. The high-temperature rheological property of 

asphalt samples was characterized by a temperature sweep using DSR with strain control 

mode. About 0.8 g of asphalt sample was used to prepare the cylinder with a diameter of 

25 mm and a height of 1 mm. The complex modulus (G*) and phase angle (δ) of asphalt 

are the main parameters. The high-temperature rheological property is usually 

SYD-0627 Load: 980 ± 50 mN
Shanghai Changji Geological

Instrument Co., Ltd. Temperature: −6, −12, −18 ◦C

Shanghai, China Span length: 102 mm

EA [29]

Materials 2022, 15, x FOR PEER REVIEW 5 of 20 
 

 

Table 2. Relevant information of instruments. 

Test Instruments Origin Test Parameters 

DSR [27] 

 

Smartpave 102 
Stain: 0.5% 

Frequency: 10 rad/s 

Anton Paar Co., Ltd. 
Temperature: 30–80 °C 

Heating rate: 2 °C/min 

Ostfildern, Germany 

Plate diameter: 25 mm 

Plate gap: 1 mm 

BBR [28] 

 

SYD-0627 Load: 980 ± 50 mN 

Shanghai Changji Geological 

Instrument Co., Ltd. 
Temperature: −6, −12, −18 °C 

Shanghai, China Span length: 102 mm 

EA [29] 

 

Vario EL Cube 

Mode: C/H/N/S 

Elementar Analysensysteme 

GmbH 

Langenselbold, Germany 

FTIR [30] 

 

Nicolet 6700 Chip: KBr  

Thermo Fisher Scientifific 
Scanning range:  

4000–400 cm−1 

Waltham, MA, USA Scan time: 64 times 

2.3.1. DSR Test 

As a kind of viscoelastic material, asphalt is sensitive to changes in temperature and 

load. The rheological property of asphalt has a vital effect on its processability and pave-

ment performance of asphalt mixture [31]. The high-temperature rheological property of 

asphalt samples was characterized by a temperature sweep using DSR with strain control 

mode. About 0.8 g of asphalt sample was used to prepare the cylinder with a diameter of 

25 mm and a height of 1 mm. The complex modulus (G*) and phase angle (δ) of asphalt 

are the main parameters. The high-temperature rheological property is usually 

Vario EL Cube
Mode: C/H/N/SElementar Analysensysteme GmbH

Langenselbold, Germany

FTIR [30]

Materials 2022, 15, x FOR PEER REVIEW 5 of 20 
 

 

Table 2. Relevant information of instruments. 

Test Instruments Origin Test Parameters 

DSR [27] 

 

Smartpave 102 
Stain: 0.5% 

Frequency: 10 rad/s 

Anton Paar Co., Ltd. 
Temperature: 30–80 °C 

Heating rate: 2 °C/min 

Ostfildern, Germany 

Plate diameter: 25 mm 

Plate gap: 1 mm 

BBR [28] 

 

SYD-0627 Load: 980 ± 50 mN 

Shanghai Changji Geological 

Instrument Co., Ltd. 
Temperature: −6, −12, −18 °C 

Shanghai, China Span length: 102 mm 

EA [29] 

 

Vario EL Cube 

Mode: C/H/N/S 

Elementar Analysensysteme 

GmbH 

Langenselbold, Germany 

FTIR [30] 

 

Nicolet 6700 Chip: KBr  

Thermo Fisher Scientifific 
Scanning range:  

4000–400 cm−1 

Waltham, MA, USA Scan time: 64 times 

2.3.1. DSR Test 

As a kind of viscoelastic material, asphalt is sensitive to changes in temperature and 

load. The rheological property of asphalt has a vital effect on its processability and pave-

ment performance of asphalt mixture [31]. The high-temperature rheological property of 

asphalt samples was characterized by a temperature sweep using DSR with strain control 

mode. About 0.8 g of asphalt sample was used to prepare the cylinder with a diameter of 

25 mm and a height of 1 mm. The complex modulus (G*) and phase angle (δ) of asphalt 

are the main parameters. The high-temperature rheological property is usually 

Nicolet 6700 Chip: KBr

Thermo Fisher Scientifific Scanning range:
4000–400 cm−1

Waltham, MA, USA Scan time: 64 times

2.3.1. DSR Test

As a kind of viscoelastic material, asphalt is sensitive to changes in temperature
and load. The rheological property of asphalt has a vital effect on its processability and
pavement performance of asphalt mixture [31]. The high-temperature rheological property
of asphalt samples was characterized by a temperature sweep using DSR with strain control
mode. About 0.8 g of asphalt sample was used to prepare the cylinder with a diameter of
25 mm and a height of 1 mm. The complex modulus (G*) and phase angle (δ) of asphalt are
the main parameters. The high-temperature rheological property is usually characterized
by the rutting factor (G*/sinδ) to evaluate the rutting resistance [32]. The ratio of G*/sinδ
before and after aging is defined as the Rutting factor Aging Index (RAI), which can
quantify the influence of aging conditions on the high-temperature performance of asphalt,
as shown in Equation (1) [33].

RAI =
G∗

aging/sin δaging

G∗
virgin/sin δvirgin

(1)

where G*virgin and G*aging represent the G* of asphalt before and after aging, respectively,
Pa; and δvirgin and δaging represent the δ of asphalt before and after aging, respectively. The
greater the RAI, the more distinct the aging effect.

2.3.2. BBR Test

As the evaluation parameters of cracking resistance, the creep Stiffness modulus (S)
and creep rate (m-value) of asphalt were obtained by BBR test at low temperature, as shown
in Equations (2) and (3) [34]. The sample size was 127 mm × 12.7 mm × 6.35 mm. The
higher the S, the worse the low temperature ductility. The m-value represents the change
rate of S, and the greater the value, the higher the relaxation rate and the more excellent the
low temperature performance.

S(t) =
PL3

4bh3∆(t)
(2)

m(t) = B + 2C[lg(t)]2 (3)

where S(t) represents the creep stiffness at 60 s, MPa; P represents the test load, mN; L,
b and h represent the span length, width and depth of samples, mm; ∆(t) represents the
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deflection of samples at 60 s; and B and C represent the regression coefficients of lg[S(t)]
and lg[m(t)].

2.3.3. EA Test

The variation of the element composition of asphalt was detected by elemental ana-
lyzer under multiple condition. The analysis principle is dynamic adsorption–desorption
TCD measurement program [35]. The C, H, N, S and O elements are the main elements
of asphalt, and the test mode of C, H, N and S elements was selected. The asphalt with
a weight of 5 mg is burned under pure oxygen conditions, and then the gas produced by the
combustion is measured. After homogenization, the gas is separated in chromatography
within the separation zone and finally measured in the detection zone. Since the content of
hetero atoms in asphalt is too low to be ignored, the content of O is obtained by subtracting
the content of C, H, N and S elements from 100%.

The density method was employed to analyze the structural composition of asphalt.
Three important indexes, the molar ratio of hydrogen–carbon (n(H)/n(C)), aromatic carbon
ratio (fA) and condensation index (CI), were selected. The larger the n(H)/n(C), the more
saturated hydrocarbons in the asphalt and the less the aging degree and vice versa, as
shown in Equation (4) [36].

n(H)/n(C) = 11.92 × [ω(H)/ω(C)] (4)

where ω(H) and ω(C) represent the mass fraction of hydrogen and carbon atoms in all
elements of asphalt, respectively, %.

The fA reflects the ratio of aromatic carbon atoms to total carbon atoms. The larger the
fA, the more ring structure, especially the aromatic rings, which means that there are more
macromolecules and a greater degree of aging, as shown in Equations (5)–(8).

ρ = 1.4673 − 0.0431ω(H) (5)

Mc/ρ = 1201/[ρ×ω(C)] (6)

(Mc/ρ)c = Mc/ρ − 6[100 −ω(C)−ω(H)]/ω(C) (7)

fA = 0.09(Mc/ρ)c − 1.15n(H)/n(C) + 0.77 (8)

where ρ represents the density of asphalt, g/cm3, and Mc/[yellow]ρ and (Mc/ρ)c represent the
molar volume of individual carbon atom before and after correction, respectively, L/mol.

The CI represents the molecule condensation degree, and the larger the CI, the greater
the molecule condensation degree and the more complex the ring structure, as shown in
Equation (9).

CI = 2 − n(H)/n(C)− fA (9)

2.3.4. FTIR Test

Under the multiple aging condition, the chemical structure of asphalt was detected
by FTIR with OMNIC 6.2 software (Thermo Fisher). Firstly, asphalt with a weight of 0.1 g
was dissolved by CS2 to prepare 5 wt% asphalt–CS2 solution. Then, two drops were placed
on the KBr chip with a glue dropper, and the CS2 was completely vaporized by infrared
light. Finally, the prepared samples were undertaken for the FTIR test. The carbonyl group
and sulfoxide group are the main products of asphalt oxidation, and their indexes (IC=O
and IS=O) are usually used to quantify the aging degree of asphalt, which can be calculated
using Equations (10) and (11) [37].

IC=O = A1700cm −1 /ΣA2000−600cm −1 (10)

IS=O = A1030cm −1 /ΣA2000−600cm −1 (11)
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where A1700cm −1 and A1030cm −1 represent the area of carbonyl group and sulfoxide group
at the 1700 cm−1 and 1030 cm−1, respectively, and ΣA2000−600cm −1 represents the total area
from 2000 cm−1 to 600 cm−1. The higher the indexes, the greater the degree of aging.

3. Results and Discussion
3.1. High-Temperature Rutting Resistance

The G* and δ of asphalt are the main parameters of the high-temperature rheological
property of asphalt. The greater the G*, the greater the shear deformation resistance and
vice versa. The δ can evaluate the ratio of elastic components and viscous components.
The greater the δ, the greater the viscous components. Conversely, the smaller the δ, the
greater the elastic components. Figure 3 shows that the G* and δ of asphalt after multiple
aging through heat, UV and aqueous solution. As can be seen from Figure 3a, the G*
and δ of asphalt aged with TFOT increased and decreased, respectively, indicating the
increase in shear deformation resistance and elastic components. The trend was further
deepened after UV aging, manifesting the effect of UV was accumulated on the sample after
thermal-oxygen aging. As can be seen from Figure 3b, the G* of asphalt samples declined
after immersion in water, saline solution and acid solution, while the G* of asphalt samples
increased after immersion in alkali solution. The δ of asphalt decreased after immersion
in the four kinds of solutions. This could be explained by that there were some oxidation
products on the surface of samples (UV 5d), and the existence of moisture resulted in
dissolution and migration of these, leading to the reduction of the shear deformation
resistance during immersion in three kinds of solution except alkali solution [38]. However,
the reduction of other components might lead to an increase in the relative content of
crystalline wax, resulting in an increment in the elastic components [39]. Chloride ions in
saline solution could promote the emulsification of asphalt, and the esterification reaction
between acid and olefin in asphalt generated long chain isomerized alkanes. The chemical
reactions increased the content of saturates, resulting in the further reduction of the shear
deformation resistance. Among these, the effect of salt solution on the high-temperature
rheological property of asphalt was greater than that of water and acid solution, which
might be due to the crystallization of salt in asphalt [40]. Moreover, the saponification of
alkali solution with asphalt accelerated the asphalt oxidation to generate more asphaltenes,
resulting in an increasing of the shear deformation resistance and elastic components [41].
After aging cycle of UV and water, the G* and δ of asphalt are illustrated in Figure 3c.
The order of G* from small to large was the following order, (UV 5d + water 5d) < (UV
5d) < (UV 10d) < (UV 15d) < (UV 5d + water 5d + UV 5d). It suggested that the effect of
water and UV on shear deformation resistance was opposite due to asphalt dissolution and
migration, but water can increase the sensitivity of the shear deformation resistance to UV.
The order of δ from small to large is the following: (UV 5d + water 5d + UV 5d) < (UV 15d)
< (UV 10d) < (UV 5d + water 5d) < (UV 5d); manifesting water can also increase sensitivity
of the viscoelasticity to UV.

Figure 4 shows the RAI of asphalt after the multiple aging. From Figure 4a, it can
be seen that the RAIs of TFOT and UV aging were greater than 1 and increased with the
increase of UV time. It indicates that the thermo-oxidative aging and UV aging have a posi-
tive effect on the rutting resistance of asphalt, and the positive effect could be accumulated.
The RAI increased over temperature, suggesting that effect degree of thermal-oxygen and
UV on the rutting resistance increased with the increment of temperature. Figure 4b,c illus-
trates the data graphs with the G*/sinδ of sample (UV 5d) as the G∗

virgin/ sin δvirgin. From
Figure 4b, it can be seen that the RAIs of asphalt samples exposed to water, saline solution
and acid solution were less than 1, while that of sample immersed in alkali solution was
greater than 1. This demonstrates that the first three solutions had a negative impact on the
rutting resistance of asphalt, while alkali solution improved the rutting resistance of asphalt.
The RAIs of samples suffered the aqueous solutions except the alkali solution and were
not affected by temperature, indicating they had similar effects on the rutting resistance
at different temperatures. Additionally, the RAI of the asphalt treated by alkali solution
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increased with temperature, manifesting it had greater effects on the rutting resistance at
high temperatures. From Figure 4c, it can be seen that the RAI of samples (UV 5d + water
5d) was less than that of samples (UV 10d), while the RAI of samples (UV 5d + water 5d +
UV 5d) was greater than that of samples (UV 15d). It indicates that the effect of water on
asphalt rutting resistance was less than UV, but it could increase the sensitivity of rutting
resistance to UV. The RAI of samples (UV 5d + water 5d), (UV 10d) and (UV 15d) were
not affected by temperature, manifesting water and UV had similar effects on the rutting
resistance at different temperatures after UV aging for 5d. The RAI of samples (UV 5d +
water 5d + UV 5d) increased with temperature, demonstrating that water made the rutting
resistance more sensitive to temperature.
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Figure 3. G* and δ of asphalt after the multiple aging of heat, UV and solution. (a) multiple aging of
heat and UV; (b) multiple aging of heat, UV and solution; (c) aging cycle of UV and water.
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Figure 4. RAI of asphalt after the multiple aging of heat, UV and solution. (a) multiple aging of heat
and UV; (b) multiple aging of heat, UV and solution; (c) aging cycle of UV and water.

3.2. Low-Temperature Cracking Resistance

Figure 5 shows that the S- and m-value of asphalt after the multiple aging of heat,
UV and water. It can be seen that the S of asphalt increased and the m-value gradually
decreased with the decrease of test temperature. It indicated that the low-temperature
ductility and relaxation rate of the asphalt gradually decreased with the decreasing of
temperature and the asphalt started to become hard and brittle. After thermal-oxygen
aging, the S of samples gradually increase, while the m-value declined, manifesting the
low-temperature, cracking resistance was weakened. The addition of UV aging deepened
the change trend, meaning that thermal-oxygen and UV could accumulatively weaken
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the low-temperature cracking resistance. After the multiple aging of UV and aqueous
solution, the S of asphalt exposed to water, saline solution and acid solution decreased
and the m-value increased, while the opposite pattern appeared in samples suffered from
alkali solution. This might be because the dissolution and migration of polar components
in asphalt led to the softening of asphalt and enhancement of flexibility, leading to better
cracking resistance at low temperatures. However, the polar components increased during
immersion in alkali solution, hardening the asphalt samples and weakening the crack
resistance at low temperature [42]. The rangeability order of S from small to large was the
following: (UV 5d + water 5d) < (UV 5d) < (UV 10d) < (UV 15d) < (UV 5d + water 5d + UV
5d); and that of m-value was the opposite. It suggested that the effect of water was positive
on cracking resistance, but water could increase the sensitivity of the cracking resistance
to UV.
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Figure 5. S and m-value of asphalt after the multiple aging of heat, UV and solution. (a) multiple
aging of heat and UV; (b) multiple aging of heat, UV and solution; (c) aging cycle of UV and water.
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3.3. Element Composition

Asphalt is a complex compound with a variety of polymeric hydrocarbons and their
non-metallic derivatives, whose main constituent elements are carbon, hydrogen, oxygen,
sulfur, nitrogen, etc. The effect of heat and UV on the element composition of asphalt
samples were investigated to discuss the change mechanism in properties, as illustrated
in Table 3. For 70 A, the elemental content of C and H was higher than that of N, S and
O. After TFOT, the content of O increased, while that of others reduced, manifesting that
oxidation reaction occurred to introduce oxygen atoms in air into the asphalt, therefore
the relative content of other elements decreased. Moreover, the change trend of element
composition increased gradually with the extension of UV aging time, indicating that the
influence of UV accumulates gradually over time. The n(H)/n(C), fA and CI of asphalt after
the multiple aging are displayed in Figure 6. The n(H)/n(C) declined, while the fA and CI
increased after TFOT. The results showed that heat could decrease saturated hydrocarbon
and increase the aromatic ring substance and its condensation degree, causing the existence
of the more complex ring structure. The polymer molecule with the kind of aromatic ring
as the main chain could not be rotated internally, resulting in the increasing of rigidity
and the weakening of flexibility. As a result, the high-temperature rutting resistance was
improved and the low temperature cracking resistance was weakened, as reflected in the
DSR and BBR results. The trend was further driven by UV aging. Table 4 illustrated the
comparison of rangeability in CI after different aging methods. It could be seen that the
rangeability caused by TFOT was greater than that caused by UV 5d, and the rangeability
gradually decreased with the extension of UV aging time, indicating that the sensitivity of
elemental composition to UV decreased with the deepening of aging.

Table 3. Element content of asphalt after the multiple aging of heat and UV (%).

Samples C H N S O

Virgin 82.98 10.27 0.73 4.43 1.59
TFOT 82.94 10.24 0.72 4.38 1.72
UV 5d 82.86 10.21 0.72 4.37 1.84
UV 10d 82.86 10.20 0.72 4.36 1.86
UV 15d 82.67 10.17 0.72 4.34 2.10
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Figure 6. Important indexes (n(H)/n(C), fA and CI) of asphalt after the multiple aging of heat and UV.
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Table 4. Rangeability of CI after the multiple aging.

Samples ∆CI

Virgin/TFOT 0.0009
TFOT/UV 5d 0.0007

UV 5d/UV 10d 0.0004
UV 10d/UV 15d 0.0001

UV 5d/UV 5d + water 5d 0.0001
UV 5d + water 5d/UV 5d + water 5d + UV 5d 0.0005

Table 5 illustrated the element composition of asphalt samples after the multiple aging
of UV and aqueous solution. Compared with UV 5d, the C and H remain essentially
unchanged and the N and S declined to a certain extent, while the content of O increased
after immersion in different aqueous solution. The n(H)/n(C) declined, while the fA
and CI increased after immersion in different aqueous solution, as shown in Figure 7. It
indicated that the oxidation during immersion caused the existence of molecules with
high condensation degree, in which the water-soluble heterocyclic compounds containing
N and S (including anhydrides, lactones and cyclic lactams) were easier to dissolve and
migrate [42]. This resulted in the situation where N and S decreased but C and H remain
essentially unchanged. The presence of solute could accelerate the trend, and the order of
the effect degree is as follows: alkali > acid > salt > water.

Table 5. Element content of asphalt after the multiple aging of UV and aqueous solution (%).

Samples C H N S O

UV 5d 82.86 10.21 0.72 4.37 1.84
UV 5d + water 5d 82.86 10.21 0.71 4.34 1.88
UV 5d + salt 5d 82.86 10.20 0.71 4.34 1.89
UV 5d + acid 5d 82.85 10.19 0.70 4.33 1.93

UV 5d + alkali 5d 82.84 10.18 0.69 4.32 1.97
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Figure 7. Important indexes (n(H)/n(C), fA and CI) of asphalt after the multiple aging of UV and
aqueous solution.

The element composition of asphalt was observed after the aging cycle of UV and
water, as shown in Table 6. Compared to the sample (UV 10d), the sample (UV 5d + water
5d) had the same content of C, higher content of H and O and the lower content of N and
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S. The sample (UV 5d + water 5d + UV 5d) had the lower content of C and H, the same
content of N and the higher content of S and O than the sample (UV 15d). Figure 8 describes
the n(H)/n(C), fA and CI of asphalt after the aging cycle. The sample (UV 5d +water 5d)
had the smaller n(H)/n(C), the greater fA and CI than the sample (UV 10d), meaning that
the effect of water on element composition was less than UV. Compared to the sample
(UV 15d), the n(H)/n(C) of sample (UV 5d +water 5d + UV 5d) was smaller but the fA
and CI were greater. In addition, it could be seen from Table 4 that the rangeability of CI
between the sample (UV 5d + water 5d and UV 5d) and the sample (UV 5d + water 5d) was
1.25 times that between the sample (UV 10d) and the sample (UV 5d), demonstrating that
water could increase the sensitivity of element composition to UV.

Table 6. Element content of asphalt after the aging cycle of UV and water (%).

Samples C H N S O

UV 5d 82.86 10.21 0.72 4.37 1.84
UV 5d + water 5d 82.86 10.21 0.71 4.34 1.88

UV 10d 82.86 10.20 0.72 4.36 1.86
UV 15d 82.67 10.17 0.72 4.34 2.10

UV 5d + water 5d + UV 5d 82.61 10.16 0.72 4.35 2.16
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Figure 8. Important indexes (n(H)/n(C), fA and CI) of asphalt after the aging cycle of UV and water.

3.4. Chemical Structure

The change of element composition and chemical structure are the fundamental reason
for the change of rheological properties. The effect of multiple aging on chemical structure
were characterized by FTIR test. Figure 9 illustrates that the IC=O and IS=O of asphalt after
the multiple aging of heat and UV. The IC=O of virgin asphalt was close to 0, while the IS=O
was far greater than the IC=O. It shows that the virgin asphalt was not oxidized and some
parts of S element belong to S=O of asphalt itself [43]. Compared with the virgin, the IC=O
of samples increased by 0.06, 0.11, 0.15 and 0.17, while the IS=O samples increased by 0.21,
0.35, 0.45 and 0.53 after TFOT aging, UV 5d, UV 10d and UV 15d. The coupling of thermal-
oxygen and UV could accumulate to promote the asphalt oxidation. It indicated that asphalt
aging increased polar functional groups, such as C=O and S=O, which had permanent
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dipoles and generate electrostatic force, resulting in the increase in the intermolecular
friction resistance of asphalt [44]. The high-temperature rutting resistance was improved,
and the low-temperature cracking resistance was weakened, which was shown in the DSR
and BBR results. The rangeability of IC=O and IS=O under different aging methods was
compared in Table 7. It could be seen that the rangeability caused by TFOT was greater
than that caused by UV 5d, and the rangeability gradually decreased with UV aging time,
indicating the sensitivity of the asphalt oxidation to UV decreased with the deepening of
the aging degree. Because in the short-term aging, asphalt aging to generate carbonyl and
sulfoxide group. During UV aging, the carbonyl and sulfoxide groups decompose to form
long chains or rings, and the aromatics and colloid converted to asphaltenes, promoting
the further aging of asphalt [45]. Therefore, the preventing formation of C=O and S=O
and the synthesis of long chain can delay the asphalt aging to contribute to the sustainable
development of the asphalt pavement [46].
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Figure 9. IC=O and IS=O of asphalt after the multiple aging of heat and UV.

Table 7. Rangeability of IC=O and IS=O after the multiple aging.

Samples ∆IC=O ∆IS=O

Virgin/TFOT 0.06 0.21
TFOT/UV 5d 0.05 0.14

UV 5d/UV 10d 0.04 0.10
UV 10d/UV 15d 0.02 0.08

UV 5d/UV 5d + water 5d 0.03 0.07
UV 5d + water 5d/UV 5d + water 5d + UV 5d 0.10 0.45

After the multiple aging of UV and aqueous solution, the IC=O and IS=O of asphalt
are illustrated in Figure 10. After immersion in water, saline solution, acid solution and
alkali solution, the IC=O increased by 25.31%, 50.38%, 67.08% and 136.42%, while the IS=O
increased by 7.22%, 21.02%, 29.60% and 90.27%. This increment was greater than the
increment when UV and aqueous solution are treated asphalt simultaneously, indicating
that sequential treatment has a greater impact on asphalt than simultaneous treatment [18].
Aqueous solution could accelerate the asphalt oxidation after UV aging, and the order of
the effect degree is as follows: alkali > acid > salt > water. Figure 11 shows the IC=O and
IS=O of asphalt after aging cycle of UV and water. The sample (UV 5d + water 5d) had
the lower IC=O and IS=O than the sample (UV 10d), denoting water had the less effect on
chemical structure than UV. However, the IC=O and IS=O of sample (UV 5d + water 5d +
UV 5d) were greater than that of sample (UV 15d). Moreover, from Table 7, it can be seen
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that the rangeability IC=O and rangeability IS=O between sample (UV 5d +water 5d + UV
5d) and sample (UV 5d + water 5d) was 2.5 and 4.5 times as much as that between the
sample (UV 10d) and the sample (UV 5d), respectively. It shows that water could increase
the sensitivity of asphalt chemical structure to UV. That agreed with the result of existing
studies [47].
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4. Conclusions

The high-temperature rutting resistance and low-temperature cracking resistance of
asphalt under multiple conditions of heat, UV and aqueous solution were investigated by
DSR test. The related mechanisms of changes in aging performance were discussed by the
characterization of the chemical structure and element composition.

• Heat can increase the rutting factor, RAI and S, and decline the m-value to improve
the high-temperature rutting resistance and weaken the low-temperature cracking
resistance. According to the results of the EA test and FTIR test, the fA, CI, IC=O and
IS=O increased after thermo-oxidative aging. It can be explained by the fact that thermo-
oxidative aging causes the saturated hydrocarbon and the aromatic ring substance
with the higher condensation degree increase to form more polar components. The
addition of UV further deepens asphalt aging, and the sensitivity of physicochemical
properties to UV decreased with the deepening of aging.

• Aqueous solution can further affect the rheological properties of samples aged by UV.
Due to the dissolution and migration of polar components, the rutting resistance of
asphalt samples was weakened but the cracking resistance was improved slightly after
immersion in water, saline solution and acid solution, whereas the opposite pattern
appears in samples suffered from alkali solution due to the saponification reaction.
The order of influence of the degree of aqueous solution on UV-aged asphalt is as
follows: alkali > acid > salt > water.

• Water has the smaller effect on element composition and chemical structure, but water
can increase the sensitivity of physicochemical properties to UV.

This study explored the short-term cycling effect of heat, light and water on asphalt to
provide an idea for simulation testing and anti-aging technology of asphalt under multiple
aging conditions. The findings of this study also help to restore the lost properties of the
binder from RAP, showing the significant economic and environmental outcomes. In future
research, we will use the SARA test to investigate the influence of multiple aging conditions
on the four components, and further explore the evolution of asphalt performance under
multiple aging conditions.
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Abstract: This study introduced phosphogypsum coupled with steel slag powder to prepare the
phosphogypsum based filler (PF) for asphalt mixture. Penetration, penetration index, softening
point, ductility, equivalent softening point, moisture stability of asphalt mortars with different steel
slag powder content, filler-asphalt ratio, and PF content were studied. Mechanical properties of
PF based asphalt mortar (P-AM) were then analyzed to determine the optimum steel slag content
in PF. Overall desirability method was used to determine the optimum replacement ratio of PF
content in limestone filler. Rheological properties of P-AM were also analyzed through dynamic shear
rheometer. Volumetric performance, high-temperature performance, low-temperature performance,
and moisture stability tests were carried out on PF based AC-20 asphalt mixture. Results showed
that P-AM presented the optimum performance when the content of steel slag powder was 23% by
mass of phosphogypsum. Fatigue and rutting factor of asphalt mortar were enhanced by PF. The
optimum PF content in replacing limestone filler was 75% through overall desirability evaluation. PF
developed the high-temperature performance and moisture stability of asphalt mixture. Additionally,
volumetric and low-temperature performance were not significantly affected by PF. It is suggested
that using PF which is based on phosphogypsum as a filler of asphalt mixture to partially replace
traditional limestone filler was adequate.

Keywords: phosphogypsum; steel slag powder; asphalt mortar; asphalt mixture; overall desirability

1. Introduction

Construction of asphalt pavement usually consumes a large amount of asphalt, aggre-
gate and filler [1]. Among the natural resources, aggregate constitutes the dominant part of
the asphalt mixture [2]. However, great consumption of natural minerals for this purpose
resulted in environmental and resource pressure. Therefore, solid wastes have been increas-
ingly used to replace the aggregate and filler in order to reduce consumption of natural
mineral resources. Phosphogypsum is a solid waste which is produced from phosphoric
chemical industrial processes [3]. Its global annual production is about 280 million tons,
which also leads to environmental pollution [4–8]. Therefore, consuming and recycling
phosphogypsum as much as possible can benefit environment protection.

It has typically been used as a filler of pavement subgrade and to prepared modified
asphalt [9–12]. Shen et al. [13] prepared phosphogypsum-steel slag powder-flyash as a solid-
ified material of pavement subgrade. Results showed that its early strength and long-term
strength were higher than those of cement stabilized granular materials. Rakesh et al. [14]
also found the solidified material, which contained fly ash and 8% lime and 2% phospho-
gypsum, showed adequate unconfined compressive strength, split strength, slake durability
criteria and California bearing ratio.
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On the other hand, Amrani et al. [15] used 5 wt% phosphogypsum as modifier to
prepare modified asphalt. It was found that the modified asphalt showed higher im-
provements in stiffness and deformation resistance than the values found with fly ash and
phosphate sludge wastes. Cuadri et al. [16] used phosphogypsum coupled with sulfuric
acid to prepare modified foamed asphalt. Results showed that foamed asphalt based on
phosphogypsum has higher rutting resistance and foaming properties compared with the
natural gypsum.

However, using phosphogypsum as filler of asphalt mixture has not been system-
atically studied. Additionally, how to alleviate its negative effect on moisture stability
of asphalt material also requires further investigation, since this has hindered its appli-
cation in road engineering [17]. Alkaline materials should neutralize acidic substances
in phosphogypsum, which could improve its water stability and asphalt adhesion. Steel
slag is a by-production of steel manufacture, and it has alkalinity and good mechanical
properties [18–20]. Steel slag based mixtures showed adequate permanent deformation and
durable performance [21]. In addition, the asphalt mixture with steel slag powder fillers
showed better resistance to moisture damage, and better low-temperature crack resistance,
than asphalt mixtures with limestone filler [22]. The steel slag powder is presumed to neu-
tralize acidic substances in the phosphogypsum, thereby enhancing the moisture stability
of asphalt mixtures in which phosphogypsum is employed as a filler.

The concept of overall desirability has been used to integrate optimization based
on multiple objectives into a single objective [23]. This method facilitates the integration
of indicators with different data ranges into a desirability measure, and can be used
to calculated the composition for achieving the optimum performance [24]. Different
performance values have been combined into overall desirability to determine the optimum
content, with desirability values varying from 0 to 1. Hence, this method has been used to
investigate the optimum PF content in this study.

The study aimed to develop a phosphogypsum based filler (PF) which contained
steel slag powder, in order to put this waste product to good use. Firstly, the optimum
dosage of steel slag powder as modifier was determined through analysis and charac-
terization of PF based asphalt mortar (P-AM). Secondly, the optimized PF was used to
partly replace limestone filler in asphalt mortar. Asphalt mortars containing mixed fillers
of PF and limestone filler (PL-AM) at different filler-asphalt ratios were prepared and
tested. Thirdly, penetration, softening point, ductility and penetration index were used
to determine the PF content in replacing traditional limestone filler based on overall
desirability. Finally, asphalt mixtures that employed the mixed filler containing PF were
fabricated and tested to verify the feasibility of using phosphogypsum as filler after PF
composition and content in the mixed filler were determined. The results of this study
provide an original approach for consuming the phosphogypsum in asphalt mixture.
This approach is positive for reducing phosphogypsum and steel slag, which is beneficial
for environmental protection.

2. Materials and Methods
2.1. Raw Material
2.1.1. Phosphogypsum and Steel Slag Powder

Figure 1 show the appearance of phosphogypsum and steel slag powder. Table 1
shows the main chemical components of phosphogypsum and steel slag powder; the
elements are given in form of their oxides. According to XRF analysis, the main compo-
nent of phosphogypsum is CaSO4·2H2O and its density is 2.371 g/cm3. The physically
adsorbed moisture of phosphogypsum will be removed at 100 ◦C heating. Studies reported
that phosphogypsum will then turn into hemihydrate phosphogypsum (CaSO4·0.5H2O)
when the temperature reaches about 130 ◦C. Hemihydrate phosphogypsum will turn into
anhydrous hard phosphogypsum (CaSO4) when the temperature exceeds 1200 ◦C.
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Table 1. The chemical composition of phosphogypsum and steel slag powder.

Composition SO3 Al2O3 SiO2 CaO P2O5 Fe2O3 MgO

Phosphogypsum 44.5% 0.9% 9.5% 31.1% 2.5% 0.7% /
Steel slag powder / 22.2% 43.9% 17.8% / 2.9% 5.7%

Through XRF analysis, the main component of steel slag is Al2O3, and its density
is 3.498 g/cm3. The steel slag powder had been exposed in the air for over 1 year.
It was found that the free CaO (f-CaO) of steel slag powder was 2.1%, which was
below the upper limit of f-CaO. This indicated that steel slag powder will not lead to
volume instability.

2.1.2. Asphalt

Table 2 shows the neat asphalt with penetration range of 60–80 used in this study.
Mechanical properties of the asphalt are characterized according to standard testing spec-
ification for asphalt and mixture testing (JTG E20-2011, Beijing, in Chinese) and techni-
cal specification for construction of highway asphalt pavements (JTG F40-2004, Beijing,
in Chinese).

Table 2. Mechanical properties of asphalt.

Technical Index Test Results Requirements

Penetration (25 ◦C, 0.1 mm) 70.7 60–80
Softening point (◦C) 49.0 ≥46
Ductility (15 ◦C, cm) >100 ≥100

Viscosity (135 ◦C, Pa·s) 0.46 /

2.1.3. Aggregate and Filler

Table 3 shows the properties of the aggregate and filler, which were tested in
accordance with the standards for aggregate testing of highway engineering (JTG E42-
2005, Beijing, in Chinese). The results indicated that limestone filler can meet the
specification requirements.
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Table 3. The basic properties of the aggregate and filler.

Technical Index Test Results Requirements

Aggregate

Apparent specific density 2.851 ≥2.5
Crush value (%) 20.7 ≤28

Water absorption (%) 0.8 ≤3.0
Adhesion level 5 5

Filler

Granularity
range (%)

<0.6 mm 100 100
<0.15 mm 91.5 90–100

<0.075 mm 79 75–100

Apparent specific density 2.786 /

Appearance Agglomerate
free of caking

Agglomerate
free of caking

2.2. Experimental Methods

Figure 2 illustrates the outline of this study. Firstly, this study introduces the prepa-
ration of PF. The content of steel slag powder as modifier of PF was set as 0%, 20%, 40%,
60%, 80% and 100%, respectively. The optimum composition of steel slag powder and
phosphogypsum was then investigated through characterization of PF based asphalt mor-
tar (P-AM). Secondly, the optimized PF was used to partly replace limestone powder,
which formed mixed filler containing PF and limestone powder. PF-L-AM (PL-AM) with
filler-asphalt mass ratios of 0.8, 1.0 and 1.2 were prepared. Optimum PF content of the
mixed filler was calculated by overall desirability based on the mechanical properties of
PL-AM. How filler-asphalt ratio affect PL-AM’s rheological properties was also considered.
Finally, asphalt mixtures that employed the mixed filler containing PF were fabricated and
tested. The feasibility of using phosphogypsum as filler was then verified after the PF
composition and content in mixed filler were determined.
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Figure 2. Outline of study.

2.2.1. Preparation of PF

This study employed steel slag powder as the modifier in PF since phosphogypsum
was acidic and highly hydrophilic, which could lead to poor moisture stability when using
phosphogypsum as filler of asphalt mixture alone. Steel slag powder is generally alkaline
which should neutralize the acidity of phosphogypsum in a certain degree, benefiting the
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adhesion between asphalt and aggregate. Phosphogypsum and steel slag powder were
first crushed and screened. Both had a particle size less than 0.075 mm.

Both phosphogypsum and steel slag powder were first heated at 135 ◦C for 5 h.
The phosphogypsum (CaSO4·2H2O) was thus turned into hemihydrate phosphogypsum
(CaSO4·0.5H2O) as pretreatment before preparing PF. The dosage of steel slag powder in
PF was designed as 0%, 20%, 40%, 60%, 80% and 100%, respectively, based on preliminary
tests. Therefore, 6 kinds of PF were prepared. The optimum content of steel slag powder in
PF should be determined according to the mechanical characterization of P-AM.

2.2.2. Preparation of Asphalt Mortar

A high-speed mixing device was used to prepare asphalt mortar, and the mixing
temperature was 150 ◦C. The mixing time was 45 min to ensure the uniformity of materials,
and during this time, the rotational speed was varied. The initial rotational speed and time
were set as 800 r/min for 15 min after PF or limestone filler were put in with the asphalt.
Then, the rotational speed was increased to 1800 r/min for another 15 min. The rotational
speed was increased to 3600 r/min for the final 15 min.

PFs of different composition were used to prepare P-AM; their volume was adjusted
with that of the limestone filler to avoid the effect of volume difference. The filler-asphalt
mass ratios of P-AM were 1:1. Additionally, limestone filler was used to prepare a con-
trol group. Thus, by replacing limestone filler at different proportions in equal volume,
six kinds of P-AM were prepared to investigate the optimum dosage of steel slag powder
based on their mechanical properties.

The optimum PF content in replacing limestone filler was then investigated. The PF
content in the mixed filler was 0%, 25%, 50%, 75% and 100%. PL-AM was thus introduced.
PL-AM’s filler-asphalt mass ratios were 0.8, 1.0 and 1.2, respectively. The total volume of
the mixed filler containing PF and limestone filler was unchanged when preparing PL-AM.
Through characterization and analysis of properties, the optimum replacing proportion of
PF for limestone filler can be ascertained. Limestone filler asphalt mortar (L-AM) was also
prepared as control group.

2.2.3. Experiments Using Asphalt Mortar
Determination of P-AM Composition

The influence of steel slag powder content on the penetration, softening point and
ductility of P-AM was firstly analyzed according to (JTG E20-2011). The results were then
analyzed to figure out the optimum content of steel slag powder.

In addition, it is necessary to characterize the effect of PF on adhesion between
asphalt and limestone, since phosphogypsum is acidic and shows poor moisture stability.
How steel slag powder affects the moisture stability of asphalt mixture can hence be
investigated. A boiling test investigating the adhesion between P-AM and aggregate was
introduced. Limestone aggregate with the size of 26.5 to 31.5 mm was selected. Aggregates
were heated at 150 ◦C and then put in P-AM at 135 ◦C for 10 s so that they could be fully
covered with P-AM. They were then put in boiling water for 30 min after cooling for 24 h
at 25 ◦C. Afterwards, the boiled aggregate was put in a drying box at 80 ◦C for 5 h to
remove moisture. Finally, the mass loss ratio of P-AM on aggregate can be described as
Equation (1) [25].

MLR =
m1 − m2

m1 − m0
× 100% (1)

where: MLR = mass loss ratio of P-AM on aggregate, (%);
m0 = mass of original aggregate, (g);
m1 = mass of aggregate covered by P-AM;
m2 = mass of the boiled aggregate.
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Determination of PL-AM

The penetration, ductility and softening point of different PL-AM mixes were
characterized. The penetration index (PI) and equivalent softening point T800 were also
included to indicate their mechanical properties. Equation (2) is a unary linear equation
which was used to fit the functional relationship between penetration and temperature.
Equations (3) and (4) were used to calculate PI and T800 [26]. The equations used are as
follows and all indexes are dimensionless:

lgP = K + AlgPen × T (2)

PI =
20 − 500AlgPen

1 + 50AlgPen
(3)

T800 =
lg800 − K

AlgPen
=

2.9031 − K
AlgPen

(4)

where: lgP = Penetration logarithm at different temperatures;
K = Constant of the linear equation;
AlgPen = Slope of the linear equation;
T = Testing temperature of penetration;
PI = Penetration index;
T800 = Equivalent softening point.
This study adopted the overall desirability method which can combine comprehensive

indicators and express the final effect by overall desirability. Introduction of comprehensive
indicators in the overall desirability method facilitates the integration of indicators with
different data ranges into desirability data; thus, the optimum value of asphalt mortar
considering each factor control range can be calculated. Using the overall desirability
method, dimensional indicators such as penetration, softening point, and ductility are
standardized and converted into corresponding dimensionless desirability values between
0 and 1 through linear transformation. The geometric mean of desirability for each indicator
can be calculated. Consequently, the desirability of overall evaluation can be obtained.
The closer the desirability of the general evaluation to “1”, the better the comprehensive
performance of the asphalt mortar will be.

Penetration, penetration index (PI), ductility, and softening point were taken as the
calculation indexes of the overall desirability method. Firstly, for each performance in-
dicator (γ), the maximum and minimum value obtained in this study were noted. Then,
the desirability (γ∗n) was calculated by linear transformation of performance indicators,
using Equations (5) and (6). The equations specify the calculation of desirability based on γ
whose values positively or negatively determine the performance of asphalt mortar. Finally,
the desirabilities of each performance indicator were used to calculate their geometric mean
value by Equation (7), which was the overall desirability. The calculation method of overall
desirability is shown below [27,28]:

γ∗max =
γ− γmin
γmax − γmin

(5)

γ∗min =
γmax − γ
γmax − γmin

(6)

OD = (γ∗1γ
∗
2γ

∗
3 . . .γ∗n)

1
n (7)

where: OD = overall desirability, dimensionless;
γ∗n = desirability index after linear transformation, dimensionless;
γ = performance indicator value, dimensionless;
n = number of performance indicators used in overall desirability, dimensionless;
γmax = maximum value of corresponding performance indicator in this study, dimensionless;
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γmin = minimum value of corresponding performance indicator in this study, dimensionless;
γ∗max = desirability based on the γ whose value positively determined performance of

asphalt mortar, dimensionless;
γ∗min = desirability based on the γ whose value negatively determined performance of

asphalt mortar, dimensionless.

Rheological Performance

Rheological performance of PL-AM and limestone filler were also characterized
by using a dynamic shear rheometer (DSR) after PF’s content and composition were
determined. A limestone filler-based asphalt mortar with filler-asphalt mass ratio of 1:1
was prepared as control group. Table 4 shows the setting table of DSR high-temperature
scanning parameters.

Table 4. DSR high-temperature scanning parameter setting table.

Temperature Angular Frequency Rotor Size Gap Size Heating Up Speed

30–80 ◦C 0.1 Hz 25 mm 1 mm 2 ◦C/120 s

2.2.4. Pavement Performance of PF Based Asphalt Mixture

Mixed filler containing PF was also used to prepared asphalt mixture to indicate its
effect on pavement performance. AC-20 was used as the gradation of asphalt mixture which
was specified in JTG E40-2005, and its gradation curve is shown in Figure 3. Limestone
filler-based AC-20 asphalt mixture was firstly fabricated. Afterwards, PF based asphalt
mixture using the mixed filler containing PF can be prepared. The mass ratio of asphalt to
aggregate was 4.25% for both the limestone filler and PF based asphalt mixture. Volumetric
performance, high-temperature performance, low temperature performance and moisture
stability were tested. Volumetric property refers to void volume (VV) and void in mineral
aggregate (VMA).
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High-Temperature Performance

High-temperature performance was evaluated by testing the asphalt mixture’s Mar-
shall stability and dynamic stability according to JTG F20-2011. The dynamic stability test
should be applied at 60 ◦C. Track plate specimens and a dynamic stability instrument were
used. Stability can be calculated by Equation (8) [29].

DS =
(t2 − t1)× 42

d2 − d1
× c1 × c2 (8)

where: DS = dynamic stability of the asphalt mixture, (cycle/mm);
t1, t2 = test time, usually 45 min and 60 min;
d1, d2 = deformation of specimen surface corresponding to the test specimens t1 and

t2, (mm).
c1, c2 = correction factor of testing machine or specimen, dimensionless.

Low-Temperature Flexural Performance

Low-temperature flexural performance of the asphalt mixtures was evaluated by a
three-point bending test. Track plate specimens were cut into beam specimens with a size
of 250 mm × 30 mm × 35 mm, according to JTG E20-2011. A Universal Testing Machine
(UTM-100) was used for the three-point bending test at −10 ◦C. The distance between
supporting fulcrums was 200 mm. The loading rate of the principal axis was 50 mm/s.
Corresponding indictors can be calculated using the following equations [30]:

RB =
3 × L × PB

2 × b × h2 (9)

εB =
6 × h × d

L2 (10)

SB =
RB

εB
(11)

where: RB = flexural tensile strength (MPa);
εB = tensile strain (µε);
SB = tensile stiffness modulus (MPa);
PB = loading peak (kN);
L = span length of beam (mm);
h = height of midspan section (mm);
b = width of midspan section (mm);
d = midspan deflection at failure (mm).

Moisture Stability

It is important to characterize the moisture stability of the asphalt mixtures as phosph-
ogypsum’s high hydrophilicity may lead to poor adhesion between asphalt and aggregate.
The immersion Marshall stability ratio (IMS) and freeze-thaw tensile strength ratio (TSR)
were used to comprehensively evaluate the moisture stability of asphalt mixture according
to (JTG E20-2011). IMS can be calculated by Equation (12) [29].

IMS =
MSR1

MSR
× 100% (12)

where: MSR: the average stability of specimen in moisture at 60 ◦C for 30 min (kN);
MSR1: the average stability of specimen in moisture at 60 ◦C for 48 h (kN);
IMS: the average residual stability of specimen in moisture.
On the other hand, TSR can be calculated by Equation (13) [29].

TSR =
RT2

RT1
× 100 (13)
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where: TSR: the average strength ratio of the freeze-thaw splitting test;
RT1: splitting tensile strength of the specimens without freeze-thaw cycle

(the unconditional);
RT2: splitting tensile strength of specimens after freeze-thaw cycle (the conditional).

3. Results and Discussions
3.1. Determination of PF Composition
3.1.1. Physical Properties of P-AM

Tables 5 and 6 show the results of penetration, ductility and softening point tests for
P-AM. The penetration of P-AM showed the lowest value when 20% steel slag powder
was added, at which the highest consistence as well as high-temperature performance of
P-AM was achieved. The softening point of P-AM was higher than that of L-AM when
0–60% steel slag powder was mixed. P-AM with 20% steel slag powder showed the highest
softening point, suggesting the maximum high-temperature performance. These findings
indicate that an appropriate mixture of phosphogypsum and steel slag powder results in
an improved softening point. However, the ductility values of P-AM were significantly
lower than those of limestone asphalt mortar. The content of steel slag powder showed
no statistically significant effect on the ductility of P-AM. It was evident that an excessive
content of steel slag powder will result in poor physical properties. Furthermore, it was
speculated that there could be a coupling effect of phosphogypsum and steel slag powder
which could determine the properties of asphalt mortar. Consequently, the optimum
content of steel slag powder should be determined after comprehensive consideration of
P-AM’s physical properties. A functional curve fitting the data of penetration and softening
point of P-AM was used to assess the effects of steel slag powder content intuitively, as
shown in Figure 4.

Table 5. Physical results of P-AM.

Content of Steel Slag Powder Penetration (25 ◦C, 0.1 mm) Ductility (15 ◦C, cm) Softening Point (◦C)

0% 54.4 3.6 55.0
20% 45.2 4.8 57.0
40% 49.3 4.3 56.5
60% 53.7 3.9 55.0
80% 57.6 4.5 54.0

100% 62.5 4.7 53.5

Table 6. Results of L-AM.

Penetration (25 ◦C, 0.1 mm) Ductility (15 ◦C, cm) Softening Point (◦C)

51.6 10.7 54.5

Functional curves of the data points were then fitted to show how the content of steel
slag powder affected the properties of P-AM. The equation of the fitting curve for the
softening point was found to be:

y = 22.569x3 − 40.327x2 + 16.27x + 55.048

The determination coefficient (R2) was 0.9904, which indicated that the fitting of the
softening point was reliable enough. On the other hand, the equation of the fitting curve
for penetration was found to be:

y = −73.958x3 + 142.05x2 − 59.917x + 53.843

79



Materials 2023, 16, 2486
Materials 2023, 16, x FOR PEER REVIEW 10 of 21 
 

 

 
Figure 4. Results of penetration and softening point of P-AM. 

3.1.2. Adhesion characterization 
Images of aggregates covered with P-AM film after the boiling test are shown in Fig-

ure 5. It appears that the P-AM film on aggregate with 0% steel slag powder seriously 
peeled off. However, P-AM films contained steel slag powder showed no obvious spalling 
after the boiling test. This result indicates that adding steel slag powder to PF can enhance 
adhesion between the aggregate and the asphalt binder. P-AM without steel slag powder 
showed poor adhesion with aggregate due to acidity of phosphogypsum. In contrast, al-
kaline steel slag powder can neutralize acidity of phosphogypsum to a certain degree, so 
that adhesion between the aggregate and the asphalt binder can be developed. This result 
further indicates that steel slag was positive for the moisture resistance of the asphalt mix-
ture which is correlated to adhesion between asphalt and aggregate. However, how the 
content of steel slag powder affected adhesion was hard to conclude from appearances 
since the spalling was not easily quantifiable (Figure 5). 

 
Figure 5. Aggregates with P-AM after boiling test. 

The mass loss percentage of P-AM is shown in Figure 6, and enables quantitive char-
acterization of the adhesion of P-AM. It was found that P-AM without steel slag powder 
was nearly fully removed by boiling water, showing that using pure phosphogypsum as 
filler for asphalt mixture was vulnerable to moisture damage. Mass loss percentages of P-
AM were significantly reduced for steel slag powder contents over 20% of PF, proving 
that steel slag powder can effectively enhance adhesion between asphalt and aggregate. 
The mass loss percentage of P-AM did not show monotonic reduction as more steel slag 
powder was introduced, however. It is believed that the enhancement effect of steel slag 

Figure 4. Results of penetration and softening point of P-AM.

Its R2 was 0.9572, which also suggested that the fitting of penetration was adequate.
It was found that the highest softening point and lowest penetration occurred when the
content of steel slag powder was 23%. The highest high-temperature performance, stiffness
and plasticity can be achieved at this content. Since the content of steel slag powder showed
no significant effect on the ductility of P-AM, the optimum content of steel slag powder
was determined as 23% of PF volume considering its contribution to the softening point
and penetration.

3.1.2. Adhesion Characterization

Images of aggregates covered with P-AM film after the boiling test are shown in
Figure 5. It appears that the P-AM film on aggregate with 0% steel slag powder seriously
peeled off. However, P-AM films contained steel slag powder showed no obvious spalling
after the boiling test. This result indicates that adding steel slag powder to PF can enhance
adhesion between the aggregate and the asphalt binder. P-AM without steel slag powder
showed poor adhesion with aggregate due to acidity of phosphogypsum. In contrast,
alkaline steel slag powder can neutralize acidity of phosphogypsum to a certain degree,
so that adhesion between the aggregate and the asphalt binder can be developed. This
result further indicates that steel slag was positive for the moisture resistance of the asphalt
mixture which is correlated to adhesion between asphalt and aggregate. However, how
the content of steel slag powder affected adhesion was hard to conclude from appearances
since the spalling was not easily quantifiable (Figure 5).

Materials 2023, 16, x FOR PEER REVIEW 10 of 21 
 

 

 
Figure 4. Results of penetration and softening point of P-AM. 

3.1.2. Adhesion characterization 
Images of aggregates covered with P-AM film after the boiling test are shown in Fig-

ure 5. It appears that the P-AM film on aggregate with 0% steel slag powder seriously 
peeled off. However, P-AM films contained steel slag powder showed no obvious spalling 
after the boiling test. This result indicates that adding steel slag powder to PF can enhance 
adhesion between the aggregate and the asphalt binder. P-AM without steel slag powder 
showed poor adhesion with aggregate due to acidity of phosphogypsum. In contrast, al-
kaline steel slag powder can neutralize acidity of phosphogypsum to a certain degree, so 
that adhesion between the aggregate and the asphalt binder can be developed. This result 
further indicates that steel slag was positive for the moisture resistance of the asphalt mix-
ture which is correlated to adhesion between asphalt and aggregate. However, how the 
content of steel slag powder affected adhesion was hard to conclude from appearances 
since the spalling was not easily quantifiable (Figure 5). 

 
Figure 5. Aggregates with P-AM after boiling test. 

The mass loss percentage of P-AM is shown in Figure 6, and enables quantitive char-
acterization of the adhesion of P-AM. It was found that P-AM without steel slag powder 
was nearly fully removed by boiling water, showing that using pure phosphogypsum as 
filler for asphalt mixture was vulnerable to moisture damage. Mass loss percentages of P-
AM were significantly reduced for steel slag powder contents over 20% of PF, proving 
that steel slag powder can effectively enhance adhesion between asphalt and aggregate. 
The mass loss percentage of P-AM did not show monotonic reduction as more steel slag 
powder was introduced, however. It is believed that the enhancement effect of steel slag 

Figure 5. Aggregates with P-AM after boiling test.

80



Materials 2023, 16, 2486

The mass loss percentage of P-AM is shown in Figure 6, and enables quantitive
characterization of the adhesion of P-AM. It was found that P-AM without steel slag powder
was nearly fully removed by boiling water, showing that using pure phosphogypsum as
filler for asphalt mixture was vulnerable to moisture damage. Mass loss percentages of
P-AM were significantly reduced for steel slag powder contents over 20% of PF, proving
that steel slag powder can effectively enhance adhesion between asphalt and aggregate.
The mass loss percentage of P-AM did not show monotonic reduction as more steel slag
powder was introduced, however. It is believed that the enhancement effect of steel slag
powder on adhesion is limitative, so that continuously increasing the content of steel slag
powder cannot further develop adhesion. The content of steel slag powder within PF
was hence suggested to be more than 20% to achieve adequate adhesion enhancement.
Consequently, considering the optimum content of steel slag powder as illustrated in
Figure 4 and adhesion characterization as illustrated in Figure 6, the optimum volume
percentage of steel slag in PF was determined as 23%.
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3.2. Effect of PF Content on PL-AM’s Mechanical Properties
3.2.1. Penetration

Figures 7–9 show the penetration results of PL-AM with filler-asphalt ratios of 0.8,
1.0 and 1.2. Different PF content and testing temperatures were also included. Testing
temperature was positively correlated to penetration value due to the viscoelastic charac-
teristics of asphalt. Penetration value showed first a decreasing and then an increasing
tendency along with the increase in PF content, independent of temperature. PL-AM
presented the lowest penetration results when 75% limestone filler was replaced by an
identical volume of PF, regardless of the filler-asphalt ratio and temperature. PL-AM with
a higher filler-asphalt ratio shows a lower penetration value since PF is a rigid material.
This result suggested that there was a proper composition of filler and PF which achieved
the highest stiffness of PL-AM. It was also speculated that there could be a coupling effect
of PF and limestone filler so that the effect of PF content on PL-AM’s physical property
was not monotonic.
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3.2.2. Softening Point

Figure 10 shows PL-AM’s softening point at different PF content with filler-asphalt
ratios of 0.8, 1.0 and 1.2. It is evident that increased filler-asphalt ratio leads to a higher
softening point owing to the enhancement to the filler. The softening point showed a
slightly increasing tendency as PF content was raised from 0% to 75%, and decreased when
limestone filler was totally replaced by PF, independent of the filler-asphalt ratio. This
shows that optimum PF content in the mixed filler was 75% for achieving the highest
softening point, which positively determined the high-temperature performance of the
corresponding asphalt mixture. On the other hand, it should be noted that the improvement
in the softening point caused by replacing limestone filler with PF was not that significant,
considering the fact that softening point difference among different PF content was not
over 4 ◦C.
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3.2.3. Ductility

Figure 11 presents the ductility of PL-AM at different filler-asphalt ratios and PF
content. It was found that higher filler-asphalt ratio led to lower ductility regardless
of PF content. Ductility showed a decreasing tendency as the PF content increased
from 0% to 50%, but then developed when PF content was over 75%. The lowest
ductility value was found when PF content was 50% regardless of the filler-asphalt
ratio, and ductility of PL-AM was the second highest when 75% PF was added. The
coupling effect of PF and phosphogypsum probably affected the ductility of PL-AM.
It illustrated that replacing limestone filler with PF will negatively affect ductility of
mortar, which resulted in lower plasticity. However, this negative effect can be reduced
by replacing limestone powder with 75% PF. The results suggested that using PF as
filler might negatively affect the low-temperature performance of the corresponding
asphalt mixture [31].
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3.2.4. PI and T800

Penetration at 15 ◦C, 25 ◦C and 30 ◦C was used to calculate the penetration index
(PI) and equivalent softening point (T800) of asphalt mortar. The logarithmic values of
penetration (log P) and temperature (T) were used to calculate PI according to the fitting
curves of Equation (2). The linear regression correlation coefficient R2 in Equation (2) must
not be less than 0.997. Equation (3) shows the calculation of PI, which was negatively
correlated to asphalt mortar’s temperature sensitivity. T800 can be calculated based on
Equation (4) and illustrated the high-temperature stability of asphalt mortar. Table 7 shows
the results for penetration index PI, T800, regression equation and R2 according to their
dependence on PF content and filler-asphalt ratio; PF content 0% is the limestone asphalt
mortar that was used as control group. Higher values of PI and T800 suggested a stronger
ability of asphalt mortar in resisting high-temperature deformation.

Table 7. Results of PI and T800.

Filler-Asphalt Ratio PF Content PI T800 Regression Equation R2

0.8 25% −0.196 54.0 y = 0.0412x + 0.6705 0.9999
0.8 50% −0.050 55.5 y = 0.0403x + 0.6605 0.9985
0.8 75% 0.256 58.0 y = 0.0385x + 0.6652 0.9999
0.8 100% 0.067 56.5 y = 0.0396x + 0.6727 0.9985
1.0 25% −0.099 55.5 y = 0.0406x + 0.6586 0.9980
1.0 50% 0.017 56.5 y = 0.0389x + 0.6406 0.9998
1.0 75% 0.363 59.5 y = 0.0378x + 0.6309 0.9999
1.0 100% −0.180 55.5 y = 0.0411x + 0.6299 0.9989
1.2 25% 0.067 57.0 y = 0.0396x + 0.6510 0.9998
1.2 50% 0.187 58.0 y = 0.0389x + 0.6406 0.9998
1.2 75% 0.381 60.0 y = 0.0378x + 0.6309 0.9999
1.2 100% 0.239 58.5 y = 0.0386x + 0.6523 0.9991
0.8 0% −0.338 53.0 y = 0.0421x + 0.6767 0.9993
1.0 0% −0.164 54.5 y = 0.0410x + 0.6711 0.9980
1.2 0% −0.050 55.5 y = 0.0403x + 0.6610 0.9993
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Both PI and T800 values of PL-AM were larger than that of L-AM regardless of filler-
asphalt ratio. Thus, PF reduced the temperature sensitivity of PL-AM. On the other
hand, either PI and T800 first increased and then decreased with increase of PF content.
Additionally, PI and T800 also showed an increasing trend as the filler-asphalt ratio was
increased. PL-AM with 75% PF achieved the highest PI and T800, optimally improving
the high-temperature performance. It is speculated that these properties were also related
to a coupling effect of PF and phosphogypsum because they did not show a monotonic
tendency as PF content was increased. This result was consistent with the penetration
and softening point of PL-AM, showing that 75% could be the optimum content of PF in
replacing limestone filler.

3.3. Determination of PF Content

Table 8 shows the results of the overall desirability calculation. It can be concluded
that the total evaluation desirability value of PL-AM had achieved its maximum when
PF content was 75%. This proved that its high-temperature performance was optimally
enhanced as 75% PF was introduced. PL-AM’s penetration and ductility decreased, while
its softening point and PI were the highest at 75% PF, independent of the filler-asphalt
ratio. Thus, 75% PF is suggested especially concerning high-temperature performance,
consistent with the results for penetration, softening point, PI and T800. Therefore, it
is suggested that the overall desirability method is a feasible approach to finding the
optimum PF content.

Table 8. Overall desirability.

Filler-Asphalt Ratio PF Content Penetration
(25 ◦C, 0.1mm) PI Ductility (cm) Softening

Point (◦C) OD Value

0.8

0% 54.8 −0.338 12.0 52.0 0
25% 49.8 −0.196 10.2 53.0 0.268
50% 45.1 −0.050 8.3 53.5 0.364
75% 42.1 0.256 10.5 54.0 0.576
100% 44.7 0.067 9.6 53.0 0.402

1.0

0% 51.6 −0.164 10.7 54.5 0.320
25% 48.9 −0.099 8.2 55.0 0.358
50% 46.4 0.017 6.6 56.5 0.380
75% 41.7 0.363 8.9 58.0 0.716
100% 44.2 −0.180 7.3 57.5 0.391

1.2

0% 47.6 −0.050 8.3 57.5 0.460
25% 44.2 0.067 6.7 58.5 0.465
50% 41.5 0.187 5.5 59.0 0
75% 37.3 0.381 7.3 61.0 0.730
100% 42.4 0.239 8.2 59.5 0.671

3.4. Rheological Properties

Figures 12–14 shows the results of the DSR high-temperature scanning test for PL-AM
with 75% PF at filler-asphalt ratios of 0.8, 1.0 and 1.2, respectively. The complex shear
modulus G* of asphalt mortars showed a decreasing trend, while the phase angle showed a
rising tendency with increase of temperature. G* of PL-AM was higher than that of L-AM.
PL-AM showed higher δ than that of L-AM from 30 to 60 ◦C, while the contrary result was
found from 60 to 80 ◦C. A higher filler-asphalt ratio resulted in higher G* of PL-AM, while
δwas negatively affected by the filler-asphalt ratio from 65 to 80 ◦C.

PL-AM had a greater rutting factor (G*/sinδ) compared with L-AM when their filler-
asphalt ratio was 1.0. This proved that PF was able to increase the hardness of asphalt mor-
tar, so that the ability to resist deformation in high temperatures, namely high-temperature
performance, was improved. On the other hand, the fatigue factor (G*sinδ) of PL-AM was
also higher than that of L-AM at the same filler-asphalt ratio. Both rutting and fatigue
factors were improved by a higher filler-asphalt ratio. Thus, use of a mixed filler containing
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PF could help to enhance the rutting and fatigue resistance of PL-AM. The corresponding
PF based asphalt mixture’s high-temperature and fatigue performance should be higher
than a limestone filler based asphalt mixture.
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3.5. Pavement Performance
3.5.1. Volumetric Performance

P-AM results suggested that the optimum composition of PF was 23% steel slag pow-
der and 77% phosphogypsum as discussed above. PL-AM results showed that the optimum
PF content was 75%. Hence, AC-20 asphalt mixtures with the mixed filler containing PF
were prepared. A corresponding asphalt mixture without PF was also fabricated to indicate
how PF affects pavement performance. Table 9 shows the optimum asphalt-aggregate mass
ratio and volumetric performance of the two kinds of asphalt mixtures. It indicates that
using PF to partly replace limestone powder as filler of asphalt mixture showed no clear
impact on the optimum asphalt-aggregate mass ratio and volumetric performance.

Table 9. Optimum asphalt-aggregate mass ratio and volumetric performance.

Volume Parameter PF Based Limestone Filler Based

Optimum asphalt-aggregate ratio 4.2% 4.2%
VV 4.12% 4.0%

VMA 13.2% 13.0%
VFA 69.3% 69.0%

3.5.2. High-Temperature Performance

Figure 15 shows Marshall stability and dynamic stability of the asphalt mixtures. The
dynamic stability values of the two kinds of asphalt mixtures both meet the requirement of
(JTG F40-2004), which is not less than 800 cycles/mm. The dynamic stability of limestone
filler based asphalt mixture was 922 cycles/mm and that of the PF based asphalt mixture
was 1265 times/mm, which was improved by 37.2%. In addition, Marshall stabilities of
both asphalt mixtures were higher than the requirement of 8 kN. The PF based asphalt
mixture showed a higher Marshall stability than that of the limestone filler based asphalt
mixture. This showed clearly that PF could improve the high-temperature performance of
the asphalt mixture by partly replacing limestone filler. This result was consistent with the
softening point test and DSR high-temperature scanning test results, which also suggested
that PF can enhance high-temperature performance.
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3.5.3. Low-Temperature Flexural Performance

Table 10 shows the test results for low-temperature flexural performance. The flexural-
tensile strain of the asphalt mixture with limestone filler was 2249, while the strain for the
PF based asphalt mixture was 2162. They can meet the requirement in the JTG F40-2004
specification that flexural-tensile strain should not be less than 2000, indicating that their
low-temperature flexural performance was adequate. The flexural tensile stiffness modulus
and flexural tensile strength stiffness modulus of the PF based asphalt mixture were higher
than those of the limestone filler based asphalt mixture. Thus, using PF as filler would not
significantly damage the low-temperature performance of the asphalt mixture.

Table 10. Low-temperature flexural performance results.

Types of Asphalt Mixture Flexural Tensile Strain (µε) Flexural Tensile Strength (MPa) Flexural Tensile Strength
Stiffness Modulus (MPa)

PF based 2162 9.7 4486.59
Limestone filler based 2249 9.3 4135.17

3.5.4. Moisture Stability

Moisture stability was a key performance criterion since phosphogypsum is acidic and
has poor moisture stability. Tables 11 and 12 present results of IMS and TSR, respectively.
IMS results showed that both the PF based asphalt mixture and the limestone filler based
asphalt mixture could meet the JTG F40-2004 specification, requiring not less than 80%.
The TSR values of both the PF based asphalt mixture and the limestone filler based asphalt
mixture were higher than 75%, which meets the specification requirement. On the other
hand, the IMS and TSR of the PF based asphalt mixture were higher than the values for
the asphalt mixture without PF, proving that using PF was positive for improving the
asphalt mixture’s moisture stability. Therefore, it was analyzed that the negative effect
of phosphogypsum on moisture stability was offset by the addition of steel slag powder.
To conclude, the PF based asphalt mixture showed better high-temperature and moisture
stability and adequate low-temperature performance. The results showed that using
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phosphogypsum based filler containing steel slag powder to partly replace limestone filler
was able to develop asphalt mixture’s pavement performance.

Table 11. IMS results.

Types of Asphalt Mixture MSR1 (60 ◦C for 48 h, kN) MSR (60 ◦C for 30–40 min, kN) IMS (%) ≥ 80

PF based 11.11 12.53 88.7
Limestone filler based 8.95 10.68 83.8

Table 12. TSR results.

Types of Asphalt Mixture RT1 (MPa) RT2 (MPa) TSR (%) ≥ 75

PF based 0.990 0.797 80.5
Limestone filler based 0.895 0.698 78.0

4. Conclusions

This study focused on recycling phosphogypsum as an ingredient of an asphalt
mixture filler. Phosphogypsum and steel slag powder were mixed to fabricate the phos-
phogypsum based filler (PF). PF based asphalt mortar (P-AM) was prepared. Penetration,
softening point, ductility and boiling tests were firstly conducted to determine the optimum
content of steel slag powder in PF. PF-limestone based asphalt mortars were prepared and
characterized. The overall desirability method was applied to determine the optimum con-
tent of PF in replacing limestone filler in the asphalt mixture. Finally, the PF based asphalt
mixture was fabricated and tested to verify the feasibility of using phosphogypsum as an
asphalt mixture filler. According to the laboratory test results, the following conclusions
can be drawn.

(1) PF enhanced asphalt mortar’s softening point and ductility, while penetration was re-
duced. Steel slag powder clearly improved the adhesion between P-AM and aggregate
when its content was over 20%. The highest softening point and lowest penetration
occurred when content of steel slag powder was 23%, according to the fitting curve.

(2) PL-AM presented the lowest penetration when 75% limestone filler was replaced by
PF. Similarly, the highest softening point, penetration index and equivalent soften-
ing point were also found when PF content was 75%. The filler-asphalt ratio was
positively correlated to softening point, penetration index and equivalent softening
point, while it negatively affected penetration and ductility. The overall desirability
achieved the maximum value when PF content was 75% based on PL-AM mechanical
performance. Consequently, the optimum PF content was determined as 75% in
replacing limestone filler.

(3) The complex shear modulus of PL-AM was improved by PF. PL-AM showed a higher
phase angle from 30 to 60 ◦C, while the contrary result was found from 60 to 80 ◦C.
PF showed no significant effect on volumetric and low-temperature performance.
High-temperature and moisture stability performance were improved by PF. Thus,
using phosphogypsum based filler containing steel slag powder to partly replace
limestone filler improved the asphalt mixture’s pavement performance.
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Abstract: The asphalt mastic–aggregate interaction plays an important role in the overall properties
of asphalt mixtures and their durability in service in flexible pavements. This paper aims to study the
influence of the physico-chemical features of fillers and the rheological properties of asphalt mastics
on the bonding behavior between asphalt and aggregate, and the interfacial deterioration mechanism
when subjected to static water immersion and pressured water immersion. It was found that the filler
type (limestone powder, basalt powder, and granite powder) had a certain influence on the complex
modulus of asphalt mastics, and its pore volume and specific surface area had significant effects on
the phase angles and permeability of asphalt mastics. The effect of water pressure can accelerate the
deterioration of bond strength of the asphalt mastic–aggregate interface in the short term, indicating
that the dynamic water pressure generated by the driving load promotes the water damage process
in asphalt pavements. In comparison, the residual bond strength ratio of the granite–asphalt mastic
aggregate was the highest, while its bond strength was lower than that of the interface between
limestone–asphalt mastics and limestone aggregate. This demonstrated that a low asphalt mastic
complex modulus and a high phase angle are helpful in improving the durability of asphalt mixtures
subjected to static and pressured water immersion conditions.

Keywords: filler; asphalt mastic; interfacial bond strength; asphalt–aggregate interaction; moisture
damage

1. Introduction

Owing to the advantages of smooth surfaces, driving comfort, low noise, and easy
maintenance, flexible asphalt pavements have become the main pavement type for high-
grade highways in most countries [1,2]. The asphalt mixture used in flexible asphalt
pavements is a multiphase composite, which is composed of asphalt binder, filler, voids,
aggregates of different sizes, and the asphalt–aggregate interface [3]. Therefore, it is
normally considered to be a heterogeneous material and its properties can be strongly
influenced by different material variables and their proportions.

In previous research, pavement engineers and researchers recognized that the as-
phalt mastic and the asphalt mastic–aggregate interface strongly determine the overall
performance of the asphalt mixtures and their durability in service life [4]. The asphalt
mastic in the asphalt mixture is the cementing component and consists of bitumen and
fine aggregate, and its composition and properties directly affect the road performance
of asphalt mixtures. The physico-chemical properties of the mineral fillers incorporated
have a significant impact on the performance of asphalt mastics. Zhang et al. used oxide
analytical reagents to represent mineral aggregate fillers and to study their effects on the
properties of asphalt mastics and the interfaces. It was found that the effects of calcium
oxide (CaO) were greater than those of silicon dioxide (SiO2) due to the stronger interaction
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between asphalt binder and CaO [5]. Based on the research on the mesoscopic properties
of mineral fillers, Lv et al. found that physical properties such as mineral filler fineness and
mesoscopic gradation had a certain correlation with the mesoscopic strength of asphalt
mastics [6]. Barra et al. analyzed the influence of the properties of limestone mineral
powder and granite mineral powder on the softening point, penetration, and adhesion
of asphalt mastic [7]. White studied the shear creep response of an airport asphalt mastic
and the results indicated that two types of asphalt mastics had different properties due to
different dusts [8,9]. Compared with the size of the filler, its shape, surface texture, specific
surface area, and mineral components had more significant effects on the properties. Based
on the microstructure of fillers, Geber et al. analyzed the effects of the particle size dis-
tribution, microscopic morphology, mercury intrusion porosity, specific surface area, and
hydrophobicity of limestone powder and dolomite powder on the rheological properties of
asphalt mastics [10]. The particle size, hydrophobicity, and content of fillers have significant
effects on the rheological properties of asphalt mastics.

In recent years, more studies have also been carried out to investigate the adhesion of
the asphalt mastic–aggregate interface. In general, four mechanisms have been adopted
to explain the adhesion between asphalt mastic and mineral aggregate: surface energy,
chemical reaction, molecular orientation, and mechanical contact [11]. Yi et al. studied
the influence of different factors on the adhesion of the asphalt–aggregate interaction
based on the surface energy theory and showed that the measured surface energy using
an AFM method can represent the surface characteristics of materials [12]. Based on the
molecular orientation theory, Huang et al. found that the fundamental cause of adsorption
of asphalt on the aggregate surface was the polarity of the asphalt and aggregate and
that the compositions of asphaltene and gelatine greatly determined adhesion [13]. Using
digital imaging techniques and an abrasion method, Kuang et al. studied the macroscopic
changes on the particle surface of limestone and granite before and after treatment and their
influences on interfacial adhesion between asphalt and limestone/granite. It was found
that the interfacial bonding between asphalt/mastic and aggregate in asphalt mixtures is
mainly attributed to the micro/meso-physical and chemical actions in the vicinity of the
interface [14].

Most importantly, factors such as water, temperature, environmental conditions, and
other incorporated recycled waste, such as waste oil and industrial waste powder, also
have important effects on the rheology and durability of asphalt mixtures [15–17]. Because,
in practice, asphalt pavements have a long service life, they suffer from different degrees of
defects. Water/moisture damage is a common early defect that can lead to the loosening
and peeling of aggregates, which seriously affects the pavements service performance and
shortens its service life [17–19]. Under the dual action of water and driving traffic load, the
asphalt mastic–aggregate interface may become the weakest zone of the asphalt mixture,
even after initially exhibiting a good interfacial bond strength.

The stripping potential of asphalt mixtures is usually evaluated based on the cohesion
bond between the binder and aggregates. It is often caused by the loss of the mastic–
aggregate bond and results in poor durability of asphalt mixtures. This study, therefore,
aimed to experimentally assess the correlation between the physico-chemical features of
fillers, the rheological properties of asphalt mastics, and the asphalt mastic–aggregate
interaction before and after static and dynamic water attack. Three types of fillers and
aggregates that are normally used in asphalt mixtures (limestone, basalt, and granite) were
chosen and characterized. The influence of fillers on the rheological properties of asphalt
mastics was characterized using a dynamic shear rheometer (DSR). The direct bond strength
of the asphalt–aggregate interface as a key property indicator was measured and evaluated.
The water attack testing was conducted by increasing the water pressure. Understanding
the bond strength development and the deterioration of the asphalt mastic–aggregate
interface will help to provide scientific guidelines for the design of asphalt mixtures.
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2. Materials and Experimental
2.1. Materials
2.1.1. Bitumen

The bitumen used as a binder in the asphalt mixtures was a type of AH-70# road
petroleum (produced by a local company in Shandong, China). It was an unmodified
type with a penetration value of 60–70 (according to ASTM D5, it was 60/70 grade). Its
properties, which were in accordance with Chinese test methods, are listed in Table 1.

Table 1. Properties of AH-70 bitumen.

Items Results Unit Requirement

Needle penetration (25 ◦C) 68.3 0.1 mm 60–80
Ductility (10 ◦C) 40.1 cm no less than 25
Ductility (15 ◦C) >150 cm no less than 100
Softening point 48.2 ◦C no less than 45

Viscosity (135 ◦C) 0.450 Pa·s -
Density (15 ◦C) 1.035 g/cm3 -

Solubility 99.6 % no less than 99.5

2.1.2. Filler

The mineral powders used as fillers in the asphalt mixtures in this study were lime-
stone mineral powder (LP), basalt mineral powder (BP), and granite mineral powder (GP),
which were sourced from these three types of minerals. These mineral particles, which
were less than 4.75 mm in size, were ground in a laboratory mill for 2 min and then passed
through a 0.075 mm sieve to obtain powder. The densities of the three kinds of mineral
powder were measured using a pycnometer (Chinese standard, T0352) and the results are
listed in Table 2.

Table 2. Relative densities of mineral powders.

Property LP BP GP

Density/g/cm3 2.67 2.87 2.69

The particle size distributions of these three fillers, measured using a laser diffraction
technique (Tester of LS230), are shown in Table 3. D10, D50, and D90 represent the minimum
particle size with a pass rate of 10%, 50%, and 90%, respectively. It was found that the D10,
D50, and D90 of LP exhibited a relatively smaller size than those of the other BP and GP
fillers. This indicates that LP was finer than the others, and BP and GP had similar sizes.

Table 3. Particle size distributions of three mineral powders.

Items LP BP GP

D10 2.75 3.27 3.89
D50 13.08 26.17 26.16
D90 52.33 62.33 62.23

The mineral composition of the mineral powder has an important influence on its
chemical reaction with bitumen [20]. Table 4 shows the oxide chemical components of
the three mineral fillers measured by X-ray fluorescence (XRF) (Rigaku, Tokyo, Japan,
Supermini200). It can be seen that the chemical composition of the three mineral powders
was significantly different. The main component of LP was CaO and its content was about
83% by mass, while the content of SiO2 was the lowest (5.8%) compared to the others. The
LP is, therefore, considered as an alkaline mineral. As regards the basalt powder, its main
chemical components were SiO2, Al2O3, Fe2O3, and CaO, and the SiO2 content was 46%
(mass fraction), which makes it a neutral mineral powder. The main components of the
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granite powder were SiO2 and Al2O3, and its SiO2 content was 64% (by mass). Thus, it is
regarded as an acidic mineral powder. These chemical components cause the powders to
have noticeably different chemical reactions with bitumen.

Table 4. Oxide composition of mineral fillers (%).

Oxide
Filler Type

LP BP GP

CaO 82.828 9.879 2.877
SiO2 5.843 45.812 63.87

Al2O3 4.15 18.552 16.854
Fe2O3 0.573 11.656 3.116
MgO 4.786 5.954 0.692
K2O 0.351 1.893 5.252

Na2O / 2.581 6.023
Other 1.469 3.673 1.316

In order to detect the mineral crystals in the three kinds of fillers and then to identify
their influence on the performance of asphalt mastics and interfaces, their diffraction
patterns were obtained by XRD (Rigaku SmartLab), and the mineral crystal analysis was
carried out using the HighScore Plus software. The results are shown in Figure 1. It
was found that (1) the main mineral crystalline components of LP were calcite (CaCO3),
dolomite (CaMg(CO3)2), and a small amount of quartz (SiO2). Its acidic polar group forms
a stable double bond structure, and the chemical bond is not easily destroyed when exposed
to water. (2) The main mineral components of BP were olivine (Mg2(SiO4)) and pyroxene
(Ca(Mg,Fe)Si3O6). (3) The main mineral components of GP were quartz (SiO2), albite
(Na[AlSi3O8]), and potassium feldspar (K[AlSi3O8]). The acidic quartz is normally weakly
bonded with bitumen and does not easily form a strong bonding interface.
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Figure 1. XRD diffractions of mineral fillers: (a) limestone powder; (b) basalt powder; (c) granite
powder.

2.1.3. Aggregates

The cylindrical aggregate samples, made of limestone, basalt, and granite, were
prepared to a size of Φ20 × 20 mm. First, a drill with an inner diameter of 20 mm was
used to take a core of a large volume of the aggregate mineral, and then a high-precision
double-sided cutting machine was used to cut the cylindrical core sample, ensuring a
height of 20 mm. Thereafter, both surfaces of the sample were polished with sandpaper to
ensure a similar texture. Finally, the aggregate samples were washed in boiling water at
100 ◦C and dried. Their physical properties are listed in Table 5. The technical indicators
of the three aggregates met the requirements of the Chinese Specification JTG F40-2004
“Technical Specification for Highway Asphalt Pavement Construction”.
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Table 5. Basic performance index of aggregates.

Properties Limestone Basalt Granite Requirement

Density/g/cm3 2.816 3.111 3.070 no less than 2.6
Crushing value/% 23.1 10.2 19.8 no less than 26
Abrasion value/% 20.2 16.6 14.3 no less than 28

Adhesion grade 5 5 3 -

2.2. Preparation of the Specimens
2.2.1. Design of Asphalt Mastics

In the study, asphalt mastic was defined and designed as a mixture of bitumen and
calcareous or siliceous fillers. In order to minimize the effect of the mineral powder
volume on the asphalt mastics, they were designed with a ratio of bitumen to filler = 1:1 by
volume [21–23]. The filler was first dried at 150 ◦C for 3 h. Then, the bitumen was heated in
a furnace at 150 ◦C for 1 h. After placing the filler in a vessel with a temperature of 150 ◦C,
an enhanced stirring process was conducted to mix the bitumen and filler homogenously
at a speed of 1000 rpm for 30 min. The three types of asphalt mastics (LM, BM, and GM)
were then obtained in order to carry out the following tests.

2.2.2. Design of the Asphalt Mastic–Aggregate Interface Specimens

In order to quantitatively measure the adhesion of the asphalt mastic–aggregate interface,
the asphalt mastic–aggregate interface specimens were prepared as shown in Figure 2. The
mechanical failure tests were conducted by controlling the asphalt mastic thickness within
1 mm. The sample preparation processes included the following: (1) Installing a mold with
the aggregates; (2) aligning the cylindrical aggregates (Φ20 × 20 mm) in self-made fixtures;
(3) loading the asphalt mastic in between two pieces of aggregates; (4) controlling the
thickness of the asphalt mastic within 1 mm; (5) demolding the asphalt–aggregate interface
specimen; (6) removing the extra asphalt mastic around the interface. Then, the bond
strength of the interface was tested using a testing machine. In this study, a 1 mm spacer
was used to control the thickness of the asphalt mastic, and three types of mastics and
three aggregates were used to prepare nine groups of asphalt mastic–aggregate interface
specimens. The specific specimen designs and names are shown in Table 6.
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Figure 2. Schematic of the preparation of asphalt mastic–aggregate interface specimens.
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Table 6. Specimen designs and names of asphalt mastic–aggregate interfaces.

Type of Interface Name

Limestone mastic–Limestone LM–L
Limestone mastic–Basalt LM–B

Limestone mastic–Granite LM–G
Basalt mastic–Limestone BM–L

Basalt mastic–Basalt BM–B
Basalt mastic–Granite BM–G

Granite mastic–Limestone GM–L
Granite mastic–Basalt GM–B

Granite mastic–Granite GM–G

2.3. Experimental Tests
2.3.1. Rheological Testing of Asphalt Mastics

• A dynamic shear rheometer (DSR) was employed in this study to evaluate the rheo-
logical properties of the asphalt mastics, focusing on the influence of fillers. In this
test, mastic specimens with a 2 mm thickness were prepared and sandwiched between
two flat plates with a diameter of 8 mm. One of the two plates was fixed and the other
one was oscillated back and forth around the central axis at a certain angular velocity.
The mastic specimens were tested at a temperature interval of 10 ◦C in the range of
30–60 ◦C and the scanning rate was 10 rad/s. According to the curves, the complex
shear modulus G*, phase angle δ, and rutting factor (G*/sin δ) of the asphalt mas-
tics at different temperatures were obtained. The results were employed to evaluate
high-temperature performance of the asphalt mastics at moderate temperatures;

• The bending-beam rheometer (BBR) test was employed to characterize the low-
temperature cracking resistance of the asphalt mastics. In this research, the BBR
test was performed at −6 ◦C, −12 ◦C, and −18 ◦C. During testing, a constant load of
980 ± 50 mN was added in the middle of the mastic beam for 240 s. The deflection
was automatically recorded in order to calculate the creep stiffness (S) and m-value
(m). In order to resist thermal cracking at low temperatures, the creep stiffness (S) and
the m-value must meet certain requirements.

2.3.2. Bond Strength Testing of the Asphalt Mastic–Aggregate Interface

As shown in Figure 3a–e, a universal testing machine with an accuracy of 1 N was
employed to measure the maximum force using a deformation-controlled model. Its
loading speed was 0.01 mm/s. The bond strength of the interface was then calculated by:

ft =
F
S

(1)

where F is the maximum failure force; S is the interfacial area; ft is the bond strength of the
interface.
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2.3.3. Water Absorption of Asphalt Mastics

In order to understand the diffusion behavior of water in the asphalt mastics under
normal temperature and pressure, the moisture absorption rates of the asphalt mastics
subjected to different water immersion periods were measured using a gravimetric method,
and the change principle of the water contents in the asphalt mastics was analyzed by
measuring the change in its mass against time [24]. The specific testing processes were
given as follows: (1) A customized aluminum plate mold (the mass is m0) was used to
prepare an asphalt mastic film of 50 mm × 50 mm × 0.3 mm; (2) an analytical balance
was used to weigh the aluminum plate and the asphalt mastic before water immersion
(the mass is m1); (3) the samples were immersed in distilled water and removed at regular
intervals; (4) the water was wiped off with filter paper and the mass mt of the asphalt
mastic plus the aluminum plate was measured. The test results were recorded after soaking
times of 1 h, 4 h, 12 h, and 24 h . . .

The moisture absorption rate (Mt) of the asphalt mastic at the time of immersion t was
then calculated by:

Mt =
mt − m1

m1 − m0
× 100% (2)

2.3.4. Water Attack Testing of the Asphalt Mastic–Aggregate Interface

In order to investigate the influence of different water conditions on the bond strength
of the asphalt mastic–aggregate interface, the temperature (10~40 ◦C), static water immer-
sion time (7 d, 14 d), and water pressure action time (12 h, 24 h) were assessed to test
their influence on the mechanical properties of the interface. As calculated by the effect
of standard axle load and average velocity, the variation range of the pore water pressure
of the asphalt pavement surface layer is generally 0.20~0.57 MPa [25,26]. In this study, a
self-designed pressure device was used to simulate the water pressure. Its pressure was
0.5 MPa.
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3. Results and Discussion
3.1. Physical Features of Three Types of Filler

The Brunauer–Emmett–Teller (BET) method was applied to calculate the specific
surface area of the fillers according to nitrogen adsorption isotherm measurements. Using
the Barrett–Joyner–Halenda (BJH) model, the pore size distributions of the fillers were
derived from the adsorption branches of the isotherms. The pore volume distributions
of the mineral fillers as assessed by physical adsorption under high vacuum conditions
(measured using Micromeritics ASAP2020 PLUS) are shown in Figure 4. The pore size
distribution ranges of LP and GP were roughly similar, ranging from 4 to 20 nm, while the
pore size distribution of BP was relatively wider, ranging from 4 to 40 nm. The BJH pore
volume, the average pore size, and BET specific surface area of the fillers are listed in Table 7.
It can be observed that the pore volumes of LP and GP were 0.007 cm3/g and 0.009 cm3/g,
respectively, which were obviously lower than that of BP with 0.034 cm3/g. The average
pore sizes of BP and GP were similar, i.e., 3.810 nm and 3.819 nm, respectively, and the
average pore size of LP was slightly smaller at 3.059 nm. According to the specific surface
area calculated by BET, it can be seen that the specific surface area of LP was the smallest
(1.899 m2/g), while the specific surface area of BP was the largest (9.008 m2/g). Moreover,
the specific surface area of GP (3.42 m2/g) was between LP and BP. As previously reported,
the differences in the pore volume and specific surface area of the mineral powders certainly
affect the selective absorption of the asphalt component according to the filler, and then
affect the performance of the asphalt mastic and mixture [27].
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Table 7. Physical parameters of mineral powders.

Pore Features LP BP GP

Pore volume/cm3/g 0.007 0.034 0.009
Average pore size/nm 3.059 3.810 3.819

Surface area/m2/g 1.899 9.008 3.42
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The microscopic morphology of the mineral fillers directly affects the selective ab-
sorption of asphalt, resulting in changes in the rheological properties of asphalt mastics.
The micromorphology of the fillers as assessed using SEM (Tescan, Brno, Czech Republic,
Vega 3) is shown in Figure 5. It can be observed that the particle morphology and surface
texture of the three mineral fillers were different. The LP particles were relatively smooth,
without obvious edges and corners, and the particle size was relatively fine, with a small
amount of fine flocculent particles attached to the surface of the coarse ones. BP had a
relatively complex surface texture, a rough texture, a large number of holes, and small
channels. The GP particles had a clear outline, more polygonal particles, obvious edges
and corners, and no obvious holes in the particles. It can be hypothesized that BP absorbs
light components of bitumen into the particles and this influences the rheological response.
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3.2. Rheological Properties of Asphalt Mastics at High Temperature

A dynamic shear rheology tester (DSR) was employed to conduct a temperature sweep
test in order to evaluate the rheological properties of the asphalt mastics. Their complex
modulus and phase angle curves are shown in Figure 6. The complex modulus is a measure
of the total resistance of a material when it is repeatedly sheared and deformed, and the
higher its value, the stronger the ability of the asphalt mastic to resist deformation [28].
At the same temperature, the complex modulus of LM was the highest, indicating that its
high-temperature deformation resistance is strong, which may be related to the particle size
of LP and its chemical reaction with bitumen. The complex modulus of BM was second
and that of GM was the lowest, which may be due to the difference in the pore volume and
specific surface area. With the increase in temperature, the asphalt mastic changed from a
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viscoelastic state to a viscous fluid state, which increased the viscous components in the
asphalt mastics and increased the phase angle. Under the same temperature, the phase
angle of LM was the lowest, the phase angle of GM was the highest, and the phase angle of
BM was in between. The LP had the smallest particle size and better dispersibility in the
bitumen, resulting in LM exhibiting the lowest phase angle. The particle sizes of BP and GP
were similar, but their specific surface areas and pore volumes were significantly different,
and the pore volume of BP was three times that of GP. BM had the most structural bitumen
and the least free bitumen, resulting in a highly elastic composition. The phase angle of
BM was lower than that of GM. From these results, it can be seen that both the chemical
composition and morphology of the fillers determine the rheological properties. First, the
alkaline filler, LP, exhibited a very good chemical behavior with bitumen and this resulted
in its high complex modulus, low phase angle, and even, smooth morphology. The porous
features of BP enhance its complex modulus.
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Figure 6. Rheological properties of asphalt mastics: (a) complex modulus and (b) phase angle.

The rutting factor G*/sinδ, which is commonly used in the Superpave specification,
characterizes the long-term deformation ability of asphalt mastic, with a high value in-
dicating a high ability to permanently deform. Figure 7 shows the rutting factors of the
different types of asphalt mastics. At the same temperature, the order of the rutting factor
was LM, BM, and GM, which was related to the particle size, pore volume, and surface
area. The particle size of LP was the smallest, which made it more dispersed in bitumen,
so LM had better resistance to permanent deformation. The specific surface area and pore
volume of BP were three times those of the granite mineral powder, so that the permanent
deformation resistance of BM was higher than that of GM.
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Figure 7. Rutting factors of asphalt mastics.

3.3. Rheological Properties of Asphalt Mastics at Low Temperature

The creep stiffness modulus S as assessed using the BBR characterizes the low-
temperature performance of asphalt mastics. The higher the S value, the worse the
low-temperature cracking resistance of the mastic. The creep rate m characterizes the
change rate of the stiffness of the mastic with time, with high values indicating low de-
formation [29]. The results of the stiffness modulus S and m values of asphalt mastics are
shown in Figure 8. It can be seen that the S of the three asphalt mastics decreased with the
increase in the temperature, and the m increased with the increase in the temperature. This
shows that, with the decrease in the temperature, the low-temperature cracking resistance
of the three asphalt mastics reduced. The S and m values of the three mastics were not
obviously different, indicating that the type of mineral filler had relatively less effect on the
low-temperature performance of asphalt mastics. BP had the largest specific surface area,
and it was shown to adsorb more light bitumen components. When the content of structural
components increased, it resulted in the highest S value for BM at −18 ◦C and −12 ◦C. The
slope m-value was introduced. A low slope value indicates a lower capacity to endure the
stresses produced at low temperatures. In Figure 8b, BM at different temperatures (−6,
−12, and −18) did not follow the same trend as LM and BM. This might be because of
porous physical features of BP resulting in a different low-temperature resistance. The S
value of LM was relatively low, the m value was high, and the cracking resistance was
good, which was also related to its small specific surface area and pore volume.
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3.4. Water Diffusion of Asphalt Mastics

In order to study the diffusion characteristics of water in asphalt mastics subjected
to normal temperature and pressure, the moisture absorption curves of asphalt mastics
under different immersion times were obtained using a gravimetric method. The results
are shown in Figure 9. With the prolongation of the immersion time, water continuously
diffused into the asphalt mastics and gradually became saturated. After soaking for 384 h,
the change in the moisture absorption rate of the asphalt mastic tended to be gentle and
essentially reached saturation. When exposed to the condition of water immersion, the
moisture absorption rate of BM was the highest, followed by LM and GM. This could be
related to the pore features of BP, i.e., a high pore volume and surface area.
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The moisture absorption rate represents the moisture absorption characteristics of
different asphalt mastics. To understand the diffusion properties of water in the asphalt
mastic, the moisture absorption curves were fitted based on the Fick diffusion model using
Equation (3) [30], and the diffusion coefficients of D are listed in Table 8. It can be seen
from the fitting results under the same conditions that the order of diffusion coefficients
of water in the three types of mastics was BM, LM, and GM. Because BP had the largest
specific surface area and pore volume, and had a fluffy structure, many pores, and small
channels in the particles, BM had the ability to absorb more water. LM and GM had similar
diffusion coefficients.

Mt

M∞
= 1 −

∞

∑
n=0

8

(2n + 1)2π2
e
−D(2n+1)2π2t

l2 (3)

where n is a natural number, D is the diffusion coefficient, l is the thickness of the sample,
and M∞ is the equilibrium moisture absorption rate.

Table 8. Diffusion coefficient of water in different asphalt mastics.

Type of Mastic Condition D/(cm2/s) R2

LP mastic
Water Immersion

1.054 × 10−10 0.8396
BP mastic 1.078 × 10−10 0.8912
GP mastic 0.938 × 10−10 0.8725

3.5. Bond Strength of the Asphalt Mastic–Aggregate Interface
3.5.1. Influence of Temperature

The bond strength results of the asphalt mastic–aggregate interfaces at different tem-
peratures are shown in Figure 10. At 10 ◦C and 20 ◦C, the LM–L, LM–B, and LM–G
interfaces had the highest bond strengths, compared to the other interfaces. For 30 ◦C
and 40 ◦C, the BM–L, BM–B, and BM–G interfaces had the highest bond strengths. This
shows that the interface bond strengths of the asphalt mastics were strongly determined by
temperature and the mastic type. When increasing the temperature, the interface strength
decreased gradually. The effect of temperature on the interface bond strength of the in-
terfaces exhibited similar trends. Under 20 ◦C, the bond strength of the three interface
combinations using LM was greater than that of BM and GM.

Fracture interfaces are illustrated in Figure 11. The failure modes of the asphalt
mortar–aggregate interface were divided into two types: cohesion failure inside the asphalt
mastic and adhesion failure at the asphalt mastic–aggregate interface. Under 20 ◦C, the
failure mode was mainly the cohesion failure of the asphalt mastic–aggregate interface,
indicating that the LM–aggregate interface had the best adhesion in the dry state and at a
relatively low temperature. With the increase in temperature, the failure mode gradually
changed from cohesion failure to adhesion failure. The bond strength of the specimen was
mainly dominated by the adhesive strength of the asphalt mastic. The bond strength of
the specimen prepared using BM was the highest, indicating that the adhesive strength of
the BM system was higher, which was related to the larger pore volume, specific surface
area, and surface morphology of BP. Moreover, the structural component of bitumen in the
asphalt mastic can produce good adhesion with coarse aggregates.
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3.5.2. Influence of Water Immersion without Pressure

Figure 12 shows the residual bond strength ratios of asphalt mastic–aggregate in-
terfaces under immersion in water for 7 days (W7) and 14 days (W14) without pressure.
The residual bond strength was defined as the ratio between the bond strength before
water immersion and after water exposure. It can be seen that when subjected to water
immersion, all interfacial bond strengths decreased. This also gradually decreased with
the extension of the immersion period from 7 days to 14 days. For the same immersion
period, the residual bond strength ratios of BM–L, BM–B, and BM–G were between 62%
and 76%, which were higher than those of the other mastic–aggregate interfaces. This may
be attributed to the higher content of structural asphalt in BM, and the larger pore volume
of basalt helps to produce stable mechanical interlocking with asphalt, while the difference
in the diffusion coefficient between the aggregate and asphalt does not play a dominant role.
For the same asphalt mastic, the mastic–granite aggregate interfaces had relatively lower
residual bond strength ratios compared to other two types of aggregates. This is because
the interface formed by the weakly acidic mineral components of the granite aggregate and
the asphalt mastic peels off easily when exposed to water, resulting in a rapid attenuation
of its strength. Moreover, it was noticed that after water immersion, the residual bond
strength ratios of the LM–aggregate interfaces were lowest, indicating that the water attack
was more serous in the LM–aggregate interfaces. The specimens prepared from LM did not
obtain the ideal residual bond strength ratios, which may be affected by two factors: (1) The
specimens prepared from LM (LM–L, LM–B, and LM–G) were in a dry state. Their bond
strengths were the highest, resulting in the highest initial bond strength values; (2) the
small pore volume and specific surface area of LP result in the mechanical interlocking
with asphalt being weak, and thus, it can be eroded by water. Figure 13 shows the failure
images of each asphalt mastic–aggregate interface when subjected to water immersion. It
can be seen that the interface was completely damaged via adhesion failure, indicating that
after immersion in water for 7 d and 14 d, the water can reach the asphalt mastic–aggregate
interface and the interface is adhesively damaged.
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3.5.3. Influence of Water Pressure

Figure 14 shows the residual bond strength ratios of the asphalt mastic–aggregate
interfaces subjected to a water pressure of 0.5 MPa for 12 h and 24 h. It can be seen that
with the prolongation of the water pressure action time, the residual bond strength ratio of
each type of interface gradually decreased. For comparison, the residual bond strength of
the GM–aggregate interfaces (GM–L, GM–B, and GM–G) was the highest, which may be
due to the dominant effect of the low diffusion coefficient of GM under the action of water
pressure. Figure 15 shows the interface failure images of each interface after water pressure
for different times. It can be seen that, in the absence of water pressure (0 h), interface
cohesion failure occurred. When water reached to the bonding interface with pressure (12 h
and 24 h), interface failure developed from cohesion failure to adhesion failure.
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It can be seen from Figures 12 and 14 that the residual bond strength ratios of the
asphalt mastic–interfaces under water pressure for 24 h were even lower than those under
static water immersion for 14 days. The water pressure can accelerate the attenuation of
the asphalt mastic–aggregate interface bond strength, indicating that the hydrodynamic
pressure generated by the traffic load can promote the water damage process of the asphalt
pavement. This is also consistent with the conventional understanding that alkaline lime-
stone has strong adhesion and acid granite has weak adhesion. Pressure immersion can
accelerate the deterioration process of asphalt mastic–aggregate specimens as a result of
water. However, by comparison, it was found that the attenuation law of the interfacial
bond strength of the asphalt mastic–aggregate interface under water pressure was different
under static water immersion. It can be seen that the water stability of the interface speci-
mens was related to the properties of the aggregates and fillers and the diffusion behavior
of the asphalt mastics.

4. Conclusions

The influence of the physico-chemical features of fillers and the rheological properties
of asphalt mastics on the bonding behavior between asphalt and aggregate, and the inter-
facial deterioration mechanism subjected to static water immersion and pressured water
immersion was tested experimentally and evaluated. The main findings are as follows:

• The mineral filler type influenced the complex modulus and low-temperature per-
formance index of the asphalt mastic, and the difference in pore volume and specific
surface area changed the content of the structural asphalt components in the asphalt
mastics, thereby affecting the phase angle. The specific surface area of the basalt filler
was the largest, resulting in a high content of structural asphalt components, and its
mastic had a relatively higher stiffness modulus at −18 ◦C and −12 ◦C. The chemical
composition of the filler was the primary factor in determining rheological behavior
and the morphology was the secondary factor in influencing the properties of asphalt
mastics;

• When exposed to the water immersion, the moisture absorption rate of the basalt
mastic was the highest, followed by the limestone and granite mastics, and the granite
mastic had the lowest diffusion coefficient. This may be related to the pore features of
the basalt filler, which had a high pore volume and surface area;

• The alkaline limestone aggregate exhibited strong initial adhesion with bitumen and
the acid granite aggregate exhibited weak adhesion. When the complex modulus
of asphalt mastic was high and its phase angle was low, it resulted in a good initial
bonding behavior with aggregate in the dry state. However, this does not indicate that
such an interface between alkaline limestone aggregate and asphalt mastic exhibits
good durability, e.g., against water attack;
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• Static and pressured water immersion conditions can accelerate the deterioration
process of asphalt mastic–aggregate interfaces. For the three asphalt mastics, when
the complex modulus of the asphalt mastic was low and its phase angle was high,
the durability of asphalt mixtures subjected to static and pressured water immersion
conditions improved. The asphalt mastic with the acid granite filler initially exhibited
relatively weak adhesion in the asphalt mastic, but it showed good water attack
resistance between the asphalt mastic and coarse aggregate;

• The deterioration mechanism of the interfacial bond strength of the asphalt mastic–
aggregate interface under static water immersion was different from pressured water
immersion. It was found that the water stability of the asphalt mastic–aggregate
interface was strongly related to the properties of the aggregates and fillers and the
diffusion behavior of the asphalt mastics, which influenced the rheological properties
of the asphalt mastics.

Author Contributions: Conceptualization, G.E. and Q.S.; methodology, P.J.; investigation, J.W.;
writing—original draft preparation, Y.X. and J.Z.; writing—review and editing, J.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Open Fund of Shandong Key Laboratory of Highway Tech-
nology and Safety Assessment.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to confidentiality agreement.

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

References
1. Thives, L.P.; Ghisi, E. Asphalt mixtures emission and energy consumption: A review. Renew. Sustain. Energy Rev. 2017, 72,

473–484. [CrossRef]
2. Zhang, J.Z.; Liu, S.J.; Yao, Z.Y.; Wu, S.P.; Jiang, H.G.; Liang, M.; Qiao, Y.N. Environmental aspects and pavement properties of red

mud waste as the replacement of mineral filler in asphalt mixture. Constr. Build. Mater. 2018, 180, 605–613. [CrossRef]
3. Zhu, X.Y.; Yang, Z.X.; Guo, X.M.; Chen, W.Q. Modulus prediction of asphalt concrete with imperfect bonding between aggregate-

asphalt mastic. Compos. Part B Eng. 2011, 42, 1404–1411. [CrossRef]
4. Kakar, M.R.; Hamzah, M.O.; Valentin, J. A review on moisture damages of hot and warm mix asphalt and related investigations.

J. Clean. Prod. 2015, 99, 39–58. [CrossRef]
5. Zhang, J.P.; Fan, Z.P.; Hu, D.L.; Hu, Z.; Pei, J.Z.; Kong, W.C. Evaluation of asphalt-aggregate interaction based on the rheological

properties. Int. J. Pavement Eng. 2018, 19, 586–592. [CrossRef]
6. Lv, D.; Zheng, C.F.; Qin, Y.; Bi, H.; Li, K.Y.; Huang, J.F. Analysing the effects of the mesoscopic characteristics of mineral powder

fillers on the cohesive strength of asphalt mortars at low temperatures. Constr. Build. Mater. 2014, 65, 330–337. [CrossRef]
7. Barra, B.; Breno, L.; Guerrero, Y.; Bernucci, L. Characterization of granite and limestone powders for use as fillers in bituminous

mastics dosage. An. Acad. Bras. Ciênc. 2014, 86, 995–1002. [CrossRef]
8. White, G. Shear creep response of an airport asphalt mastic. Int. J. Pavement Eng. 2017, 18, 567–577. [CrossRef]
9. White, G. The contribution of asphalt mastic to shear resistance. In Proceedings of the 6th Eurasphalt & Eurobitume Congress,

Prague, Czech Republic, 1–3 June 2016.
10. Geber, R.; Simon, A.; Kocserha, I.; Buzimov, A.; Buzimov, A.Y. Microstructural and rheological analysis of fillers and asphalt

mastics. J. Phys. Conf. Ser. 2017, 790, 012009. [CrossRef]
11. Terrel, R.L.; Shutte, J.W. Summary Report on Water Sensitivity; Report No. SHRP-A/IR-89-003 for Strategic Highway Research

Program; National Research Council: Washington, DC, USA, 1989.
12. Yi, J.Y.; Pang, X.Y.; Feng, D.C.; Pei, Z.S.; Xu, M.; Xie, S.N.; Huang, Y.D. Studies on surface energy of asphalt and aggregate at

different scales and bonding property of asphalt-aggregate system. Road Mater. Pavement Des. 2018, 19, 1102–1125. [CrossRef]
13. Huang, M.; Zhang, H.L.; Gao, Y.; Wang, L. Study of diffusion characteristics of asphalt-aggregate interface with molecular

dynamics simulation. Int. J. Pavement Eng. 2021, 22, 319–330. [CrossRef]
14. Little, D.N.; Allen, D.H.; Bhasin, A. Modeling and Design of Flexible Pavements and Materials; Springer: Berlin/Heidelberg, Germany,

2017.
15. Fakhri, M.; Javadi, S.; Sassani, A.; Torabi-Dizaji, M. Zinc Slag as a Partial or Total Replacement for Mineral Filler in Warm Mix

Asphalt and Its Effects on Self-Healing Capacity and Performance Characteristics. Materials 2022, 15, 736. [CrossRef] [PubMed]

110



Materials 2023, 16, 574

16. Fakhri, M.; Norouzi, M.A. Rheological and ageing properties of asphalt bio-binders containing lignin and waste engine oil. Constr.
Build. Mater. 2022, 321, 126364. [CrossRef]

17. Mehrara, A.; Khodaii, A. A review of state of the art on stripping phenomenon in asphalt concrete. Constr. Build. Mater. 2013, 38,
423–442. [CrossRef]

18. Zhang, J.Z.; Sun, C.J.; Li, P.Z.; Liang, M.; Jiang, H.G.; Yao, Z.Y. Experimental study on rheological properties and moisture
susceptibility of asphalt mastic containing red mud waste as a filler substitute. Constr. Build. Mater. 2019, 211, 159–166. [CrossRef]

19. Mansour, F.; Vahid, V. Effect of Liquid Nano material and hydrated lime in improving the moisture behaviour of HMA. Transp.
Res. Proc. 2016, 17, 506–512. [CrossRef]

20. Chen, Y.; Xu, S.B.; Tebaldi, G.; Romeo, E. Role of mineral filler in asphalt mixture. Road Mater. Pavement Des. 2022, 23, 247–286.
[CrossRef]

21. Antunes, V.; Freire, A.C.; Quaresma, L.; Micaelo, R. Influence of the geometrical and physical properties of filler in the filler-
bitumen interaction. Constr. Build. Mater. 2015, 76, 322–329. [CrossRef]

22. Antunes, V.; Freire, A.C.; Quaresma, L.; Micaelo, R. Effect of the chemical composition of fillers in the filler-bitumen interaction.
Constr. Build. Mater. 2016, 104, 85–91. [CrossRef]

23. Apeagyei, A.K.; Grenfell, J.R.A.; Airey, G.D. Evaluation of Moisture Sorption and Diffusion Characteristics of Asphalt Mastics
Using Manual and Automated Gravimetric Sorption Techniques. J. Mater. Civ. Eng. 2014, 26, 04014045. [CrossRef]

24. Apeagyei, A.K.; Grenfell, J.R.A.; Airey, G.D. Influence of aggregate absorption and diffusion properties on moisture damage in
asphalt mixtures. Road Mater. Pavement Des. 2015, 16, 404–422. [CrossRef]

25. Gao, J.Q.; Chen, H.; Ji, T.J.; Liu, H.Y. Measurement of dynamic hydraulic pressure in asphalt pavement using fiber Bragg grating.
Transducer Microsyst. Technol. 2009, 28, 59–61.

26. Gao, J.Q.; Guo, C.C.; Liu, Y.T. Measurement of pore water pressure in asphalt pavement and its effects on permeability.
Measurement 2015, 62, 81–87. [CrossRef]

27. Choudhary, J.; Kumar, B.; Gupta, A. Utilization of solid waste materials as alternative fillers in asphalt mixes: A review. Constr.
Build. Mater. 2020, 234, 117271. [CrossRef]

28. Faheem, A.F.; Bahia, H.U. Modelling of Asphalt Mastic in Terms of Filler-Bitumen Interaction. Road Mater. Pavement Des. 2010, 11,
281–303. [CrossRef]

29. Zhang, J.Z.; Yao, Z.Y.; Wang, K.; Wang, F.; Jiang, H.G.; Liang, M.; Wei, J.C.; Airey, G. Sustainable utilization of bauxite residue
(Red Mud) as a road material in pavements: A critical review. Constr. Build. Mater. 2021, 270, 121419. [CrossRef]

30. Vasconcelos, K.L.; Bhasin, A.; Little, D.N.; Lytton, R.L. Experimental Measurement of Water Diffusion through Fine Aggregate
Mixtures. J. Mater. Civ. Eng. 2011, 23, 445–452. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

111





Citation: Zhu, H.; Zhang, M.; Li, Y.;

Zou, Y.; Chen, A.; Wang, F.; Liu, L.;

Gu, D.; Zhou, S. Swelled Mechanism

of Crumb Rubber and Technical

Properties of Crumb Rubber

Modified Bitumen. Materials 2022, 15,

7987. https://doi.org/10.3390/

ma15227987

Academic Editor: Giovanni Polacco

Received: 18 October 2022

Accepted: 9 November 2022

Published: 11 November 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/).

materials

Article

Swelled Mechanism of Crumb Rubber and Technical Properties
of Crumb Rubber Modified Bitumen
Hongbin Zhu 1 , Min Zhang 2, Yuanyuan Li 1,* , Yingxue Zou 3, Anqi Chen 3,*, Fu Wang 1, Langrun Liu 1,
Dengjun Gu 1 and Shaoyun Zhou 1

1 School of Civil Engineering and Architecture, Wuhan Institute of Technology, Wuhan 430074, China
2 School of Civil and Architectural Engineering, Henan University, Kaifeng 475004, China
3 State Key Laboratory of Silicate Materials for Architectures, Wuhan University of Technology,

Wuhan 430070, China
* Correspondence: liyy@wit.edu.cn (Y.L.); anqi.chen@whut.edu.cn (A.C.)

Abstract: Crumb rubber modified bitumen (CRMB) has excellent high-temperature performance and
fatigue resistance, and is widely used in asphalt pavement to cope with increasing traffic axle load and
changing climate. Under conventional preparation conditions, the swelling degree of CR can directly
impact the comprehensive properties of CRMB; however, physical and chemical properties research
on swelling crumb rubber (SCR) and crumb rubber recycled bitumen (CRRB) in CRMB is relatively
lacking. In this paper, the working performance of CRMB and CRRB in high-temperature and low-
temperature conditions were studied through physical and working performance testing of bitumen.
The CR and SCR were tested by scanning electron microscope (SEM), Fourier transform infrared
spectrometer (FTIR), gel permeation chromatography (GPC), and particle size distribution (PSD) tests
to study the physicochemical behavior and microscopic effects before and after CR swelling. The
results showed that CR dosage was in the range of 10%, 15%, and 20%, as well as that CR dosages
have a positive effect on the high- and low-temperature performance, storage stability, and elastic
recovery of bitumen. The high-temperature PG grades of bitumen were directly improved by four
grades, and the elastic recovery rate increased by 339.9%. CR improved the ultra-low temperature
crack resistance of bitumen. Due to the absorption of lighter components by CR, the relative content
of the heavy component of bitumen increased; however, its low-temperature performance decreased
significantly. After swelling, the CR particle size increased and the range became wider, the surface
complexity of CR became higher, and the specific surface area was larger. At the same time, CR
carried out the transformation process from large and medium molecules to small molecules. During
the swelling process, a new benzene ring structure appeared in the CR, and the C–C bond and C–S
bond of CR broke, forming part of the C=C bond.

Keywords: crumb rubber (CR); bitumen; swelled mechanism; light component

1. Introduction

Crumb rubber (CR) is prepared from waste tires after preprocessing, grinding, sep-
aration, and screening [1]. It can be seen from the tire manufacturing process that the
basic components of CR are natural rubber or synthetic rubber, sulfur, carbon black, metal
reinforcement materials, plastic fibers, and other additives [2]. The use of CR in asphalt
mixture pavement has greatly improved the overall performance of pavement; on the one
hand, CR can extend the service life of the pavement and reduce the noise of vehicle driving,
while on the other hand more waste tires can be consumed, helping to promote the use of
resources while reducing the demand for natural bitumen [2,3]. The application of CR on
the road provides a safe, friendly, and green solution for the green resource utilization of
waste tires [4].

Based on the excellent performance of CRMB, the preparation process of CRMB has
attracted great attention in the study of roadways. Improving the preparation process,
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adding stabilizer or compatibilizer, and pretreating CR are the three main ways of im-
proving the high- and low-temperature performance and storage stability of CRMB [5].
In terms of improving the preparation process, Flanigan [6] concluded that when CR
and bitumen were prepared at 260 ◦C, it was possible to produce modified bitumen with
excellent storage stability and uniformity. Zanzotto [7] found that the preparation tem-
perature was proportional to the solubility of CR in modified bitumen when preparing
CRMB. Dong [8–10] summarized that when CRMB was prepared at a temperature below
230 ◦C, its low-temperature performance increased first and then decreased with increased
mixing time, while the low-temperature performance of the modified bitumen prepared
at 250 ◦C to 270 ◦C decreased with increased stirring time. In addition, they pointed
out that the low-temperature performance of the modified bitumen sheared at 250 ◦C for
1 h was the best. In terms of adding modifiers, styrene–butadiene–styrene (SBS) and CR
are usually used to react and cross-link bitumen in order to improve its comprehensive
performance [11–13]; polyethylene terephthalate (PET) is another available bitumen modi-
fier [14]. Of course, it would be better deepen the reemployment of plastic into bitumen [15].
Wang [16] performed photothermal aging and freeze–thaw aging tests on SBS/CR-modified
bitumen, and showed its excellent high and low-temperature performance and environ-
mental durability. Huang [17] used SBS and CR to double modify bitumen, with ordinary
CRMB as the control group, and conducted multiple stress creep recovery tests (MSCR) and
freeze–thaw split tests. The results showed that the composite modification could improve
the water stability and low-temperature crack resistance of bitumen. In terms of the pre-
activation of CR, common pretreatment technologies include microwave radiation [18,19],
biochemical treatment [20,21], and strong acid and strong alkali solutions [22,23]. Liang [5]
mixed the aromatic oil with CR and heated it by microwave; the results showed that the
high-temperature stability of the dry mix asphalt mixture was significantly improved and
that resistance to permanent deformation was improved after the CR was activated by
microwave. After microwave activation, the surface activity and specific surface area of
CR were increased. Kabir [21] used microorganisms to desulfurize CR, which improved
the interaction between CR and bitumen and reduced the degree of segregation. Ma [1]
concluded that a modifier composed of bio-oil or its derivatives has the advantages of
safety, environmental friendliness, low cost, and convenience of materials, and is feasible
to apply it to CRMB. Li [24] used NaOH solution to treat CR and concluded that NaOH
solution could improve the compatibility of bitumen with CR by removing zinc stearate
impurities from the CR surface. It can be seen that the pre-activation treatment of CR is of
great significance to the performance of bitumen, and the mechanism of pretreatment and
direct treatment are consistent.

Mastering the reaction mechanism of CR in bitumen is the theoretical basis for im-
proving the CR modification effect and optimizing bitumen performance. The elasticity,
hardness, strength, and aging resistance of natural CR are poor, and cannot meet the axle
load requirements of automobiles; thus, the rubber needs to be vulcanized when manufac-
turing tires [25]. During vulcanization, CR changes from plastic compounded rubber to
highly elastic and hard cross-linked CR, and linear macromolecules are cross-linked into
three-dimensional network macromolecules, greatly improving the physical, mechanical,
and chemical properties of CR [2]. It can be seen that while vulcanization has a significant
and positive impact on the performance of tires, the vulcanization reaction is not con-
ducive to the interaction between CR and bitumen. The reaction of CR in bitumen involves
swelling and degradation [26]; its theoretical basis is swelling degradation theory, which is
mostly accepted by researchers. This theory explains the physical swelling and chemical
desulfurization of CR. First, CR absorbs the light components of bitumen and forms a
gel film, and the volume of the CR expands, which is known as the swelling reaction.
High temperature causes the cross-linked sulfur bond of CR to be broken, and achieving
desulfurization and degradation [27]. The compatibility between CR and bitumen can
be enhanced by activated CR. The swelling degree of CR is related to the swelling time,
the swelling temperature, and the composition of the bitumen [28]. CR absorbs the light
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components of bitumen, and the surface of the CR particle produces new active groups
and forms a layer of highly asphaltene gel film [29]. The distance between CR particles is
reduced and the particles are more closely connected, forming a high-viscosity semi-solid
continuum system; as such, CRMB has excellent rutting resistance, crack resistance, and
water damage resistance [30]. During swelling, the structure of bitumen changes from a
colloid to a sol–gel, which leads to the improved adhesion and durability of the bitumen,
while its temperature sensitivity decreases. The light components of bitumen absorbed by
CR reduce the cracking resistance and workability of bitumen [1], and can improve the
degradation effect of CR to promote the activation of CR. High temperatures break the
cross-linked sulfur bonds (the C–S bond and S–S bond) of CR, forming active groups [18].
The fracture of the cross-linked sulfur bond changes the original stable three-dimensional
network macromolecular structure of CR into chain-like CR hydrocarbon molecules with a
linear structure, meaning that CR has more interfaces for bitumen to bind or attach [2,9].

The swelling and degradation theory has provided later researchers with a better
understanding of the reaction of CR in bitumen. Researchers have invested more research
into the reaction of CR in bitumen and the performance of CRMB, achieving excellent
research results. For example, when CRMB is prepared at above 220 ◦C, CRMB has good
uniformity and low-temperature performance [8–10]. However, the high temperature of
220 ◦C has an irreversible negative impact on bitumen, especially the aging of bitumen
caused by the volatilization of light components of bitumen [31]. At the same time, swelling
and degradation reactions exist at this temperature, meaning that it is not possible to
only study CRMB with swelling reaction. There are few comprehensive research cases
investigating swelling crumb rubber (SCR) and crumb rubber recycled bitumen (CRRB) in
CRMB, leading to limited research on the swelling mechanism of CR. Therefore, a stronger
theoretical basis is urgently needed for research on SCR and CRRB.

To further study the swelling mechanism of CR and the performance of CRMB, we
used CR as a bitumen modifier to prepare bitumen with good high-temperature perfor-
mance; CR can produce a swelling reaction in bitumen, making it possible to obtain CRMB
with good storage stability. In this study, CRMB with different dosages was prepared by
the swelling–shear–swelling process. Separate CR and bitumen with 15% CRMB were used
to obtain SCR and CRRB. The elastic recovery and storage stability of the bitumen, the
modification effect of CR on the bitumen, and the influence of CR dosage on the working
performance of CRMB were studied through the three parameters. Scanning electron
microscopy (SEM), Fourier transform infrared spectrometry (FTIR), gel permeation chro-
matography (GPC), and the particle size distribution (PSD) test were used to study the
physicochemical behavior and microscopic effect of CR before and after swelling. The
ultimate goal of the study was to determine the physical and chemical properties of CR
before and after swelling, the swelling mechanism of CR, and the physical and working
properties of CRRB.

2. Materials and Experimental Method
2.1. Bitumen and CR

In this study, the petroleum bitumen involved (including the bitumen before modifica-
tion) was 70# base bitumen, the technical properties of which are shown in Table 1. The
CR used was 40-mesh with a particle size of 0.425 mm, which was supplied by Jiangsu
Zhonghong Environmental Protection Technology Co., Ltd. (Wuxi, China).

Table 1. Physical performance of 70# base bitumen.

Testing Parameters 25 ◦C Penetration 5 ◦C Ductility Softening Point (R & B)

70# base bitumen 69.40 dmm 11.70 cm 49.3 ◦C
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2.2. Preparation of Test Samples
2.2.1. Preparation of CRMB

The 70# base bitumen was preheated to a flowing state at 135 ◦C. As the CR used was
a 40-mesh powder, it was necessary to pre-mix the designed amount of CR (10%, 15%, and
20%) with the bitumen at low speed to prevent splashing during the high-speed shearing
process. The roughly mixed modified bitumen was then placed in an oil bath at 180 ◦C to
allow the CR to swell in the bitumen. After 0.5 h, the high-speed shear instrument was
switched on ana high-speed shearing was performed at 4000 rpm for 0.5 h. After shearing,
the CR was left in an oil bath at 180 ◦C for 0.5 h, allowing the CR to continue to swell
in the bitumen. Finally, high-speed shearing was carried out at 4000 rpm for 5 min to
produce CRMB.

2.2.2. Preparation of SCR and CRRB

The CR and bitumen of CRMB were separated in order to test the physicochemical
differences before and after CR swelling and the differences in the properties of bitumen
after CR action. The 15% CRMB with a temperature of 180 ◦C was filtered through a
400-mesh sieve, the bitumen attached to the CR was washed with trichloroethylene solution,
and the CR was left for 24 h to allow the trichloroethylene to evaporate. Then, the CR was
placed in an oven at 60 ◦C for 5 min to remove excess water, and the CR was removed
and cooled to room temperature to obtain SCR. After the extracted bitumen was heated to
180 ◦C, CRRB was obtained by three filtrations of 15% CRMB at 180 ◦C with a 400-mesh
filter. The purpose of using a 300-mesh filter was to retain the original size distribution of
swelling CR to a greater extent and obtain CRRB with higher purity. Figure 1 shows the
picture of CR and SCR; compared with the loose state of CR, SCR showed different degrees
of agglomeration, and CR particles were sticky and bonded to each other.
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2.3. Testing of Bitumen
2.3.1. Physical Property and Viscoelastic Property Test

The physical, viscoelastic, and working properties of 70# base bitumen, CRMB, and
CRRB were tested via the softening point test, the ductility test, the penetration test,
the viscosity test, the elastic recovery test, and the segregation test, using two samples
for each test. Among them, CRRB did not need the segregation test. The specific tests
respectively reference standard test methods of bitumen and bituminous mixtures for
highway engineering (JTG E20-2011): T0606-2011, T0605-2011, T0604-2011, T0625-2011, T
0662-2000, and T0661-2011.
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2.3.2. High-Temperature Rheological Test

The high-temperature rheological properties of bitumen were detected using a dy-
namic shear rheometer (DSR), Smartpave102, Germany. Before the start of the test, the γ
of the instrument was set to 12%,ωwas 10 rad/s, and the test temperature ranged from
52 ◦C to 76 ◦C (the equipment limit, using linear fitting to find the failure temperature) by
one point per degree. During testing, 1 g of 70# base bitumen, 10% CRMB, 15% CRMB,
20% CRMB, and CRRB were prepared and kneaded into spheres, and the instrument was
started for testing; refer to T0628-2011 in JTG E20-2011 for the specific test process. The
composite modulus (G*) and phase angle (δ)of bitumen can be used to evaluate the defor-
mation resistance and viscoelasticity of bitumen at high temperatures. The rutting factor
G*/sinδ can be calculated to further evaluate the rutting resistance of bitumen [32]. The
failure temperature of bitumen is the value of the rutting factor G*/sinδ = 1.0 kPa, through
which the PG high-temperature grade of bitumen can be determined [33,34].

2.3.3. Low-Temperature Rheological Test

The creep stiffness (S value) and creep rate (m value) of 70# base bitumen, CRMB, and
CRRB were measured by bending beam rheometer (BBR). Before the test, the test sample
needs to be prepared and a mold is assembled after coating with the isolating agent. After
cooling to room temperature, the sample was scraped flat with a hot scraper and frozen
for 15 min before demolding. Two test samples were made for each bitumen; the size of
the test samples was 125 mm × 12.7 mm × 6.35 mm. Refer to T0627-2011 in JTG E20-2011
for the specific test process. The samples were loaded with 980 mN at temperatures of
−6 ◦C, −12 ◦C, and −18 ◦C successively. The S value and m value obtained by the BBR test
were used to evaluate the deformation adaptability and low-temperature crack resistance,
respectively. Because of thermal cracking, the S value must be less than or equal to 300 MPa
and the m value must be greater than or equal to 0.300 [35].

2.4. Testing of CR and SCR
2.4.1. Particle Size Distribution Test

The particle size distribution of CR and SCR was measured by a laser particle size
analyzer (Malvern Mastersizer 2000) and the difference in the particle size distribution
before and after CR swelling was studied. The optical parameters were set before the
test when the dispersing medium water was circulating normally, then the agitator was
turned on and the CR sample was added to start the test. Absolute ethanol was used as a
dispersant. Each sample was tested three times, and the particle size distributions of CR
and SCR were tested in the range of 1 nm to 10,000 nm.

2.4.2. Micromorphology Test

Scanning electron microscopy (SEM) was used to analyze the micromorphology of
CR and SCR. The instrument model was a Czech TESCAN MIRA LMS. Before the test,
CR and SCR were glued to the conductive adhesive. To obtain the electrical conductivity
of the samples, they were sprayed with 10 mA gold using an Oxford Quorum SC7620
gold-spraying instrument. CR and SCR with electrical conductivity were placed into the
sample bin of the SEM and vacuuming steps were carried out. When the vacuum degree
that could be tested was reached, vacuuming was stopped and the microscopic morphology
of the CR and SCR samples was taken. The accelerating voltage was 3 kV, and images with
multiple of 1000× and 5000× were taken.

2.4.3. Relative Molecular Weight Test

The relative molecular weights of CR and SCR were measured using gel perme-
ation chromatography (GPC), on an Agilent PL-GPC50 consisting of two parts: a Waters
1515 high-pressure liquid chromatography (HPLC) pump and a Waters 2414 refractive
index (RI) detector. Before the test, about 20 mg of CR sample was placed in a 10 mL
volumetric flask and CR was dissolved in 10 mL mobile phase solvents, specifically, tetrahy-
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drofuran (THF), for 24 h. The sample was filtered with a 0.45 mm Polytetrafluoroethylene
(PTFE) filter; the concentration of the test sample was required to be 2.0 mg/mL. During
the test, the mobile phase sample was passed through an HPLC pump and pumped into
the column at a certain flow rate. The column was kept at 35 ◦C and the mobile phase flow
rate was 1.0 mL/min. The GPC curves of CR and SCR were divided into thirteen regions
according to the retention time, in which the combined five left regions are macromolecular
regions (LMS), the combined middle four regions are middle molecular regions (MMS),
and the combined right four regions are small molecular regions (SMS) [36].

2.4.4. Chemical Structure Test

The surface functional groups of CR and SCR were analyzed by Fourier transform
infrared spectrometry (FTIR), and the chemical structure of CR before and after swelling
was studied. The instrument was a Thermo Scientific Nicolet iS20. During the test, CR and
potassium bromide were mixed and ground in a mortar. The resolution of the instrument
was set to 4 cm−1, the scanning times was 32, and the transmittance of the wavenumbers
between 400 cm−1 and 4000 cm−1 was detected.

2.5. Technical Map

Figure 2 shows the technical map of this study.
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3. Results and Discussion
3.1. Technical Performance of CRMB and CRRB
3.1.1. Physical Property

Figure 3 shows the results of the three parameters for 70# base bitumen, 10% CRMB,
15% CRMB, 20% CRMB, and CRRB. Figure 3a shows that the mixing of bitumen and CR
led to a decrease in the penetration of bitumen. With the continuous increase of CR dosage,
the penetration of bitumen decreased continuously. Figure 3b shows that the mixture of
bitumen and CR led to an increase in the softening point of bitumen. With continuous
increase of the dosage of CR, the softening point increased continuously. Figure 3c shows
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that the mixing of bitumen and 10% CR led to a decrease in the ductility of bitumen;
however, with the continuous increase of CR dosage (10% to 20%), the ductility of bitumen
increased. The mixing of bitumen and CR had a great influence on the penetration of
bitumen, and a relatively small effect on their respective softening points and ductility.
The penetration of bitumen decreased and the softening point increased, indicating that
its high-temperature stability improved and its ductility increased, which means that its
low-temperature crack resistance was improved [37]. It can be seen that CR promoted
the high-temperature performance of bitumen, and that the dosage of CR was positively
correlated with the low-temperature performance of bitumen. While this has disadvantages
in terms of the low-temperature performance of bitumen, the basic parameters of bitumen
conform to the corresponding specifications. The experimental results with respect to
the physical properties show that even after removing the particle effect of CR, CRRB
had good high-temperature performance. Its high-temperature performance was close
to that of 10% CRMB; however, its low-temperature crack resistance was poor, and there
were obvious faults with the other four kinds of bitumen. There are two main reasons
for this. One is that the light components of bitumen were volatilized, meaning that the
relative content of the heavy component of bitumen increased during high-temperature
stirring [31]. Second, during the swelling process, CR absorbed the light components of
bitumen, the free wax content of bitumen decreased, the oil content decreased, and the
relative content of the heavy component of bitumen increased [1]. However, the content
of light components of bitumen decreased and the content of heavy component increased,
increasing the high-temperature performance and low-temperature performance of the
bitumen [38,39]. Therefore, while CRRB had good high-temperature performance, it had
poor low-temperature crack resistance.
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Figure 3. Physical properties of bitumen: (a) penetration; (b) softening point; (c) ductility.

3.1.2. High-Temperature Rheological Property

Figure 4 shows the G* and δ curves, which are used to study the shear deformation
resistance and viscoelasticity of bitumen at high temperatures. Bitumen is a viscoelastic
material; due to the relationship between stress and strain, it experiences a hysteresis
effect. The closer the δ value is to 90◦, the closer the material is to a viscous material, while
the closer the δ value is to 0◦, the closer the material is to an elastic material [40]. The
characteristics of viscoelastic properties exhibited by bitumen at different temperature
conditions are determined by the definitions of G* and δ. In the range of 52 ◦C to 76 ◦C,
the G* values of all five kinds of bitumen decreased continuously with the increase in
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temperature, while the δ increased with the increase in temperature. This phenomenon
indicates that during the process of heating the bitumen gradually becomes soft, its ability to
resist shear deformation gradually decreases, and it changes from elastic to viscous. Relative
to 70# base bitumen, the G* value of CRMB gradually increased and the δ value gradually
decreased with increasing CR dosage, indicating that CR can improve the high-temperature
shear resistance of bitumen, increasing the elasticity and decreasing the viscosity. CRRB had
good high-temperature performance, close to that of 10% CRMB. These results show that
the shear deformation resistance and elasticity of the five kinds of bitumen were negatively
correlated with temperature, while the viscosity was positively correlated with temperature
under the same CR dosage condition. At the same temperature, the shear deformation
resistance and elasticity of bitumen were positively correlated with CR dosage while the
viscosity was negatively correlated with CR dosage. Thus, at higher dosages it was easier
for the bitumen to exhibit elastic properties, and the high-temperature shear deformation
resistance was better.
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Figure 4. G* and δ curve.

Figure 5 shows the rutting factor (G*/sinδ) curve. It can be observed that the rutting
factor of bitumen increased significantly after adding CR. Table 2 shows the corresponding
temperature results when the rutting factor G*/sinδ = 1.0 kPa. After linear fitting, the
failure temperatures of G*/sinδ of 70# base bitumen, 10% CRMB, 15% CRMB, 20% CRMB,
and CRRB at 1.0 kPa were 68.8 ◦C, 88.6 ◦C, 96.6 ◦C, 104.1 ◦C, and 89.9 ◦C, respectively.
The failure temperature of 10% CRMB was 30.62% higher than that of 70# base bitumen,
which was close to that of CRRB. A higher the failure temperature indicates better rutting
resistance. The corresponding high-temperature grades were PG 64, PG 88, PG 94, PG 100,
and PG 88 respectively. When 10% CR was mixed with bitumen, the PG grade of bitumen
was rapidly increased by four grades, and the PG grade of CRRB was increased by four
grades as well. In comparison, the PG grades of 15% CRMB and 20% CRMB were only
increased by one grade. It can be seen from these results that CR can rapidly improve the
rutting resistance of bitumen at high temperatures. The high-temperature performance
results of G* and δ curves are consistent with the results for the penetration degree and
softening point.
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Table 2. Failure temperature of bitumen.

Testing Parameters 70# Base Bitumen 10% CRMB 15% CRMB 20% CRMB CRRB

Failure temperature (◦C) 68.8 88.6 96.6 104.1 89.9

3.1.3. Low-Temperature Rheological Property

Figures 6 and 7 show the m value and S value of the five kinds of bitumen at −6 ◦C,
−12 ◦C, and −18 ◦C. As shown in the figure, the m value of CRMB was between 70# base
bitumen and CRRB, and the m value of CRRB was basically between 70# base bitumen
and CRRB. In terms of m value and S value alone, the low-temperature performance of
70# base bitumen was better than that of CRMB, and that of CRMB was better than CRRB.
A higher S value indicates worse low-temperature ductility, while the m value indicates the
rate of change in the S value; thus, a larger m value indicates a higher relaxation rate and
better low-temperature performance. At the same time, it can be seen that the regularity
of the S value and m value was not very clear, and it was not possible to scientifically to
evaluate the low-temperature rheological properties of bitumen by a single analysis of the
S value or m value. The equation k = m/S was used to evaluate the rheological properties
of bitumen at low temperatures. A higher value of k indicates better rheological properties
of bitumen at low temperatures [35,41]. Table 3 shows the k value of bitumen at different
temperatures; as the test temperature decreased, the k value of bitumen decreased as well.
At −6 ◦C, the k value of 70# base bitumen was much greater than 10% CRMB; however, as
the temperature decreased, the k value of 70# base bitumen began to approach 10% CRMB.
This means that the low-temperature performance of 70# base bitumen was greatly affected
by the temperature of bitumen; in addition, CR slowed the rate of decrease in the failure
temperature under ultra-low temperature environmental conditions and enhanced its ultra-
low temperature crack resistance. The test results for the three low temperatures show
that within the range of 10% to 20% CR dosage, the greater the CR dosage, the greater
the k value. The low-temperature performance of bitumen was positively correlated with
the CR dosage. Compared with 70# base bitumen, 20%, 15%, and 10% CRMB had better
low-temperature performance at −6 ◦C, −12 ◦C, and −18 ◦C, respectively, showing that CR
incorporation improved the low-temperature performance of bitumen and could reduce
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the sensitivity of bitumen to temperature. With the increase in the dosage, the increase in
the rate of the k value decreased significantly, indicating that the degree of improvement of
CR on low-temperature bitumen performance decreased with increasing dosage. At the
same time, the k value of CRRB was always the lowest among the five kinds of bitumen;
CRRB had the worst low-temperature performance, and the low-temperature performance
of CRRB had obvious faults compared with 70# base bitumen, for reasons consistent with
the above analysis.
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Figure 7. S value of bitumen.

Table 3. k value of bitumen at different temperatures.

Testing Parameters −6 ◦C −12 ◦C −18 ◦C

70# base bitumen 0.0306 0.0037 0.0010
10% CRMB 0.0145 0.0034 0.0010
15% CRMB 0.0240 0.0045 0.0013
20% CRMB 0.0270 0.0048 0.0014

CRRB 0.0086 0.0019 0.0006
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To study the low-temperature performance of bitumen, it was necessary to study the
low-temperature failure temperature of bitumen. Table 4 shows the failure temperature
and low-temperature PG grade of the bitumen samples. It can be seen that the failure
temperature of 70# base bitumen was slightly lower than 10% CRMB. According to the
above conclusion, the low-temperature performance of 70# base bitumen was greatly
affected by the temperature of the bitumen. The lower the temperature of the bitumen,
the faster the failure rate was reached with respect to its low-temperature performance.
Thus, the failure temperature of 70# base bitumen was reached earlier than 10% CRMB
failure. The failure temperature results show that within the range of 10% to 20% CR
dosage, the larger the CR dosage, the smaller the failure temperature. The low-temperature
performance of bitumen was positively correlated with the dosage of CR. With increasing
dosage of CR, the decline in the rate of failure temperature decreased obviously. At the same
time, the failure temperature of CRRB was the highest among the five kinds of bitumen;
CRRB had the worst low-temperature performance, and its low-temperature performance
had obvious faults compared with 70# base bitumen. The low-temperature PG grade of the
five kinds of bitumen was −22 ◦C.

Table 4. Failure temperature and PG grade of bitumen at low temperature.

Testing Parameters Failure Temperature (◦C) Low-Temperature PG Degree (◦C)

70# base bitumen −14.31 −22
10% CRMB −14.59 −22
15% CRMB −16.11 −22
20% CRMB −16.25 −22

CRRB −12.07 −22

In summary, within the range of 10% to 20% CR dosage, the higher the CR dosage,
the better the low-temperature performance. The low-temperature performance was
positively correlated with the CR dosage, and with increasing dosage, the failure rate of the
low-temperature performance decreased. The low-temperature performance of 70# base
bitumen was greatly affected by low temperature, and the lower the temperature, the faster
the low-temperature failure. CR slowed the rate of failure temperature decrease in the
ultra-low temperature environment, and the sensitivity of bitumen to temperature was
reduced. The low-temperature performance of CRRB was far worse than that of 70# base
bitumen. The low-temperature rheological change trend of bitumen was consistent with
the ductility test.

3.1.4. Elastic Recovery Performance

Figure 8 shows the elastic recovery rate of bitumen at 25 ◦C. CR can significantly
improve the elastic recovery of bitumen. With the continuous increase of CR dosage, the
elastic recovery rate of bitumen increased. The elastic recovery of bitumen was increased
by 339.89% when adding 10% CR. The elastic recovery rate of 15% CRMB was increased by
7.35% on average, and the same was true for 20% CRMB. Compared with 15% CRMB, the
CRRB can be increased by 99.52% compared with 70# base bitumen. This may be due to
the aromatics of bitumen being decreased and its elastic components increased, making the
elastic recovery performance of bitumen better [42]. Thus, the elastic recovery performance
of CRRB was better than that of 70# base bitumen.
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Figure 8. Elastic recovery of bitumen.

3.2. Working Performance of CRMB
3.2.1. Brookfield Viscosity

Figure 9 shows the viscosity and temperature curves drawn according to the viscos-
ity results of 70# base bitumen, 10% CRMB, 15% CRMB, 20% CRMB, and CRRB. Due to
CR being mixed with the bitumen, the viscosity of bitumen at 135 ◦C and 175 ◦C was
greatly increased, and the temperature required for the preparation of the bitumen mixture
was increased as well. The optimum compaction temperature range of asphalt mixture
is the temperature value when the bitumen viscosity is 0.28 ± 0.03 Pa·s, and the opti-
mum mixing temperature range is the temperature value when the bitumen viscosity is
0.17 ± 0.02 Pa·s [43,44]. Table 5 shows the median of the compaction temperature range
and mixing temperature range of the five kinds of bitumen. After 10% CR was mixed
with bitumen, the mixing temperature and compaction temperature increased significantly.
The mixing temperature of bitumen increased by 10.74%, and the compaction temperature
increased by 17.74%. The mixing temperature and compaction temperature of 15% CRMB
and 20% CRMB were not greatly improved compared with the former. CRRB had a high
viscosity compared with 70# base bitumen; its compaction temperature increased by 10.60%,
and the mixing temperature increased by 6.28%.

Table 5. Median of compaction temperature range and mixing temperature range of bitumen.

Sample 70# Base Bitumen 10% CRMB 15% CRMB 20% CRMB CRRB

Median of compaction temperatures range 152.7 179.8 182.0 185.4 168.9
Median of mixing temperature range 164.3 181.9 183.6 186.2 174.6

3.2.2. Storage Stability

Figure 10 shows the softening point difference of the three modified bitumen samples.
The density of commonly used CR is about 1.13 g/cm3, while that of commonly used
70# base bitumen is about 1.03 g/cm3. The CR in CRMB sinks to the bottom of the bitumen
over time [2]. Technical specifications for the construction of highway asphalt pavement
require that the softening point difference of CRMB should be −5 ◦C to 10 ◦C [3]; the
maximum softening point difference of the three modified bitumen samples was 6.85 ◦C,
which obviously meets this requirement. With the continuous increase of CR dosage, the
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segregation softening point difference of bitumen decreased, which is consistent with
Li [35,45]. The softening point difference of 10% CRMB was 42.77% lower than that of
15% CRMB, and the softening point difference of 15% CRMB was only 19.39% lower than
that of 20% CRMB. According to Stokes’ sedimentation theory, 10% of CR was continuously
segregated in the aluminum tube and most of the CR failed to form a stable system at
the bottom of the aluminum tube. CR always maintained a certain sedimentation rate,
resulting in a large softening point difference. Furthermore, 15% and 20% of CR segregated
constantly in the aluminum tube; however, at this time a part of the CR (within 10% to
15%) was able to form a stable system at the bottom of the aluminum tube and the CR
sedimentation rate slowed down, meaning that the difference in the softening point was
small. It can be seen that there was a dosage value that led the change rate of the CR
softening point difference to drop sharply within the dosage of 10% to 15%.
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3.3. Swelled Mechanism of CR
3.3.1. Particle Size Distribution of CR

Figure 11 shows the results of the particle size distribution of CR and SCR. It can be
seen that the peak position of the particle size curve of SCR is to the right compared with
the CR, the peak of CR is at 400 µm, and the peak of SCR is at 502 µm, while the particle
size distribution range of SCR is larger than that of CR. The particle size curves of CR and
SCR intersect at 532 µm; 66.2% of the total number of CR particles are from 0 µm to 532 µm,
and only 35.9 % of the total number of SCR particles are from 0 µm to 532 µm, indicating
that the particle size of CR increased after dissolution. Table 6 shows the average particle
sizes of CR and SCR. It can be seen that the D10, D50, and D90 of SCR are larger than those
of CR. The area average diameter (D[3,2]) and volume average diameter (D[4,3]) of SCR
are larger than CR as we, with D[3,2] being increased by 52.3% and D[4,3] increased by
49.7%. In addition, it can be seen that the volume of CR expanded by about 50% under
this preparation condition, while its mesh size decreased. The above conclusions prove
that CR undergoes a swelling reaction and its volume increases after CR absorbs the light
components of bitumen via the action of the bitumen [9,46].
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Figure 11. Particle size distribution curve of CR and SCR.

Table 6. Statistics of average particle size for CR and SCR.

Sample D10 (µm) D50 (µm) D90 (µm) D[3,2] (µm) D[4,3] (µm)

CR 137.976 322.548 592.279 214.524 345.878
SCR 175.095 449.226 969.408 326.616 517.881

3.3.2. Micromorphology of CR

Figure 12a,b shows the microscopic morphology of CR. It can be seen that the surface
smoothness of CR is better and angularity is prominent; this is the result of high-strength
shear tires, the surface of which have a visual “hardness feel”. Figure 12c,d shows the
microscopic morphological results of SCR. It can be seen that after the swelling effect of
bitumen, the swelling effect on the surface morphology of CR is more obvious; more holes
and obvious grooves appear on the surface of SCR, the smoothness is reduced and the
complexity is higher. The surface of SCR has a soft flocculent edge, in contrast to the hard
angularity of CR, and intuitively the surface of SCR has a “delicate feel”. Under the effect
of swelling, the admixture in CR falls off, leading to more holes and grooves, and in turn
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led to the larger specific surface area and stronger interface sense of SCR, which make SCR
more stable in the bitumen.
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3.3.3. Relative Molecular Weight of CR

Figure 13 shows the molecular weight distribution of CR and SCR. After swelling,
the molecular weight distribution curve of CR shifts to the left, indicating that CR mainly
undergoes the transformation from large molecules to small molecules during the swelling
reaction. Table 7 shows the average molecular weight (Mn), heavy average molecular
weight (Mw), and polydispersity (pD) of CR and SCR. It can be seen that after CR swelling,
the pD increased by 71.83%, indicating that CR swelling made the distribution of CR
significantly wider and the concentricity of molecular weight distribution worse. It can be
seen that Mn decreased by 35.80% and Mw increased by 10.25%. The decrease in the value
of Mn was 3.5 times the increase in the value of Mw, indicating that the molecular weight
of CR became smaller after swelling, and there was a trend of small molecules turning into
large molecules [47].
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Figure 13. Molecular weight distribution of CR and SCR.

Table 7. Mn, Mw, and pD of CR and SCR.

Sample Mn Mw pD

CR 634 2049 3.23
SCR 407 2259 5.55

Figure 14 show the chromatogram of CR and SCR. It can be seen that after swelling,
the strong peak of CR at the combination of MMS and SMS region shifts to the small
molecule region after the dissolution; only one peak of the original two strong peaks of
CR remains and is completely attributed to the small molecule region. This indicates that
breakage of the medium molecular main Chain of CR occurs, producing small molecular
weight molecules. The macromolecular region did not change significantly, and only the
lifting of the peaks was somewhat slowed down, which did not affect the macromolecules
significantly under this preparation condition. Table 8 shows the relative proportions of
LMS, MMS, and SMS for CR and SCR, respectively; it can be seen that the proportion
of MMS decreases by 40%, while the proportion of SMS increases by 50.5%. The CR
swelling process is characterized by the transition from large and medium molecules to
small molecules. The small increase in the proportion of LMS is due to the transition from
large and medium molecules to small molecules as well. A number of the original medium
molecules can be classified as large molecules after lysis, i.e., “medium molecules” were
medium molecules in CR and large molecules in SCR. Furthermore, when the CR was
swollen, only a small amount of large molecules were transformed into small and medium
molecules, which is consistent with the above conclusion and confirms that large molecules
were less susceptible to CR interactions with bitumen than small molecules [48].
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Figure 14. Chromatogram of CR and SCR.

Table 8. Relative proportion of three regions of CR and SCR.

Sample LMS MMS SMS

CR 14.2% 54.7% 31.1%
SCR 16.0% 32.7% 46.8%

3.3.4. Chemical Structure of CR

Figure 15 shows the infrared spectra of CR and SCR. For convenience, Figure 15
only shows the infrared spectra from 3000 cm−1 to 500 cm−1. It can be seen that the
infrared spectra of CR have absorption peaks at 2923 cm−1, 1427 cm−1, 1253 cm−1, etc.
These absorption peaks are caused by the vibration of hydrocarbon bonds, and it is known
that hydrocarbons are the main components of CR. The presence of absorption peaks at
2923 cm−1, 970 cm−1, 814 cm−1 to 657 cm−1, 575 cm−1 to 540 cm−1, and 521 cm−1 to
477 cm−1 indicates that the CR contained unsaturated bis- and benzene ring-conjugated
olefins linked by sulfide bonds [8]. Comparing the infrared spectra of CR and SCR, the
two are obviously different, and it can be concluded that the chemical structure of CR
changes when it swells in the bitumen. Specifically, the original CR has an absorption
peak at 1427 cm−1 and a strong absorption peak at 1297 cm−1 to 1037 cm−1, indicating
the presence of ester groups, while only a few ester groups are present in SCR after CR
swelling. The original CR has an absorption peak at 1190 cm−1, indicating the presence
of amide, while this amide disappears after CR swelling. CR added a =C-H stretching
vibration on the benzene ring at 2657 cm−1, indicating the emergence of a new benzene
ring structure in SCR, while SCR added a =C-NH stretching vibration on the benzene ring
at 1956 cm−1. After the swelling of CR, its characteristic peak at 1427 cm−1 is significantly
weakened, and it is known that bitumen can break the methyl conjugate bond of CR. SCR
has a C=C bond absorption peak at 1528 cm−1, while the C–C bond of CR disappears at
873 cm−1 and its weak C–S bond disappears at 640 cm−1 and 574 cm−1. It can be seen that
the C–C and C–S of bonds of the CR were broken after swelling, promoting the formation
of the C=C bond to a certain extent.
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4. Conclusions

To study the physicochemical properties of CR and SCR and the working properties
of CRRB, we prepared CRMB, then SCR and CRRB were separated from CRMB and tested.
The working properties and high and low-temperature properties of CRMB and CRRB
were investigated to characterize the physicochemical properties of CR before and after
swelling in order to study the swelling mechanism.

(1) The results of our high-temperature performance tests showed that CR significantly
improved the high-temperature rutting resistance of bitumen. The high-temperature failure
temperature of 10% CRMB was 30.62% higher than that of 70# base bitumen, and its high-
temperature PG grade rapidly improved by four grades. Meanwhile, CR significantly
improved the elastic recovery of bitumen; the elastic recovery rate of 10% CRMB was
improved by 339.89% compared to 70# base bitumen. After modification by CR, the dosage
of CR was positively correlated with the low-temperature performance of bitumen; CR
decelerated the failure temperature decrease rate of bitumen in an ultra-low temperature
environment, and its ultra-low temperature crack resistance was enhanced.

(2) CR raised the viscosity of bitumen, resulting in a significant increase in mixing
and compaction temperatures, which can be mitigated by the addition of warm mixes.
After modification with CR, the separation softening point difference of CRMB decreased
with the increase in dosage, and its storage stability was better. The results in terms of
softening point difference for the three dosages show that the softening point difference of
10% CRMB decreases more significantly than that of 15% CRMB, with a specific decrease
of 42.8%.

(3) When CR was swollen it absorbed light components of bitumen, increasing the
relative content of the heavy component of bitumen and decreasing the relative content of
oil. Therefore, CRRB maintained good high-temperature performance; its high-temperature
performance was close to that of 10% CRMB, although its low-temperature performance
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was poor, and there were obvious faults with the other four kinds of bitumen. Furthermore,
due to its increased elastic component, CRRB had an elastic recovery rate of 33.16%.

(4) After CR swelling, the size distribution range of SCR was larger than that of
CR and the size of CR increased, as shown by the expansion of CR volume by about
50%. The surface of the swollen CR became more complex, with a larger specific surface
area and a stronger sense of interface. After the swelling reaction, the molecular weight
distribution of SCR increased by 71.8% compared to CR and the percentage of MMS
decreased by 40%, while the percentage of SMS increased by 50.5%. In addition, CR carried
out the transformation process from large and medium molecules to small molecules. After
swelling, the ester group content of CR decreased significantly and a new benzene ring
structure appeared. Finally, the C–C and C–S bonds of the CR were broken to generate
partial C=C bonds.

At this stage, although the performance of CRMB and CRRB and the physicochemical
properties of SCR were studied, CR in a bitumen settling system needs to be further
explored in conjunction with Stokes’ sedimentation theory. This study investigated only
the performance of CRMB; the next step should be from the perspective of CRMB research
for green construction.
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Abstract: Cracks are inevitable during the service life of asphalt pavement and the water at the
fracture surfaces tends to cause the grouting materials to fail. Studies have shown that the catechol
groups in adhesion proteins secreted by mussels can produce strong adhesion performance in the
water. In this paper, the mussel-like adhesive L-Dopa Methacrylic anhydride (L-DMA) was prepared
based on the concept of bionic design and used to improve the properties of asphalt. By using Fourier-
transform infrared spectroscopy (FTIR) and Thermogravimetric analysis (TGA), the thermal stability
and structural composition of L-DMA were investigated. Then, the rheological and low-temperature
properties of L-DMA-modified asphalt were investigated using the dynamic shear rheological (DSR)
test and bending beam rheological (BBR) test. Moreover, the modification mechanism was explored
by FTIR. It was found that L-DMA can be effectively synthesized and has good thermal stability.
The incorporation of L-DMA increases the composite modulus, viscosity, creep recovery rate and
rutting factor of asphalt binder, resulting in an enhancement of its high-temperature performance.
At a high L-DMA content of 10%, the low-temperature performance of the modified asphalt was
enhanced. The modification of L-DMA to asphalt is mainly a physical process. Hydrogen bonds and
conjugated systems generated by the introduction of catechol groups enhance the adhesion properties
of asphalt. In general, L-DMA improves the properties of asphalt and theoretically can improve the
water resistance of asphalt, which will be explored in future research.

Keywords: L-DMA; mussel bionic materials; modified asphalt; modification mechanism;
rheological properties

1. Introduction

The road network in China has significantly improved in recent years. According
to the latest statistical bulletin of the Ministry of Transport of China, the total mileage of
roadways in China has occupied first place globally, reaching 5.198 million kilometers.
Asphalt pavement provides outstanding performance and ride comfort, accounting for
more than 90% of the highways [1,2]. Nevertheless, as the mileage of asphalt pavements
that must be maintained grows, the disease and disposal issues of asphalt pavement have
drawn people’s attention. During the service life, the pavement will be impacted by loading,
temperature, water, and other factors [3], causing the asphalt to undergo physical and
chemical changes such as volatilization, oxidation, decomposition, and polymerization [4].
The performance of asphalt will deteriorate as a result of these consequences, the stress
relaxation capability of the asphalt pavement declines as stiffness rises, and the asphalt
pavement is susceptible to shrinkage fractures at low temperatures. The pavement quality
will worsen if the cracks are not fixed or treated promptly, resulting in mesh cracks, cracks,
rutting, and other more significant pavement diseases [5]. When the load interval or
temperature rises, some microcracks will mend spontaneously (self-healing performance
of asphalt), but other cracks that cannot be healed will spread due to vehicle load and
form larger cracks. Water in the road environment, such as rainwater, will seep into the
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cracks and then gradually infiltrate into the bottom of the road under vehicle load, which
will increase the water content of the road base and even the subgrade and diminish
the strength.

There are several treatments for different kinds of cracks [6], such as slurry seal, micro-
surfacing, overlay, joint grouting, seam sticking, etc. Among these treatment approaches,
joint grouting is the most extensively utilized due to its easy operation and high cost effi-
ciency. At present, the asphalt pavement crack repair materials utilized in China generally
comprise thermal asphalt, cold asphalt, and organic chemical specialist materials [7–9].
Polymer-modified asphalt, polymer-modified emulsified asphalt, and resin are widely em-
ployed as joint grouting materials in practical engineering applications [10]. However, from
the standpoint of practical use, they have the faults of weak adhesion between grouting
materials and fracture interface under water circumstances. To tackle this issue, a novel
class of asphalt-based bionic material with good water resistance and strong adhesion was
developed in this research.

Bionic design is an effective technique to emulate certain life traits and accomplish
the intelligent design of materials. Mussels are a form of a marine creature with excellent
adhesive capacity. The exceptional waterproof adhesion and universal adhesive qualities of
mussels are particularly appealing. It is observed that mussels secrete various proteins via
the Byssus, which are engaged in the adhesion process and are connected to the adhesion
capacity and are solidified quickly after contact with saltwater to create an adhesive plate
and securely bond to the substrate. The research discovered that the primary component
of mucus is mussel adhesion protein (MAP) [11,12]. One of its most distinctive structural
properties is the amino acid containing DOPA (dihydroxyphenylalanine). The catechol
group (also known as catechol) in DOPA possesses chemical adaptability, versatility, and
affinity diversity, which is the key to the super-strong adhesion property of mussels [13,14].

Due to the chemical versatility and affinity diversity of catechol functional groups,
DOPA exhibits unique chemical properties. Thus, DOPA can boost the adhesion and
cohesion of mussel adhesive proteins [15–17]. Through its chemical versatility, DOPA
can undergo different reactions to achieve bonding and cross-link curing [18,19]. As
shown in Figure 1, DOPA can be oxidized to Dopaquinone under certain conditions.
After that, Dopaquinone can be rearranged and dehydrogenated to form Dehydro DOPA,
which results in further cross-linking; DOPA quinone can also undergo Michael addition
and Schiff base formation with amino and thiol groups; it can also form Carboxylated
dihydroxyindole through intramolecular cyclization, and finally form cross-links. At the
same time, Dopaquinone and DOPA can also be disproportionated to form free radicals,
and finally coupled to tannins (Quinone tanning).

The magical adhesion properties of mussel adhesive proteins make them have unlim-
ited potential applications in biomedical, national defense, marine engineering, and other
fields. However, the ultra-low preparation quantity and expensive price limit the applica-
tion of this excellent adhesive material. In order to obtain the adhesion ability equivalent to
that of mussel adhesion protein in a wet state, people began to develop adhesion materials
based on mussel adhesion protein. The study of adhesion materials using mussel adhesion
protein was a gradual transition from natural mussel extraction to artificial synthesis. The
first made use of the traditional protein extraction method and recombinant gene cloning
method to prepare mussel adhesive materials. In the late 1980s, BioPolymers. Ltc success-
fully prepared mussel adhesive protein from mussel byssus glands by traditional extraction
methods and developed a ‘Cell-Tak’ superadhesive [20,21]. ‘Cell-Tak’ has also been suc-
cessfully used to enhance the adhesion of biomedical slides, plastics, or metal surfaces to
cellular tissue samples. Subsequently, Hwang et al. recombined, expressed and purified
the genes of Mgfp-5 and Mgfp-3A mussel adhesion proteins by recombination technology
to obtain a superadhesive like ‘Cell-Tak’ [22,23]. The recombinant proteins with adhesion
properties similar to those of ‘Cell-Tak’ were obtained. However, the cost of recombinant
gene technology is also surprising due to the fact that the regulatory mechanism is still
unclear. Lv et al. also tried to perform some work on the extraction of natural protein
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and genetic engineering preparation of mussel adhesive materials [24]. Although mussel
adhesion protein can be obtained by direct extraction or gene recombination, the separation
and purification of mussel adhesion protein from mussels is an extremely complex process
with a meager yield. This makes it very challenging to directly apply this adhesive to
commercial applications, however, it also further highlights the urgency of developing
synthetic mussel bionic adhesives with strong waterproof bonding properties. According
to the intrinsic adhesion mechanism of mussel adhesive protein (DOPA, the key factor of
adhesion performance), this paper aims to prepare polymeric adhesives to mimic the effect
of natural mussel adhesion proteins.

Figure 1. Possible cross-linking pathways of DOPA.

Although biomimetic materials have been used in asphalt materials, this work marks
the first time the bionic mussel adhesion protein has been applied to asphalt materials. By
analyzing its impact on the overall performance of asphalt, this study aims to investigate
the viability of using bionic mussel adhesion protein in asphalt. L-Dopa Methacrylic
anhydride (L-DMA) was synthesized based on the features of bionic mussel adhesion
protein in this study and used to modify 70# base asphalt with varied quantities to prepare
L-DMA-modified asphalt (L-DMA-A). The thermal stability and structural composition
of L-DMA were investigated. In addition, the high-temperature rutting resistance and
low-temperature cracking resistance of L-DMA-modified asphalt were examined by DSR
and BBR. Finally, the modification mechanism of L-DMA-modified asphalt was analyzed
by FTIR. The flowchart of the experiment design is shown in Figure 2.
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Figure 2. Flowchart of the experiment design.

2. Materials and Experiments
2.1. Raw Materials

In this study, the chemicals used to prepare L-DMA included sodium tetraborate
(Na2B4O7•10H2O), sodium bicarbonate (NaHCO3), Levodopa (L-DOPA), methacrylic
anhydride (MAA), magnesium sulfate (MgSO4), ethyl acetate (EAc), tetrahydrofuran (THF),
and cyclohexane. The first four chemicals were purchased from Aladdin Ltd. (Shanghai
Aladdin Biochemical Technology Co. Ltd., Shanghai, China) and the latter three were
purchased from Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. All chemicals
were chemically pure and used without further purification. The asphalt used, 70# base
asphalt, was from Hubei Guochuang Hi-tech Materials Co. Ltd., of China (Wuhan), and
the basic properties are shown in Table 1.

Table 1. Properties of the 70# base asphalt.

Properties Test Value Requirements

Penetration (25 ◦C, 0.1 mm) 68.9 60–80
Ductility (15 ◦C, cm) 184 ≥100
Softening point (◦C) 48.4 ≥46

Density (g/cm3) 1.034 -

2.2. Synthesis of L-DMA

The mechanism of the synthesis process of L-DMA [25] is shown in Figure 3. An
amount of 24 g of Na2B4O7•10H2O and 10 g of NaHCO3 were accurately weighed and
dissolved in 200 mL deionized water and aerated with Ar for 20 min, then 10.4 g of L-DOPA
(52.8 mmol) was added and continued to be bubbled with Ar. After 5 min, 9.5 g of MAA
(58.1 mmol) was dissolved in 50 mL of THF and slowly dropped to the above solution.
During the dropwise addition, 1 mol/L NaOH solution was used to keep the pH of the
solution above 8. The reaction mixture continued to be stirred for 18 h at room temperature
and protected from light.

The reaction mixture was filtered by extraction to remove the precipitate from the
bottom of the flask, and then the pH was adjusted to less than 2 with 4 mol/L HCl solution,
followed by extraction with 100 mL EAc. The organic phase was collected after three
extractions with 100 mL of EAc, and the aqueous phase was removed. An amount of 4 g
of anhydrous magnesium sulfate was added to the organic phase, stirred for 12 h, and
filtered to remove the residual water. Finally, the organic phase was concentrated by a
rotary evaporator to 50 mL.

Finally, the concentrated ethyl acetate solution was slowly dropped into 400 mL of cy-
clohexane with high-speed stirring (at 2000 rpm). After the dropwise addition, the solution
was stirred for 30 min, and then placed at 4 ◦C for 18 h to allow complete recrystallization.
Finally, the solid was filtered out and dried in a vacuum oven. The synthesis process is
shown in Figure 4.
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Figure 3. Mechanism of the synthesis of L-DMA.

Figure 4. Preparation procedure of L-DMA.

2.3. Chemical Structure and Thermal Stability Characterizations of L-DMA

FTIR spectra of MAA, L-DOPA, and L-DMA were recorded on a Thermo Nicolet
6700 Fourier-transform spectrophotometer (Waltham, MA, USA). In all cases, 16 scans were
collected at a resolution of 2 cm−1 for the spectrum in the range of 4000–400 cm−1.

TGA was used to determine the thermal stability of L-DMA, which was carried out
using the synchronous thermal analyzer (TA TGA55, New Castle, DE, USA) The L-DMA
was protected in an N2 atmosphere at a flow rate of 20 mL/min, in the temperature range
from room temperature to 800 ◦C at a heating rate of 10 ◦C/min.

2.4. Preparation of L-DMA-Modified Asphalt

We added a certain mass ratio of L-DMA into the heated 70# base asphalt and mixed
manually for ten minutes. To guarantee a good dispersion of L-DMA, a shear apparatus
was used to disperse L-DMA at a rate of 4000 r/min for 40 min at a temperature of 170 ◦C.
The dosage of L-DMA was 1%, 2.5%, 5%, 7.5%, and 10% of asphalt, respectively.

2.5. Property Characterizations of L-DMA-Modified Asphalt
2.5.1. DSR Test

DSR (MCR-101, Anton Paar, Graz, Austria) examined the rheological properties of
L-DMA-A. Asphalt’s viscoelasticity is significantly impacted by exposure temperature
changes as a typical viscoelastic material [26,27]. Specific test parameter settings for the
temperature sweep are shown in the Table 2.
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Table 2. Test parameters of temperature sweep.

Temperature Plate Diameter Plate Gap Shear Frequency Heating Rate

−10–30 ◦C 25 mm 1 mm
10 rad/s 2 ◦C/min30–80 ◦C 8 mm 2 mm

Asphalt pavement will be affected by vehicle load during the service process. Loading
with different frequencies will cause different deformations of asphalt pavement, and
the deformation size determines the high-temperature performance of asphalt pavement.
Viscosity is an essential parameter of asphalt and the addition of L-DMA will affect the
viscosity of asphalt binder. Therefore, it is necessary to study the variation trend of the
viscosity of 70# asphalt and L-DMA-modified asphalt under different load frequencies. The
specimens were subjected to a frequency sweep in the range of 0.01–10 Hz. In order to
meet the practical application of pavement, the temperature was set to 58 ◦C.

Additionally, L-DMA-modified asphalt with different L-DMA contents were tested by
loading–unloading mode in the Multiple Stress Creep and Recovery (MSCR) test, which
can be used to characterize the high-temperature performance of asphalt [28]. In this
paper, the MSCR tests under stresses of 0.1 kPa and 3.2 kPa were carried out at 58 ◦C. The
whole test contained 20 cycles of creep and recovery. Specifically, the first 10 cycles were
conducted under the stress of 0.1 kPa, and the following 10-cycle test under the constant
stress of 3.2 kPa was further conducted to finish the whole test. Figure 5 shows the creep
and recovery (loading–unloading) curves of asphalt in one cycle.

Figure 5. Change of strain with time during one creep—recovery cycle.

According to AASHTO M 332 Standard [29], the two evaluation indexes obtained by
the MSCR test are the creep recovery rate R (%) and nonrecoverable creep compliance Jnr,
which are used to evaluate the viscoelastic characteristics of asphalt under high-temperature
conditions. The nonrecoverable creep compliance Jnr is the ratio of ultimate unrecoverable
strain and applied stress in each loading cycle, which describes the contribution of asphalt
to high-temperature deformation of asphalt mixtures. The creep recovery rate R (%) is
the percentage of recoverable strain and total creep strain in the loading cycle, which
characterizes the high-temperature elastic recovery performance of asphalt and reflects the
influence of delayed elastic deformation of asphalt to a certain extent. According to the
Equations (1)–(3) below, R (%) and Jnr under different stresses can be calculated.

Jnr100

(
1

kPa

)
= 1

10

{
∑10

1
non-recoverable strain

0.1

}
(1)
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2.5.2. BBR Test

Low-temperature cracks are inevitable in the use of asphalt pavement. Improving the
low-temperature performance of asphalt pavement is the top priority of road workers. In
general, BBR is most commonly used for the low-temperature performance evaluation of
asphalt. According to the specification AASHTO T313-12 [30], 70# asphalt and L-DMA-
modified asphalt beams were prepared, respectively, then held 1 Dh at the test temperature
and were subjected to a 4 min loading test to measure the creep stiffness modulus S and
creep rate m. S and m were selected at 60 s, if S ≤ 300 MPa and m ≥ 0.3 at this condition,
then the asphalt is applicable at this temperature condition.

2.5.3. FTIR Spectroscopy Analysis

To study the chemical structure changes of L-DMA after modified asphalt and the
modification mechanism, the FTIR Spectroscopy test was carried out. The sample was
dissolved in carbon disulfide and then dropped onto a clear KBr lens. After drying for a
moment, the sample was prepared and put into the instrument for testing.

3. Results and Discussion
3.1. Structural Analysis and Thermal Stability Analysis of L-DMA

The infrared spectra of L-DMA are shown in Figure 6. The absorption peak at
3370 cm−1 was the vibration peak of catechol phenolic hydroxyl, and the formation of
hydrogen bonds widened the peak area. The N-H stretching vibration peak appeared at
3202 cm−1. The C=O stretching vibration peak at 1730 cm−1 originated from the amide
group, and the hydrogen bond made the electron shift outward and the bond force weaken.
The bending vibration and deformation vibration of sec-amide appeared at 1655 cm−1 and
1520 cm−1, respectively. However, the stretching vibration of C=C overlapped with the
bending vibration of N-H, so the absorption peak appeared at 1655 cm−1. At the same
time, the absorption peaks at 1605 cm−1 and 1450 cm−1 were also observed, which were
the stretching vibration of the L-DOPA aromatic ring. The single peak at 1260 cm−1 is the
C-N stretching vibration.

Compared with the spectra of the reaction monomers MAA and DOPA, in the FTIR
spectra of L-DMA, the absorption peaks of methacrylic anhydride in MAA at 1787 and
1725 cm−1 had obviously disappeared and changed into a single peak of C=O at 1730 cm−1,
and two amino peaks at 3210 and 3075 cm−1 at L-DOPA became one, indicating that the
primary amine in L-DOPA reacted to form the secondary amide. From the above analysis,
MAA and L-DOPA reacted successfully to form L-DMA.

Figure 7 shows the thermal weight loss curve of the L-DMA monomer powder, the
initial thermal decomposition temperature of L-DMA is 221.5 ◦C with a mass loss of
5%, which is mainly due to the volatilization of bound water. There was a sharp mass
loss between 224 ◦C and 478.8 ◦C, which corresponded to the decomposition of the C-N
bond and methacrylate. Subsequently, the slow mass loss of the sample from 480 ◦C to
800 ◦C was the decomposition of the L-DMA main structure. The maximum temperature
during asphalt mixing and paving is about 180 ◦C. Therefore, L-DMA can be used for
asphalt modification.
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Figure 6. FT-IR spectra results of MAA, L-DOPA, and L-DMA.

Figure 7. The TG curve of L-DMA.

3.2. Modification Mechanism of L-DMA

The modification mechanism of L-DMA-modified asphalt was analyzed by FTIR.
Figure 8 compared the infrared spectra of L-DMA, 70# asphalt, and L-DMA-modified
asphalt. It can be found that the characteristic absorption peaks of 70# base asphalt show
asymmetric and symmetric stretching vibration of methylene at 2925 and 2854 cm−1.
C=C and C=O stretching vibrations appear at 1600 cm−1; the absorption peaks of the
benzene ring stretching vibration are 866 and 809 cm−1. Combined with the analysis of the
infrared spectrum of L-DMA in Figure 6, it can be inferred that the modification process
of L-DMA on asphalt is mainly a physical modification process. With the addition of
L-DMA, the conjugated effect between catechol and the aromatic benzene ring in asphalt
resulted in the redshift of the vibration absorption peak of the benzene ring. The peak area
widened at about 3370 cm−1, suggesting that L-DMA can generate many hydrogen bonds
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with free hydroxyl and amino groups in asphalt through catechol groups, thus forming
a strong hydrogen bond and promoting its combination with asphalt. The number of
hydrogen bonds increased significantly with an increase in L-DMA content. The hydroxyl
characteristic peak area of modified asphalt with 10% L-DMA content was larger than
that of other contents. Moreover, due to the existence of the benzene ring, L-DMA can
interact with the aromatic ring in asphalt through the Π-Π accumulation [31–33]. These can
improve the adhesion performance of modified asphalt. At the same time, dense hydrogen
bonds can also enhance the self-healing performance of asphalt [34–37]. Infrared spectra
also show that L-DMA does not decompose and exists stably in asphalt.

Figure 8. FT-IR spectra results of L-DMA, 70# base asphalt, and L-DMA-A.

3.3. Rheological Properties of L-DMA-Modified Asphalt

When L-DMA is added to asphalt as a modifier, physical and chemical modifications
will inevitably occur, thus affecting the original structure and the viscoelastic properties
of asphalt. In general, the composite shear modulus G* is the measurement of the total
resistance of the material during repeated shear deformation [38,39]; the phase angle δ is
the relative index of the number of recoverable and irreversible deformations.

The composite modulus and phase angle curves of L-DMA-modified asphalts with
different contents of L-DMA in the temperature range of 30–80 ◦C are shown in Figure 9. It
is clear that with an increase in L-DMA content, the composite modulus G* of modified
asphalt increases and the phase angle δ decreases, indicating that the addition of L-DMA
improves the shear deformation resistance of asphalt, and the elasticity of asphalt is
obviously enhanced. The modified asphalt with 10% content has the most excellent high-
temperature performance, which is mainly caused by the good adhesion role of L-DMA
in asphalt. The catechol group in L-DMA generated a large number of hydrogen bonds
with the free hydroxyl and amino groups in asphalt, thus forming a strong hydrogen bond
and promoting the integration with asphalt [40,41]. Moreover, catechol and the asphalt
aromatic ring accumulated to produce cohesion [42,43], increasing the proportion of elastic
components in the modified asphalt and improving the shear deformation resistance
of asphalt.

The evaluation index of anti-rutting performance of asphalt is quantified by the
rutting factor, which is expressed as G*/sinδ. In general, the asphalt binder with a larger
rutting factor shows stronger anti-rutting ability [44]. According to Superpave specification,
AASHTO: MP1, at the highest pavement design temperature, the G*/sinδ value of matrix
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asphalt should be at least 1.0 kPa [45]. Figure 10 shows the rutting factors of base and
different modified asphalts at the temperature range of 30–80 ◦C. The results show that
the rutting factors of modified asphalts rise with an increase in L-DMA content. The
modified asphalt with 10% content has the largest rutting factor because the incorporation
of L-DMA will introduce phenolic hydroxyl groups, which will form hydrogen bonds
with the aromatic components in the light component of the asphalt, thereby increasing
the adhesion of the material. At high temperatures, the catechol group in L-DMA will be
oxidized into semiquinone and quinone structures, which improves the overall cohesive
energy [46,47]. In addition, the benzene ring can also produce Π-Π conjugate with the
aromatic ring in asphalt, which increases the cohesive energy. These effects increase the
cohesion and adhesion of modified asphalt. These enhanced bonding structures will hinder
the free flow of modified asphalt, enhance the elastic recovery ability, and improve the
rutting resistance.

Figure 9. The result of the temperature sweep test (30–80 ◦C).

1 
 

 Figure 10. Rutting factor and temperature curves of different asphalts.
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The low-temperature rheological property of asphalt binder is one of the important
factors for its cracking resistance. The SHRP standard defines G*sinδ as the evaluation
index of fatigue cracking. The smaller the value of G*sinδ, the better the ability to resist
fatigue damage [48–50]. In this paper, the low-temperature rheological properties of 70#
base asphalt and modified asphalt with different contents of L-DMA were tested in the
temperature range of −10–30 ◦C and the test results are shown in Figure 11. The composite
modulus of modified asphalt decreases with an increase in temperature, while the phase
angle increases. When the content of L-DMA is 1%, the modified asphalt has the highest
composite modulus. Then, with an increase in L-DMA content, the composite modulus
of modified asphalt shows a downward trend. When the content of L-DMA is 10%, the
composite modulus of modified asphalt is the lowest and is lower than that of 70# asphalt.
The reason is the change of L-DMA’s effect, and when the content is low, it mainly plays
a role of filling in asphalt, which makes the low-temperature performance of modified
asphalt worse. However, with an increase in L-DMA content, unsaturated rings such as
benzene, quinone, and pyridine in aromatic components of asphalt will conjugate with the
benzene ring in L-DMA, and the rings overlap with each other to form a layered structure,
which reduces the composite modulus G* of modified asphalt.

Figure 11. The result of the temperature sweep test (−10–30 ◦C).

Figure 12 shows the changing trend of the fatigue factors of 70# asphalt and modified
asphalts with different contents of L-DMA at different temperatures. The results show that
the fatigue factor of modified asphalt increases first and then decreases with an increase in
L-DMA content. At a high content of 10%, the addition of L-DMA decreases the fatigue
factor and enhances the fatigue resistance of asphalt due to the conjugation between the
unsaturated rings of L-DMA and asphalt.
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Figure 12. Fatigue factor and temperature curves of different asphalts.

The viscosities of 70# asphalt and L-DMA-modified asphalts mixed with different
contents of L-DMA are shown in the Figure 13. It can be seen from the figure that with an
increase in loading frequency, the viscosity of asphalt at 58 ◦C shows a downward trend.
The viscosity of 70# asphalt is the lowest, while 10% L-DMA-modified asphalt has the
highest viscosity. The viscosity can reflect the deformation resistance of the material to
a certain extent, and the viscosity of 10% L-DMA-modified asphalt can still maintain a
high level at 58 ◦C, which indicates that the addition of L-DMA contributes greatly to the
improvement of the high-temperature performance of asphalt.

Figure 13. Frequency—Viscosity Curve at 58 ◦C.

The strain changes of 70# base asphalt and L-DMA-modified asphalt under different
stress levels at 58 ◦C are shown in Figure 14. The result shows that the 70# base asphalt
has the largest cumulative strain. With an increase in L-DMA content, the cumulative
strain of the modified asphalt gradually decreases. This is because the cohesion between
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L-DMA and asphalt improves the elasticity of asphalt materials, significantly improving
the recoverable deformation ability of asphalt and thus improving the high-temperature
performance of asphalt.

Figure 14. Strain during the MSCR test at 58 ◦C.

Table 3 shows the experimental results of creep recovery rate R (%) and unrecoverable
creep compliance (Jnr) of base asphalt and modified asphalts at different stress levels. The
results show that under the action of 100 Pa and 3200 Pa, the creep recovery rate R (%) of
L-DMA-modified asphalt increases with an increase in L-DMA content, indicating that the
addition of L-DMA enhances the recovery deformation ability of asphalt. The unrecoverable
creep compliance (Jnr) decreases with an increase in L-DMA content, indicating that the
incorporation of L-DMA improves the permanent deformation resistance of asphalt, which
is consistent with the results of the rutting factor test. Comparing the unrecoverable creep
compliance (Jnr) of asphalt and L-DMA-modified asphalts under different stress levels, it
can be found that the unrecoverable creep compliance (Jnr) of 70# base asphalt changes
greatly under 100 Pa and 3200 Pa, while the unrecoverable creep compliance (Jnr) of
L-DMA-modified asphalts does not change significantly under different stress levels. It
indicates that the addition of L-DMA reduces the dependence of asphalt on shear stress
and enhances the shear deformation resistance of asphalt. The hydrogen bonds generated
by the addition of L-DMA have certain reversibility, so the creep recovery rate R (%) of
L-DMA-modified asphalt has greatly improved.

Table 3. The MSCR parameters for asphalt samples.

Samples R-100 R-3200 Jnr-100 Jnr-3200

70# Base asphalt 4.05 2.55 2.66 3.56
1% L-DMA 5.67 2.95 2.62 2.75

2.5% L-DMA 6.29 3.58 2.48 2.43
5% L-DMA 6.32 3.62 2.18 2.23

7.5% L-DMA 6.49 3.91 2.14 2.17
10% L-DMA 7.32 4.11 1.78 1.83

3.4. Low-Temperature Crack Resistance of L-DMA Modified Asphalt

It can be seen from Figure 15 that with a decrease in temperature, the S modulus
increases but the m value decreases, indicating that the lower the temperature, the worse
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the low-temperature performance of asphalt. When the temperature is lower than −12 ◦C,
the m of 70# asphalt and L-DMA-modified asphalt will be far less than 0.3, and the S is
much higher than 300 MPa, indicating that when the temperature is lower than −12 ◦C, the
low-temperature performance of 70# asphalt and L-DMA-modified asphalt cannot meet
the standard. At −12 ◦C, the S and m of 70# asphalt basically meet the requirements of
the specification. It can be seen that with an increase in L-DMA content, the S modulus
increases first and then decreases gradually, indicating that less L-DMA content will affect
the deformation capacity of asphalt. However, with an increase in L-DMA content, the
deformation capacity of modified asphalt at low temperatures is becoming better and better,
and the deformation capacity of modified asphalt is the best when the content of L-DMA
is 10%, meeting the standard. The m decreases first and then increases, suggesting that
with the incorporation of L-DMA, the stress relaxation ability of asphalt to external load
decreases first and then increases. When the content of L-DMA is 10%, the m is the largest,
and the modified asphalt has the best stress relaxation ability to deal with external loads.

Combined with the low-temperature rheological test results of DSR, it is found that
the low content of L-DMA has an adverse effect on the low-temperature performance of
asphalt, but with an increase in L-DMA content, it has a significant improvement on the
low-temperature performance of asphalt. This is mainly because the low content of L-DMA
plays a filling role in asphalt, increasing the composite modulus G* and creep stiffness
modulus S of L-DMA-modified asphalt, reducing the creep rate m, and worsening the
low-temperature performance of modified asphalt. However, with an increase in L-DMA
content, the unsaturated rings such as benzene, quinone, and pyridine in the aromatic
components of asphalt will conjugate with the benzene ring in L-DMA, and the rings
overlap with each other to form a layered structure. The interlayer friction is small, which
reduces the G* value of modified asphalt, decreases the S value, and increases the m value,
thereby improving the low-temperature performance of asphalt. This is consistent with the
results of the low-temperature sweep test in DSR.

Figure 15. The result of BBR.

4. Conclusions

In this study, the mussel adhesion protein material L-DMA was synthesized and
used to modify asphalt. The deformation and cracking resistances of L-DMA-modified
asphalt were studied by DSR temperature sweep, frequency sweep, multi-stress creep
tests, and BBR tests. In addition, the modification mechanism of L-DMA-modified asphalt
was analyzed by FTIR test. According to the test results, the following conclusions can
be drawn.
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• Comparing with MAA and L-DOPA, the infrared spectrum of L-DMA has new charac-
teristic peaks at 3370 cm−1, 3202 cm−1, 1730 cm−1, 1655 cm−1, 1520 cm−1, 1605 cm−1,
1450 cm−1, and 1260 cm−1, which proves that L-DMA was synthesized successfully.
Moreover, L-DMA has good thermal stability and can be used in asphalt materials.

• The modification of L-DMA to asphalt is mainly a physical process. Hydrogen bond
and aromatic ring conjugation introduced by catechol can improve the adhesion
of asphalt.

• L-DMA has a noticeable improvement impact on the high-temperature performance
of asphalt due to the strong hydrogen bonding, conjugation of benzene rings, and
transformation of quinone and semiquinone by catechol at high temperatures. Com-
pared with 70# asphalt, L-DMA-modified asphalt has a higher composite modulus,
rutting factor, viscosity, and creep recovery rate.

• The impact of LDMA on the low-temperature fracture resistance of asphalt is compli-
cated. With the rise of L-DMA content, the low-temperature performance of modified
asphalt drops initially and later increases. When the L-DMA content reaches 10%, the
low-temperature fracture resistance of L-DMA modified asphalt will be higher than
that of 70# asphalt due to the layered structure formed by aromatic ring conjugation.

Overall, the addition of L-DMA has a positive impact on the high-temperature rut-
ting resistance and a high content of L-DMA will have some improvement on the low-
temperature cracking resistance of asphalt. The usage of L-DMA as a kind of mussel
adhesion protein material improves the performance index of asphalt, and, theoretically,
there is a possibility to improve water resistance and self-healing properties of asphalt,
which will be explored in future research. Furthermore, due to the high cost and complex
preparation process of L-DMA, further research is needed to decrease the cost and increase
the preparation efficiency.
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Abstract: Circular utilization of reclaimed asphalt pavement (RAP) has received extensive attention
for its economic and environmental benefits. The application of recycled asphalt mixtures (RAM) in
the upper layer of asphalt pavement faces the issue of inferior anti-slip performance and durability.
This study aims to recycle steel slag as virgin aggregates in RAM and quantitatively evaluate the
service performance of RAM with steel slag. Steel slag and basalt RAM were firstly fabricated
and the five different RAP contents were involved. Then tests of Marshall stability, indirect tensile
strength and Cantabro spatter loss were conducted to investigate the moisture susceptibility of RAM.
Moreover, their high temperature stability, crack resistance and skid resistance were characterized.
Indirect tensile fatigue test combined with Hamburg wheel tracking test were carried out to discuss
the durability of RAM. The comprehensive performance of RAM with steel slag were quantitatively
assessed based on an improved radar chart evaluation method. The results show that involving
steel slag reveals a remarkable enhancement function on water stability, high and low temperature
performance, skid resistance and fatigue resistance of RAM. Steel slag RAM with 50% RAP content
demonstrates a rutting depth of 7.60 mm and a creep slope of 2.54 × 10−4, indicating its superior
durability in high temperature and water environment. Compared with the comprehensive evaluation
function of 0.5336 for basalt RAM with 30% RAP dosage, steel slag RAM reaches 0.7801, which
represents its preferable road performance.

Keywords: steel slag; RAP; recycled asphalt mixtures; road performance; radar chart evaluation

1. Introduction

With the dual development of economy and society, China’s highway construction has
also entered a stage of rapid development [1]. Asphalt pavement occupies 95% proportion
of high-grade roads due to its series of merits [2]. However, asphalt pavement is prone
to the diseases of cracks, rutting and water damage, etc. [3]. By the end of 2020, the
highway maintenance mileage was 5.14 million km, accounting for 99.0% of the total
highway mileage, which implied that China’s highway construction has stepped into the
construction and maintenance period [4]. A large amount of reclaimed asphalt pavement
(RAP) materials were produced in repair projects, and the recycling of RAP could alleviate
resource dependence, energy conservation and emission reduction, which coincided with
sustainable development in the transportation industry [5].
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The performance of recycled asphalt mixtures was influenced by the material proper-
ties and the recycling technology [6,7]. The different sources of RAP had been corroborated
to have significant variability in RAM performance [8]. A higher mixing temperature
for hot in-place recycling asphalt mixtures revealed superior cracking and moisture resis-
tance [9]. The mixing procedures also showed prominent impact on air voids (AV) and
voids in mineral aggregate (VMA) [10]. Chen et al. surveyed the effect of RAP on the
performance of recycled asphalt mixtures and found that incorporating RAP improved
the resistance to water damage and rutting in contrast to anti-crack performance [11]. Yin
et al. endorsed the fact that the moisture stability of recycled asphalt mixtures revealed
a descending trend with the addition of RAP. He pointed that hot-mix recycled asphalt
mixture (HRAM) exhibited a greater fatigue life than new asphalt mixture (NAM), and its
fatigue life increased with the ascending RAP dosage [12]. This is due to generation of a
loading buffer interface between aged asphalt and rejuvenator. HRAM had high sensitivity
of temperature and strain, resulting in its greater decrement of fatigue life than NAM.
These conclusions differed from most of the research results [13,14]. Roja et al. illustrated
that the asphalt mixture with 35% RAP content revealed the highest dynamic modulus the
least fracture resistance [15]. Zhang et al. found that the recycled asphalt mixture had a
lower fatigue life than new asphalt mixture and the gap was enlarged with the ascending
RAP content [16]. Some approaches to characterize and classify the RAP were applied to
promote its popularization and utilization [17]. Chen et al. investigated the mechanism
and performance of mixtures with 100% dosage RAP and bio-rejuvenated additive (BRA)
and found that BRA restores the balance of the components of aged bitumen and elevate
mechanical performance of asphalt mixtures [18]. Similar studies had also been reported
by Zaumanis et al. [19]. Moreover, the controversial moisture susceptibility and fatigue
durability of the recycled asphalt mixture were the key elements affecting its implement
and application.

Currently, some modifiers are being added to the recycled asphalt and recycled asphalt
mixtures to enhance their performance. It was reported that anti-stripping agents was
added to recycled asphalt mixtures and demonstrated an outstanding promotion function
on rutting resistance and water stability [20]. Zhu et al. explored the fatigue performance
of recycled asphalt containing warm mix asphalt (WMA) additive and suggested that the
WMA additive could elevate the fatigue potential under stress-loading and strain-loading
modes [21]. The fiber was introduced to emulsified asphalt cold recycled mixture for
improving its inferior early strength and crack resistance [22]. Kim et al. analyzed the effect
of desulfurized gypsum (DG) additive on the mechanical behavior of cold recycled asphalt
mixtures (CRAM) [23]. The results stated that DG additive elevated the early strength and
stiffness and declined the viscoelasticity of CRAM. Yang et al. considered that cold-recycled
mixture with asphalt emulsion (CMAE) with high cement dosage demonstrated larger
indirect tensile strength and critical strain energy density [24]. The addition of modifiers
brings about high preparation costs and poor storage stability, and it is desirable to improve
the crack resistance and durability of recycled asphalt mixtures by involving alternative
aggregates with excellent performance.

Steel slag, as the highest amount of solid waste generated and disposed in metallurgical
industry, reveals the vantages of anti-slip and abrasion resistance and high adhesion
strength [25]. It was concluded that steel slag could be applied as aggregate for road
engineering and displayed a remarkable improvement on the performance of asphalt
mixture [26]. It was attributed to the fact that steel slag revealed higher polished value
and rougher surface texture [27]. Rodríguez-Fernández et al. surveyed the performance
parameters of asphalt mixtures with the simultaneous incorporation of RAP and electric
arc furnace (EAF) slag [28]. The results proved that recycled asphalt mixtures with EAF
slag exhibited a satisfactory resistance to permanent deformation due to excellent polishing
resistance and low abrasion coefficient of slag. Pasetto et al. conducted the fatigue analysis
of base-binder asphalt mixtures with EAF slag and RAP and found that the stiffness and
fatigue resistance of the mixtures was improved due to the addition of EAF slag [29].
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Meanwhile, the incorporation of EAF slag also boosted the resilient modulus and dynamic
creep property of warm mix asphalt (WMA) mixtures [30]. Yang et al. illustrated that
involving steel slag in asphalt mixtures with high RAP content exhibited higher texture
depth and BPN than that of basalt [31]. This is closely related to the stronger interlocking
structure in steel slag [32].

Overall, incorporating steel slag embodies a commendable performance indexes of
recycled asphalt mixtures. Little attention has been paid to the quantitative evaluation of
comprehensive performance of recycled asphalt mixtures. The purpose of this research is
to explore the service performance of recycled asphalt mixtures incorporated with steel
slag, including the volume performance, moisture susceptibility, high temperature stability
performance, low temperature performance, skid resistance and durability. Furthermore,
an improved radar chart evaluation method was used to quantitatively assess their com-
prehensive performance. The experimental program is shown in Figure 1. The research
results contribute to eliminate the resource dependence and environmental pressure.

Figure 1. The experimental program of this research.

2. Materials and Methods
2.1. Materials

Styrene–butadiene–styrene modified asphalt (named as SBS asphalt for short) was
used in this research, which was acted as virgin asphalt. This was mainly because the
recycled asphalt mixtures (RAM) in this paper was mainly used in the upper layer of the
asphalt pavement. The upper layer usually had strict requirements on the performance
of asphalt mixtures, thus SBS asphalt was commonly adopted [33]. SBS asphalt has a
penetration of 68 dmm at 25 ◦C and a ductility of 486 mm at 5 ◦C and a softening point of
56 ◦C. Rejuvenator with a density of 0.943 g/cm3 and a viscosity of 1.780 Pa·s at 60 ◦C were
included. SBS asphalt and rejuvenator were obtained from Hohhot and Nanjing, China.
Steel slag and basalt as virgin aggregates were supplied from Wuhan and Jingshan. Steel
slag coupled with SBS modified asphalt were conducted to prepare RAM with excellent
performance, so as to create implementation of the maximum additional value of steel slag.
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The rejuvenator in this study was mainly used to restore the performance index of aged
asphalt in RAP [34]. Their properties were displayed in Table 1.

Table 1. The properties indexes of steel slag and basalt.

Indexes
Types Steel Slag Basalt

Apparent
specific gravity Particle sizes (mm)

9.5–16 3.369 2.983
4.75–9.5 3.327 2.974
2.36–4.75 3.138 2.972

Water
absorption (%) Particle sizes (mm)

9.5–16 1.59 0.58
4.75–9.5 2.38 0.73
2.36–4.75 2.82 1.04

Los Angeles abrasion (%) 13.9 20.7
Crushed value (%) 16.8 17.2
Polished value (%) 52 46

Adhesion level 5 4
Free-CaO content (%) 2.135 -

2.2. Methods
2.2.1. Preparation of RAM

RAP were acquired from surface pavement on Wu-Huang highway of China. RAM
with 10%, 20%, 30%, 40% and 50% RAP and 13.2 mm nominal maximum size were prepared
based on Marshall design method. The dosage of the rejuvenator in RAM was 6 wt% (mass
ratio of rejuvenator and aged asphalt) [35]. Steel slag and basalt were conducted as virgin
coarse aggregates and limestone was conducted as virgin fine aggregate to fabricate two
types of RAM. Limestone powder as filler was involved. Figure 2 depicted the grading
curve of RAM with steel slag and basalt.

Figure 2. Grading curve of asphalt concrete (AC)-13: (a) steel slag; (b) basalt.

2.2.2. Performance Evaluation of Recycled Asphalt Mixtures

The bulk density, air voids, VMA and VFA were employed to investigate the volume
performance of RAM as the evaluation indexes. Tests of Marshall stability, indirect tensile
strength and Cantabro spatter loss were applied to assess the moisture susceptibility of
RAM. The standard wheel tracking test with a rolling speed of 42 cycles/min, a testing
temperature of 60 ◦C and a load strength of 0.7 MPa were conducted to discuss the high
temperature stability performance. Low temperature performance was characterized
through a three-points bending test with a temperature of −10 ◦C and a loading rate of
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50 mm/min. Beam specimens with a size of 250 × 30 × 35 mm were involved. Texture
depth (TD) and British Pendulum Number (BPN) were used to evaluate the skid resistance.

A fatigue resistance test combined with a Hamburg wheel tracking (HWT) test were
carried out to study the durability of RAM. Indirect tensile fatigue test with a testing
temperature of 15 ◦C, the stress level of 0.35, 0.40, 0.45 and 0.50 MPa and a Poisson’s ratio
of 0.35 were used. The testing device and schematic diagram of HWT test are described in
Figure 3. The creep slope and stripping slope were slope of the tangent line of the creep
curve and stripping curve. By calculating the intersection point of the two curves, the
stripping inflection point (SIP) could be acquired. The testing temperature and rolling rate
were 50 ◦C and 45 cycles/min [36].

Figure 3. Testing device (a) and schematic diagram (b) of HWT test.

2.2.3. Radar Chart Evaluation Method

The radar chart method is a common graphical method to display multiple variables,
which can map a multidimensional space point to two-dimensional space, indicating the
feature of qualitative evaluation of each evaluation object. In the traditional radar map
evaluation, the area and perimeter of the graph were extracted as feature vectors, while the
feature vector area and perimeter revealed the disadvantage of varying with the ranking of
indicators. Therefore, an improved radar chart evaluation method with uniqueness feature
was conducted to quantitatively assess the comprehensive performance of RAM.

In the improved radar chart evaluation method, the evaluation vector and evaluation
function were constructed by extracting feature vectors to comprehensively reflect the
level of RAM and the balanced development degree of each index [37]. Firstly, a matrix
A = (aij)n × k for the evaluation indicators was established. Vector X = {x1, x2, x3 . . . xn}
and Y = {y1, y2, y3 . . . yk} represent a group of objects and a set of indicators for the objects.

Secondly, the data in matrix A were standardized and non-linear transformed through
Equations (1) and (2).

bij =
aij − E

(
yj
)

σ
(
yj
) (1)

rij =
2
π

arctan
(
bij
)
+ 1 (2)

where bij and rij represent each indicator after standardization and non-linear transformation,
respectively, and E(yj) and σ(yj) are the average value and standard deviation indicator j.

Thirdly, the characteristic vectors were calculated according to Equations (3) and (4).

ui = [Ai, Li] (3)
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where Ai and Li represent the area inside the arcs and sum length of arcs, respectively, and
k represents the number of indicators.

Fourthly, the evaluation vector is defined based on the extracted characteristic vector,
as shown in Equation (5).

νi = [νi1, νi2] (5)

where νi1 and νi2 are the relative area and perimeter of evaluation object. Calculation
method of νi1 and νi2 are displayed in Equation (6).





νi1 = Ai
MaxAi

νi2 = Li

2π

√
Ai
π

(6)

Finally, the comprehensive evaluation function (f) was deduced through the geometric
mean of νi1 and νi2, as displayed in Equation (7).

f(νi1, νi2) =
√

νi1 × νi2 (7)

The road performance indexes of the RAM were obtained through the performance
test. Through the above formula, the evaluation indicators of the two RAM with different
RAP content were standardized and normalized, and the comprehensive performance of
the two materials was evaluated by the obtained evaluation function.

3. Results and Discussion
3.1. Volume Performance

The volume performance parameters of RAM are presented in Table 2. When RAP
content is lower than 30%, asphalt aggregate ratio of RAM with steel slag no change with
the rising RAP content. As the RAP dosage continues to increase, asphalt aggregate ratio
rises. The addition of RAP significantly reduces the bulk density of RAM with steel slag,
while fluctuates little on the air voids, VMA and VFA. The asphalt-aggregate ratio of RAM
with basalt demonstrates the similar change trend as the RAP content increases. There is a
certain degree of increase in bulk density of RAM incorporated with basalt as the ascending
RAP dosage. This is due to the diminution of virgin fine aggregate content of limestone
with lower density. In general, the volume performance of steel slag and basalt RAM with
different RAP content meet the specification requirements [38].

Table 2. Volume performance parameters of RAM.

Mixtures Styles RAP Content (%) Asphalt-Aggregate Ratio (%) Bulk Density (g/cm3) Air Voids (%) VMA (%) VFA (%)

Steel slag

0 4.9 2.653 4.2 14.1 70.3
10 4.9 2.645 4.3 14.2 69.6
20 4.9 2.637 4.5 14.1 68.2
30 5.0 2.634 3.8 14.1 73.0
40 5.0 2.624 4.0 14.2 72.0
50 5.1 2.621 3.9 14.2 72.3

Basalt

0 4.7 2.520 3.9 14.0 72.2
10 4.7 2.524 4.0 14.3 71.8
20 4.8 2.528 3.8 14.0 72.6
30 4.8 2.523 4.1 14.2 70.8
40 4.8 2.527 4.0 14.3 72.3
50 4.9 2.531 3.9 14.1 72.5
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3.2. Moisture Susceptibility
3.2.1. Residual Marshall Stability

Figure 4 illustrates the results of residual Marshall stability (RMS) of RAM incorpo-
rated with steel slag and basalt. Compared with the virgin steel slag asphalt mixtures,
the Marshall stability (MS) and immersion Marshall stability (MS1) of RAM increase with
ascending RAP dosage in contrast to RMS. This is attributed to the enhancement of the
overall elasticity of RAM with aged asphalt of high modulus. The result is match to the
conclusion of Oldham et al. [39]. Meanwhile, aged asphalt reveals inferior adhesion prop-
erty with aggregates, resulting in the reduction in RMS of RAM as RAP content increases.
Steel slag RAM with 50% RAP exhibits an RMS of 90.5% and still remains at a high level.
For basalt RAM, its variation rule of MS, MS1 and RMS are consistent with that of steel
slag RAM. While it demonstrates lower performance indexes under the same RAP content.
RAM with steel slag and basalt all satisfy the requirements that the RMS of the modified
asphalt mixture in the wet areas is not less than 85%.

Figure 4. RMS results of RAM: (a) steel slag; (b) basalt.

3.2.2. Tensile Strength Ratio

Freeze-thaw splitting test can more truly reflect the water damage resistance of asphalt
mixtures. Tensile strength ratio (TSR) reveals more stringent requirement than RMS, and
TSR of asphalt mixture will not meet the requirements when RMS arrivals design constrain.
Figure 5 presents the TSR results of RAM. It is stated that splitting tensile strength and TSR
of RAM show a linear decrease with the ascending RAP dosage. This is because that RAP
increases the modulus of asphalt in RAM, which diminishes the bonding force between
asphalt and aggregate, resulting in the exfoliation of asphalt from the surface layer of
the aggregate under water immersion, thus weakening the mechanical properties of the
RAM [40]. Steel slag RAM with 50% RAP content exhibits a 6.2% reduction compared to
virgin asphalt mixtures and reaches to 89.3%. While for RAM prepared with basalt, the
corresponding values are 13.6% and 81.0%. This indicates that incorporating steel slag in
RAM can reduce the potential moisture damage risks and elevate the water stability of
RAM. This is consistent with the fact that steel slag embodied superior adhesive effect than
basalt according to the analysis of molecular simulation [41].

3.2.3. Cantabro Spatter Loss

The Cantabro spatter loss test is commonly applied to assess the adhesion between
asphalt and aggregate in open-graded asphalt mixtures. Although a dense gradation
was included in this study, the relative high RAP content may reveal a greater impact on
the overall bonding of the asphalt mixtures due to inferior adhesion property between
aged asphalt and aggregates. Given that AC-13 RAM was adopted as top layer of asphalt
pavement, it suffers from surface stripping due to the dual action of rutting and rainwater.
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Therefore, Cantabro spatter loss can be conducted to characterize resistance to water
damage of RAM.

Figure 5. TSR results of RAM: (a) steel slag; (b) basalt.

Figure 6 depicts the Cantabro spatter loss results of RAM with steel slag and basalt.
The spatter loss of steel slag and basalt RAM all boost as the ascending RAP dosage, while
steel slag RAM exhibits a lower increment. Steel slag RAM involving 50% RAP content
reaches a spatter loss of 5.5% and only increases by 1.9% in comparison with virgin asphalt
mixture. This indicates that on the one hand, aged asphalt leads to a reduction in the
adhesion of the aggregate to the asphalt in RAM, causing the surface binder to fall off under
the action of water. On the other hand, the viscosity of the aged asphalt is restored by the
action of the rejuvenator, which leads to an improvement effect of bond performance for
overall asphalt in RAM. Comparative analysis of spatter loss results verified that steel slag
RAM demonstrates superior moisture susceptibility than basalt RAM. Furthermore, the
rising RAP content will not cause structural damage to RAM with steel slag and basalt due
to their low spatter loss.

Figure 6. Spatter loss results of RAM: (a) steel slag; (b) basalt.

3.3. High Temperature Stability Performance

Figure 7 indicates the dynamic stability (DS) results of RAM. The participation of RAP
boosts the DS of RAM and elevate its high temperature stability performance. It can be
elaborated by the consequence that aged asphalt with high softening point and stiffness can
prominently reduce the rutting depth of RAM and enhance its anti-rutting performance.
Steel slag RAM reveals larger DS than RAM prepared with basalt, indicating its superior
rutting resistance. This is attributed to the outstanding mechanical properties and abundant
texture index of steel slag. The DS of steel slag RAM with 50% RAP is 5040 times/mm,
which is 1.27 times that of the virgin asphalt mixtures. Steel slag and basalt RAM all exhibit
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DS much higher than 2400 times/mm (minimum index in standard) [38], representing their
excellent high temperature performance.

Figure 7. Dynamic stability results of RAM.

3.4. Low Temperature Performance

The flexural tensile strain of asphalt mixture can effectively reflect the possibility of
brittle fracture at low temperature and characterize its crack resistance. Asphalt mixture
with greater flexural tensile strain means the superior low-temperature crack resistance.
The crack resistance indexes from bending test results of RAM are provided in Table 3.
As the RAP content rises, the maximum load, tensile strength and tensile strain of RAM
ascend in contrast to stiffness modulus, resulting in reducing effect on low temperature
performance. It can be explained by the fact that RAM with high RAP content displays
lower plasticity and is incline to become hard and brittle, which weakens the resistance to
low temperature deformation [42]. Comparison results of steel slag and basalt RAM state
that involving steel slag can elevate the flexural tensile strength and tensile strain of RAM.
Steel slag RAM with 50% RAP reveals a tensile strain of 2548.4 µε. While the corresponding
index is 2323.1 µε for basalt RAM, which is less than the minimum value of 2500 µε in the
winter cold area in the specification. This indicates that when RAP content increases to
50%, steel slag RAM can be applied in severe cold areas instead of basalt RAM.

Table 3. The crack resistance indexes of RAM.

Mixtures Styles RAP Content (%) Maximum Load (N) Tensile Strength
(MPa) Tensile Strain (µε) Stiffness Modulus

(MPa)

Steel slag

0 1252.6 10.225 3269.2 3127.8
10 1238.6 10.111 3102.2 3259.3
20 1211.6 9.891 2955.8 3346.2
30 1185.4 9.677 2813.5 3439.4
40 1153.5 9.416 2695.9 3492.9
50 1122.3 9.162 2548.4 3595.1

Basalt
0 1033.5 8.437 3006.7 2806.0

10 1010.2 8.247 2892.2 2851.3
20 975.3 7.962 2745.8 2899.6
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Table 3. Cont.

Mixtures Styles RAP Content (%) Maximum Load (N) Tensile Strength
(MPa) Tensile Strain (µε) Stiffness Modulus

(MPa)

30 955.7 7.802 2603.5 2996.6
40 906.5 7.400 2510.0 2948.2
50 875.1 7.144 2323.1 3075.0

3.5. Skid Resistance

The texture depth and BPN results of RAM are illustrated in Figure 8. Virgin steel slag
asphalt mixture demonstrates the highest texture depth and BPN, which reach to 0.95 mm
and 77. Incorporating RAP decreases the texture depth and BPN of RAM. This is attributed
to the deterioration of polished and weared stone value of RAP aggregate. When the same
RAP dosage is involved, steel slag RAM displays larger texture depth and BPN than basalt
RAM, indicating its superior skid resistance. This is attributed to the rich texture and
impaction structure of steel slag [32]. Steel slag RAM with 50% RAP content exhibits the
texture depth of 0.81 mm and BPN of 63, which far exceed the minimum value of 0.55 mm
and 45 in requirements of the specification [38]. Texture depth of basalt RAM reduces from
0.86 mm, 0.83 mm, 0.81 mm, 0.78 mm and 0.75 mm to 0.73 mm as RAP content rises from 0
to 50% with an interval of 10%. BPN of basalt RAM with 50% RAP decreases by 20% and
only reaches to 52, which is lower than 11 that of steel slag RAM and also arrival design
constrain.

Figure 8. Texture depth and British Pendulum Number (BPN) results of RAM.

3.6. Durability
3.6.1. Fatigue Resistance

Fatigue life, as the critical assessment indicator, can reflect the number of stress cycles
of sample experienced failure. The fatigue life curves of RAM are depicted in Figure 9.
Both of steel slag RAM and basalt RAM reveal a downward trend of fatigue life as RAP
dosage increases. The conclusion is inconsistent with Yin et al.’s results [12]. This is due to
the increase in the stiffness of blended asphalt and reduction in the response rate to stress
for RAM [43]. Under the same RAP content, steel slag RAM embodies the higher fatigue
life than basalt RAM, representing its superior fatigue performance.
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Figure 9. Fatigue life curve of RAM: (a) steel slag; (b) basalt.

Fitting coefficient of fatigue equation for RAM are presented in Table 4. The satisfactory
correlation is found in all RAM samples for their high correlation coefficient. RAM with
larger K and smaller n means preferable fatigue resistance. Steel slag virgin asphalt mixture
possesses the highest K value, indicating its excellent fatigue performance. The addition of
RAP decreases the K value and boosts n value of steel slag RAM. Compared with basalt
RAM, incorporating steel slag in RAM can elevate its K value and fatigue resistance. This
conclusion is match to the analysis results of fatigue life. This is because steel slag emerges
better interfacial adhesion for its high angularity and texture.

Table 4. Fitting coefficient of fatigue equation for RAM.

Mixtures
Styles

RAP
Content

(%)

Fitting Formula (Nf = K (σ)−n)

R2K n

Value Standard
Deviation Value Standard

Deviation

Steel
Slag

0 16,506.4 234.4 −0.251 0.016 0.9877
10 15,716.9 198.5 −0.274 0.014 0.9919
20 14,190.3 105.4 −0.362 0.008 0.9984
30 11,486.9 344.0 −0.546 0.034 0.9888
40 9495.0 111.5 −0.707 0.013 0.9990
50 8346.9 204.7 −0.797 0.027 0.9965

Basalt

0 12,229.8 218.0 −0.502 0.020 0.9953
10 11,233.9 500.1 −0.555 0.049 0.9764
20 10,039.6 358.2 −0.646 0.039 0.9888
30 9472.0 595.9 −0.669 0.070 0.9680
40 8427.0 125.2 −0.712 0.017 0.9984
50 6940.3 275.3 −0.858 0.044 0.9922

3.6.2. Hamburg Wheel Tracking Test

The Hamburg wheel tacking (HWT) test can comprehensively evaluate the rutting
resistance, moisture susceptibility and stripping resistance under the coupling action of
temperature and load. The deformation development of RAM with the ascending loading
cycle are presented in Figure 10. The compaction process and creep process are discovered
in steel slag RAM, while the stripping process only appears in basalt RAM with 40% and
50% RAP. The creep slope and stripping slop represent the deformation rate of RAM in
rutting deformation and moisture damage, and larger values imply higher possibility of
rutting destruction and moisture damage. The stripping inflection point (SIP), as a shift
point from creep process to stripping process, its presence means the beginning of asphalt
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film peeling off from the surface of the aggregate [16]. As shown in Figure 10, all steel slag
RAM do not reach the SIP. While SIP is observed in basalt RAM with 40% and 50% RAP,
indicating their inferior durability.

Figure 10. Deformation development of RAM with the increasing loading cycle: (a) steel slag; (b) basalt.

Table 5 summarizes the HWT test results of RAM. Basalt virgin asphalt mixture reveals
the largest rutting depth of 11.69 mm after 20,000 cycles loading. Under the same RAP
dosage, steel slag RAM exhibits the lower rutting depth and creep slope than basalt RAM.
When RAP content is lower than 40%, the rutting depth and creep slope of RAM reduce
as the ascending RAP content, and then start to elevate after the RAP content reaches
40%. This is attributed to the greater attenuation function of RAP on water stability than
its enhancement effect on rutting resistance for RAM with over 40% RAP content. Steel
slag RAM with 50% RAP demonstrates the rutting depth of 7.60 mm and creep slope of
2.54 × 10−4, which are lower than corresponding values of 10.46 mm and creep slope of
3.97 × 10−4 for basalt RAM. It is worth mentioning that basalt RAM with 40% RAP content
undergoes the stripping process under the cycles loading of 15,589 times and reaches the
SIP. As the RAP dosage rises to 50%, the SIP moves back and appears at 17,065 cycles
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loading. The reason is that the ascending RAP content retards the cycles loading of SIP
occurrences for RAM, but also elevates its stripping slop, resulting in the dramatic increase
in the rutting depth at a later stage. Comparative analysis of HWT test results of RAM
with steel slag and basalt state that involving steel slag endows the superior durability than
basalt in high temperature and water environment.

Table 5. The characterization parameters of RAM in HWT test.

Mixtures Styles RAP Content (%) Rutting Depth
(mm)

Creep Slope
(×10−4)

Stripping Slope
(×10−4)

Stripping
Inflection

Point (SIP)

Steel
slag

0 −8.61 −3.06 / /
10 −7.98 −1.98 / /
20 −7.51 −1.91 / /
30 −6.87 −1.45 / /
40 −7.40 −1.69 / /
50 −7.60 −2.54 / /

Basalt

0 −11.69 −4.66 / /
10 −10.65 −3.81 / /
20 −9.58 −3.39 / /
30 −8.49 −2.54 / /

40 −9.15 −3.26 −5.30 X = 15,589,
Y = −7.19

50 −10.46 −3.97 −7.76 X = 17,065,
Y = −8.08

3.7. Comparison Analysis Based on Radar Chart Evaluation Method

The radar chart evaluation method is conducted to quantitatively compare the effect of
steel slag and basalt on the performance of RAM. The nine evaluation indicators, including
residual Marshall stability, tensile strength ratio, spatter loss, dynamic stability, tensile
strain, texture depth, British Pendulum Number, intercept K of fatigue equation, absolute
value of creep slope in HWT test, were used in radar chart. They were denoted as RMS, TSR,
SL, DS, TS, TD, BPN, Intercept K, CS, respectively. Table 6 provides the nine indicators of
twelve groups in matrix A. Then the indicators are standardized and non-linear transformed
referring to Equations (1) and (2), as shown in Table 7.

Table 6. Evaluation indicators of RAM with different RAP content.

Mixtures
Styles

RAP
Content

(%)

Water Stability Rutting
Resistance

Crack
Resistance Skid Resistance Durability

RMS (%) TSR (%) SL (%) DS
(Times/mm) TS (µε) TD (mm) BPN Intercept

K
CS

(×10−4)

Steel slag

0 95.9 95.2 3.6 3962 3269.2 0.95 77 16,506.4 3.06
10 94.8 94.3 4.2 4038 3102.2 0.94 75 15,716.9 1.98
20 94.4 92.2 4.5 4257 2955.8 0.90 73 14,190.3 1.91
30 93.0 91.5 4.9 4599 2813.5 0.86 69 11,486.9 1.45
40 91.3 91.0 5.3 4846 2695.9 0.83 65 9,495.0 1.69
50 90.5 89.3 5.5 5040 2548.4 0.81 63 8,346.9 2.54

Basalt

0 93.6 93.8 4.2 3198 3006.7 0.86 65 12,229.8 4.66
10 93.1 92.6 4.5 3387 2892.2 0.83 62 11,233.9 3.81
20 92.5 90.7 4.8 3865 2745.8 0.81 59 10,039.6 3.39
30 90.7 87.9 5.4 4118 2603.5 0.78 57 9472.0 2.54
40 89.4 84.2 5.8 4315 2510.0 0.75 55 8427.0 3.26
50 88.5 81.0 6.2 4773 2323.1 0.73 52 6940.3 3.97
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Table 7. Evaluation indicators after standardization and non-linear transformation.

Mixtures
Styles

RAP
Content

(%)

Water Stability Rutting
Resistance

Crack
Resistance Skid Resistance Durability

RMS TSR SL DS TS TD BPN Intercept K CS

Steel
slag

0 1.6550 1.5622 0.3213 0.7357 1.6839 1.6624 1.6544 1.6843 1.1337
10 1.5449 1.4979 0.5064 0.8145 1.5587 1.6359 1.6043 1.6399 0.5300
20 1.4894 1.2801 0.6726 1.0672 1.3631 1.4828 1.5400 1.5142 0.5055
30 1.1971 1.1836 0.9927 1.4055 1.0601 1.2093 1.3490 1.0688 0.3821
40 0.7223 1.1085 1.3161 1.5571 0.7816 0.9279 1.0554 0.6645 0.4393
50 0.5567 0.8435 1.4367 1.6366 0.5252 0.7486 0.8900 0.5064 0.7985

Basalt

0 1.3427 1.4555 0.5064 0.3145 1.4437 1.2093 1.0554 1.2234 1.6884
10 1.2234 1.3300 0.6726 0.3731 1.2406 0.9279 0.8113 1.0133 1.4978
20 1.0563 1.0619 0.9053 0.6464 0.8956 0.7486 0.6121 0.7615 1.3232
30 0.5929 0.6562 1.3803 0.9042 0.6060 0.5436 0.5131 0.6607 0.7985
40 0.4071 0.3704 1.5663 1.1339 0.4781 0.4113 0.4367 0.5156 1.2538
50 0.3288 0.2594 1.6752 1.5192 0.3244 0.3504 0.3531 0.3808 1.5470

Figure 11 summaries the radar charts for RAM with different RAP content. The
discrepancies in the enhancement effect of steel slag are presented clearly. Incorporating
steel slag reveals a significant improvement on RMS, TSR, DS, TS, TD, BPN and Intercept K
in contrast to SL and CS. The appropriate RAP content in steel slag RAM can be identified
from the charts considering the improvement of a certain performance indicator.

Figure 11. Radar charts for RAM with different RAP content: (a) 0 RAP; (b) 10% RAP; (c) 20% RAP;
(d) 30% RAP; (e) 40% RAP; (f) 50% RAP.

According to Equations (3)–(7), the characteristic vectors (ui) and evaluation vectors
(νi) in matrices can be calculated, as listed in Table 8. Calculation results of comprehensive
evaluation function (f) for twelve groups are elaborated in Figure 12. It is indicated that
steel slag virgin asphalt mixture reveals the largest f value of 0.9710. The addition of RAP
decreases f value of RAM with steel slag. When RAP dosage elevates from 0 to 50% with an
interval of 10%, the f value of steel slag RAM are 0.9119, 0.8694, 0.7801, 0.6872 and 0.6456
with a decrement of 6.1%, 10.5%, 19.7%, 29.2% and 33.5%. Distinct from steel slag RAM,
basalt RAM exhibits an upward and then downward trend as the increasing RAP dosage.
This is due to the greater enhancement effect of RAP content on DS of basalt RAM than
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steel slag RAM. The f value of basalt RAM with 50% RAP content reduces by 28.1% and
reaches to 0.5928. While RAM incorporated with steel slag possesses the larger f value than
basalt under the same RAP content.

Table 8. The characteristic vectors and evaluation vectors of matrices.

Mixtures Styles RAP Content (%) ui = [Ai, Li] νi = [νi1, νi2]

Steel slag

0 [6.3817, 8.4425] [1.0000, 0.9427]
10 [5.6549, 7.9116] [0.8861, 0.9385]
20 [5.0353, 7.6201] [0.7890, 0.9579]
30 [4.0104, 6.8752] [0.6284, 0.9685]
40 [3.1861, 5.9849] [0.4993, 0.9458]
50 [2.8924, 5.5446] [0.4532, 0.9197]

Basalt

0 [4.6372, 7.1484] [0.7266, 0.9364]
10 [3.5555, 6.3461] [0.5571, 0.9494]
20 [2.6350, 5.5926] [0.4129, 0.9719]
30 [1.9216, 4.6464] [0.3011, 0.9455]
40 [2.2578, 4.5889] [0.3538, 0.8615]
50 [2.8556, 4.7042] [0.4475, 0.7853]

Figure 12. Comprehensive evaluation index of steel slag and basalt RAM.

4. Conclusions

In this study, the pavement performances of recycled asphalt mixtures (RAM) with
steel slag and basalt were examined using volume performance, moisture susceptibility,
high temperature stability performance, low temperature performance, skid resistance and
durability. Then, an improved radar chart evaluation method was applied to quantitatively
assess their comprehensive performance. The following conclusions can be summarized.

• The incorporation of steel slag elevates the residual Marshall stability (RMS), tensile
strength ratio (TSR) and diminishes the Cantabro spatter loss of RAM, endowing its
superior moisture susceptibility than basalt RAM. Steel slag RAM involving 50% RAP
dosage demonstrates a RMS of 90.5%, TSR of 89.3% and spatter loss of 5.5%, which
remains at a high level;
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• Steel slag RAM reveals larger dynamic stability and tensile strain in comparison to
basalt RAM, representing its better rutting resistance and low temperature cracking
resistance. The texture depth and BPN of steel slag RAM are 0.81 mm and 63, which
are higher than those of basalt RAM by 0.08 mm and 11, respectively;

• RAM with steel slag embodies the larger K value and higher fatigue life, representing
its superior fatigue performance compared with basalt RAM. All steel slag RAM do
not reach the stripping process and stripping inflection point, which exhibit the lower
rutting depth and creep slope than basalt RAM, resulting in preferable durability
under high temperature and water condition;

• An improved radar chart evaluation method is capable of quantitatively assessing
the discrepancies in the improvement effect of steel slag for RAM. Steel slag virgin
asphalt mixture possesses the largest comprehensive evaluation function (f) of 0.9710,
and the ascending RAP content diminishes the f value of steel slag RAM. Steel slag
RAM displays larger f value compared with basalt RAM under the same RAP dosage,
indicating its more desirable comprehensive road performance.

The above conclusions have verified that incorporating steel slag reinforces compre-
hensive road performance of recycled asphalt mixtures, which is conducive to promoting
environmental sustainability. Further study is essential to investigate the engineering
implementation and energy consumption of recycled asphalt mixtures involving steel slag.
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Abstract: To meet the needs of the road industry for maintenance operations, a new cement emulsified
bitumen mixture (CEBM) with early-strength, self-compacting, and room-temperature construction
characteristics was designed. The strength formation mechanism of CEBM was revealed with a
scanning electron microscope (SEM) and the surface free energy (SFE) theory. The mechanical
properties and road performance of the CEBM were investigated extensively. The results show that
before the demulsification of emulsified bitumen, the SFE of the bitumen–aggregate–water three-
phase system was reduced due to the replacement of the bitumen–aggregate interface with water.
The adhesion work between the emulsified bitumen and the aggregate is negative, which means the
adhesion between the emulsified bitumen and the aggregate will not occur spontaneously due to
the existence of water. The liquid emulsified bitumen improves the workability of the mixture and
ensures that the mixture can be evenly mixed and self-compacted. After demulsification, the work of
adhesion between the residual bitumen and the aggregate is positive, which means residual bitumen
and aggregate can bond spontaneously. In addition, the hydration products of cement and aggregate
form a skeleton, and the emulsified bitumen film wraps and bonds the cement and aggregate together,
creating strength. The emulsified bitumen, cement content, and curing conditions have significant
effects on the stability of CEBM. The recommended dosage of emulsified bitumen and cement is 8%
and 8–10%, respectively. This material integrates the hardening effect of cement and the viscoelastic
performance of bitumen and has good workability, mechanical properties, and road performance.
Therefore, the CEBM is technically feasible for application to bitumen pavement.

Keywords: bitumen/cement composite mixture; strength formation mechanism; early-strength;
self-compacted; mixture performance

1. Introduction

Due to the increase in the traffic volume and heavy load of the service process of as-
phalt pavement [1], a series of distresses such as high-temperature rutting, low-temperature
cracking, fatigue cracking, and water damage gradually appear in the asphalt pavement,
which significantly reduces the service level of asphalt pavement [2,3]. In addition, the
mileage of the roads needing maintenance also increases rapidly year by year. The pot-
hole and grooves of asphalt pavement are the main distressed types of asphalt pavement.
Water damage, looseness, spalling, cracks, and other distresses of asphalt pavement may
evolve into potholes and grooves of asphalt pavement as well [4,5]. These damages will
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significantly reduce the service level of asphalt pavement and affect the driving comfort
and safety of asphalt pavement [6]. If they are not repaired in time, these distresses will
develop rapidly under the comprehensive actions of traffic load and water, resulting in an
increase in maintenance costs and seriously endangering driving safety [7,8]. Therefore, to
meet the needs of the road industry for maintenance operations, it is of great significance
to develop fast-setting and environment-friendly road maintenance materials.

The traditional repair materials for the potholes in asphalt pavement include hot-
mix asphalt mixture (HMA) and cold-mix asphalt mixture (CMA) [9,10]. HMA has a
great road performance and long life. However, the aggregate and bitumen need to be
heated during the construction of asphalt pavement in processes such as hot mixing,
hot paving, and hot compaction. After paving, asphalt pavement needs to be rolled by
compaction machines, which is not only extremely inconvenient but also entails high labor
costs and a slow construction speed. Therefore, the construction and production of HMA
requires a lot of fuel and results in the emission of a amounts of greenhouse gases [11,12].
The fuel cost accounts for 15% of the total cost of HMA [13,14]. In addition, the high
temperature will accelerate the release rate of volatile organic compounds in the asphalt
mixture [15], which causes a great deal of harm to the environment and construction
workers. On the other hand, the CMA [16,17] needs only simple mixing techniques. It
requires the heating of the aggregate and bitumen during construction. However, it still
needs to be compacted after paving, and the strength formation rate of CMA is slow,
so the road performance of CMA is not as good as that of HMA. Based on the above
analysis, the HMA has performance advantages, and the CMA has construction technology
advantages, but they also have disadvantages. The cold-mixed cement/emulsified asphalt
mixture can repair the potholes of asphalt pavement quickly and conveniently, which
has both the advantages of the rigidity of cement concrete and the flexibility of asphalt
mixture [18,19]. Compared with ordinary asphalt mixture, the cement/emulsified asphalt
mixture can save a lot of energy, which is good for energy conservation and emission
reduction [20]. However, the cement/emulsified asphalt mixture requires a certain amount
of time to demulsify and hydrate. It also needs time for curing, which will prolong
the construction period and affect traffic [21]; moreover, the fatigue and water damage
resistance of cement/emulsified asphalt mixture is not good [22,23], which also limits
the wide application of cement/emulsified asphalt mixture [24]. Furthermore, the above
mixtures are not self-compacting, and all of them are required to be compacted after the
paving [25], which virtually makes the operation and construction harder.

Many scholars have studied the strength formation mechanism of cement emulsified
asphalt mixture. Anmar [26–28] studied the influence of emulsified asphalt and cement
content on binary blended cement filler (BBCF), and the results showed that when the
emulsified asphalt content was 8% and the cement content increased from 0 to 4%, the
indirect tensile strength first increased and then decreased. When the cement content is
constant at 3% and the emulsified asphalt content increases from 6% to 9%, the indirect
tensile strength, compressive strength, and elastic modulus first increase and then decrease.
The depth of the BBCF rutting test is about 1–2 mm. Mechanism research shows that the
strength of cement emulsified asphalt mainly comes from two parts: hydration products
formed by the hydration of cement and the demulsification of emulsified asphalt [23,26].
With the increase in the cement dosage, the number of hydration products increases
correspondingly, especially in the immersion Marshall test, where the samples are tested
in a water bath environment to ensure that the cement particles have enough water for
hydration. Therefore, the Marshall stability value of the repair material increases with the
increase of the cement dosage [28]. When the amount of emulsified asphalt is constant, with
the increase in the cement content, the compressive strength of the repair material sample
increases [29]. There are three main reasons: the increase in cement dosage is equivalent to
the decrease in the water-binder ratio, so it has a positive effect on the strength of repair
the materials [30]; the quantity of cement hydration products increases with the increase
of cement dosage, so the strength of the repair materials increases accordingly [31]; the
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process of increasing the cement consumption consumes more free water and increases the
demulsification process of emulsified asphalt, which is more conducive to the formation
of the spatial network structure of emulsified asphalt-hydration products, thus providing
strength for the repair materials [32]. However, the early strength development in the
cement emulsified asphalt mixture presently studied is relatively slow, and it is not suitable
for the roads that need to be repaired quickly, on the spot, and opened to traffic in a short
time, such as earthquake-resistant roads, military roads, etc. Particularly, the repaired
pavement is damaged again under the coupling action of rain and vehicle loads, which
seriously affects the road capacity [33]. In addition, there is a lack of systematic research on
cement emulsified asphalt mixture.

To compensate for the disadvantages of the above conventional materials in terms
of construction technology, economy, environmental protection, and road performance,
the use of a new bitumen/cement composite stabilized mixture with early-strength, self-
compacting, and room-temperature construction characteristics (CEBM) for road mainte-
nance is proposed, which may have adequate applications for repairing potholes in the
asphalt pavement quickly and conveniently. Using sulphoaluminate fast-hardening cement
and emulsified bitumen as the composite binders for CEBM can not only achieve the
rigidity [34] enabled by cement but also meet the load-bearing capacity and improve high-
temperature anti-rutting. The bitumen also has the flexibility [35] to meet the requirements
of low-temperature cracking resistance and medium-temperature fatigue resistance [36].
It can be mixed under room temperature conditions to fill and repair potholes in asphalt
pavement. The aggregate gradation is determined according to Gussasphalt concrete,
commonly used for steel bridge deck pavement, which has a large ratio of bituminous
material [37]. This mixture is self-compacting [38], so it is no need to compact during the
construction [39]. At the same time, sulfoaluminate fast-hardening cement can quickly
develop strength [40], Which is beneficial to quickly repair the road.

The surface micromorphology and interface energy of CEBM were studied through
scanning electron microscopy (SEM) and surface energy theory, which can be used to reveal
the strength formation mechanism of CEBM. The influences of the emulsified bitumen
dosage, cement dosage, curing time, and other factors on the strength of CEBM were
investigated to determine the design and preparation parameters of CEBM. In addition, the
road performance properties, such as high-temperature rutting, low-temperature cracking,
and water damage resistances of CEBM are also studied.

2. Materials and Experimental Methods
2.1. Materials
2.1.1. Emulsified Bitumen

The emulsified bitumen that was used was cationic modified emulsified bitumen
(BCR). BCR is prepared by emulsifying SBS modified bitumen. To prevent the segregation
of the BCR, it should be stirred evenly before using and testing. The indicator test results
are shown in Table 1.

Table 1. Technical properties of emulsified bitumen.

Test Item Unit Results Requirements Experimental Method

Demulsification speed – Slow crack Slow crack JTG E20-2011 T0658
Particle charge – + + JTG E20-2011 T0653

Evaporation residual degree % 58.6 ≥55 JTG E20-2011 T0651
Penetration of evaporated residue bitumen (25 ◦C) 0.1 mm 56 45–150 JTG E20-2011 T0604

Ductility of evaporated residue bitumen (15 ◦C) cm 45.5 ≥40 JTG E20-2011 T0606
Softening point of evaporated residue bitumen ◦C 49.4 – JTG E20-2011 T0605

Normal temperature storage stability 1 d
%

0.47 ≤1
JTG E20-2011 T06555 d 2.17 ≤5
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2.1.2. Cement

Cement that was used was sulphoaluminate fast-hardening and high-strength cement
(SFHC). For comparison, the specific indicators of the SFHC and commonly used Portland
cement (PO42.5) silicate cement are shown in Table 2. The technical performance of the
SFHC met the technical requirements of Specification for Design of Highway Cement
Concrete Pavement (JTG D40-2011).

Table 2. Technical properties of SFHC and PO42.5 silicate cement.

Cement Specific Surface
Area (m2/kg)

Setting Time (min) Compressive Strength (MPa) Flexural Strength (MPa)

Initial
Setting

Final
Setting 1 Day 3 Days 28 Days 1 Day 3 Days 28 Days

SFHC 431 15 31 30 41.2 52.1 3.2 4.1 7.3
PO42.5 silicate cement 396 175 235 8 27.5 49 1.3 5.5 8.0

2.1.3. Aggregates and Fillers

The coarse and fine aggregates that were used comprised crushed limestone. The
particle size of the coarse aggregate is ≥2.36 mm, while that of the fine aggregate is
0.075–2.36 mm. The filler that was used was the mineral powder ground from the limestone;
the results of its technical properties are shown in Tables 3–5.

Table 3. Technical properties of coarse aggregate.

Parameters Unit Results Requirements Experimental Method

Stone crushing value % 23.2 ≤28 JTG E42-2005 T0316
Needle flake content % 8.2 ≤15 JTG E42-2005 T0312

Los Angeles wear value % 15 ≤28 JTG E42-2005 T0317
Water absorption % 0.9 ≤2.0 JTG E42-2005 T0308

Apparent specific gravity – 2.667 ≥2.6 JTG E42-2005 T0605

Table 4. Technical properties of fine aggregate.

Parameters Unit Results Requirements Experimental Method

Sediment percentage % 2 ≤3 JTG E42-2005 T0335
Sand equivalent % 63 ≥60 JTG E42-2005 T0334

Angularity (flow time method) s 45 ≥30 JTG E42-2005 T0345
Apparent specific gravity – 2.650 ≥2.5 JTG E42-2005 T0328

Table 5. Technical properties of filler.

Parameters Unit Results Requirements Experimental Method

Apparent specific gravity – 2.612 ≥2.5 JTG E42-2005 T0352

Particle size range (%)
<0.6 mm 100 100

JTG E42-2005 T0351<0.15 mm 92.4 90–100
<0.075 mm 86.3 75–100

Plasticity coefficient – 3.5 <4 JTG E42-2005 T0354
Hydrophilic coefficient – 0.82 <1 JTG E42-2005 T0353

2.2. Mixture Gradation

Gussasphalt concrete is a kind of asphalt mixture with high asphalt content, high min-
eral powder content, and a void ratio of less than 1%, which is mixed at high temperature
(220~260 ◦C) and paved by the fluidity of the mixture itself without rolling. The CEBM has
great flowability with a self-compaction property after paving, it has high bitumen and
high mineral powder content, and the gradation of CEBM is similar to that of Gussasphalt
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concrete. The gradation range of Gussasphalt concretes varies among different countries.
The gradation of CEBM was selected from the range intersection of Gussasphalt concrete in
China, Germany, and the EU [41]. The aggregate composite gradation is shown in Figure 1.
Table 6 is the proportion of each mineral aggregate. The cement is used to replace the
part of the mineral powder in equal volume, and the sum of cement and mineral powder
accounts for 24% the weight of the mineral aggregates. The emulsified bitumen content
is measured in the weight of aggregates, and its proportion is calculated with the residue
bitumen after demulsification.
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Figure 1. Gradation curve.

Table 6. Grading and proportion of mineral materials.

Aggregate 10–15 mm 5–10 mm 3–5 mm 0–3 mm Filler

Proportion 4% 12% 32% 28% 24%

2.3. Mechanism Characterization Test
2.3.1. Surface Micro-Morphology Testing (SEM)

A Scanning Electron Microscope (SEM, JSW-5510LV) was applied to investigate the
surface micro-morphology of CEBM, and the test voltage was 15 mv. The sample was
collected from the middle of the CEBM specimen, cured for 24 h, and dried in an oven at
45 ◦C. Then, a gold spraying treatment was conducted on the surface of the sample, to
ensure the sample conduction. The sample was placed on the sample table of SEM for
detection.

2.3.2. Surface Free Energy Measurements

The surface free energy (SFE) of the residual bitumen from the emulsified bitumen, 70#
base bitumen, styrene-butadiene-styrene (SBS) modified bitumen, limestone aggregate, and
cement concrete were tested. For the preparation of the bitumen sample, the bitumen was
dropped on a glass slide and placed horizontally in an oven at 150 ± 5 ◦C for 3 min to level
the bitumen surface. Then, it was naturally cooled in a dust-free and dry environment for
6 h. The heated and liquified bitumen were spread onto a dried heat-resistant microscope
slide to form a homogeneous film. The bitumen specimen is shown in Figure 2a. For the
aggregate and cement specimen, limestone rock and 7 d cured cement block were cut into
50 mm × 50 mm × 5 mm and a polishing treatment of their surfaces was performed to
obtain a smooth specimen. The specimen is shown in Figure 2b.
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Figure 2. Contact angle test of bitumen and cement mortar. ((a) The bitumen specimen; (b) limestone
rock specimen).

The bitumen (film), limestone, and cement concrete were tested using three liquids
with known SFE parameters, namely distilled water, ethylene glycol, and glycerol, re-
spectively. The distilled water, ethylene glycol, and glycerol were used to measure the
contact angle; the surface free energy parameters of these three kinds of liquid are shown in
Table 7. The pendant-drop method was applied and the contact angle was measured with a
contact angle tester, as shown in Figure 3, the test temperature was 25 ◦C. The experiment
was carried out using an SDC-100 contact angle device that was sourced from Dongguan
Dingsheng Precision Instrument Co., Ltd.

Table 7. SFE parameters of test liquid (25 ◦C, mJ/m2).

Reagent SFE
(γL)

Dispersion
Component(

γd
L
)

Polarity
Component(

γ
p
L
)

SFE
Acidity

Pa-rameter(
γ+

L
)

SFE
Alkalinity
Parameter(

γ−
L
)

Distilled water 72.8 21.8 51.0 25.5 25.5
Ethylene glycol 48.3 29.3 19.0 3.0 30.1

Glycerol 64.0 34.0 30.0 3.92 57.4

2.4. Manufacturing of CEBM

CEBM adopts a Gussasphalt concrete gradation, based on a C/EB formula system
with high asphalt content, high mineral powder (including cement) content, and a small
amount of water, which grants it great flowability. Using its great flowability “pouring,
leveling, and compacting”, it can form a uniform pavement with high density and low
voids without rolling.

Firstly, Gussasphalt concrete gradation was adopted to ensure that the air voids of
the molding mixture sample were less than 1%. The emulsified bitumen, cement, water,
aggregate, and mineral powder were measured according to the proportion ratio of CEBM.
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In addition, the water-cement ratio was determined to be 0.5:1 [18]. The Additional water
quantity of CEBM was then calculated according to Equation (1).

CW = Rw/cCC − (1 − CBr)CB (1)

where CW is the additional water content in CEBM, Rw/c is the water-cement ratio, CC is the
cement content in CEBM, CB is the emulsified bitumen content in CEBM, and CBr is the
evaporation residue of the emulsified bitumen.
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Then, the aggregates were mixed in dry conditions for an even mixture; the designed
amount of water was sprayed to the uniformly mixed aggregate, it was stirred quickly
and evenly, thus granting the mixture the desired flowability, and flowability experiment’s
outflow time was less than 20 s (JTG/T3364-02—2019). The mixture was conditioned
at room temperature (25 ◦C) for curing for more than 24 h. The molding process and
specimens of CEBM are shown in Figure 4. The Volume parameters of CEBM are shown in
Table 8.
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Table 8. Volume parameter of CEBM.

Volume Parameter
Emulsified Bitumen Contents (%)

8 10 12

Bulk specific gravity 2.594 2.589 2.581
Theoretical maximum density 2.610 2.605 2.599

Air voids (%) 0.61 0.61 0.69

2.5. Experimental Methods
2.5.1. Mechanical Property Test of CEBM

The Marshall stability of the Marshall specimen with different cement and emulsified
bitumen contents and the curing time were detected to investigate the influential parameters
of the mechanical property test of CEBM. Each group had 8 specimens, 4 of which were
conditional and 4 were non-conditional. After curing them at 25 ◦C for 6 h, 12 h, and 24 h,
respectively, the Marshall stability of CEBM was tested under the drying and bath water
conditions of 25 ◦C and 60 ◦C, respectively.

2.5.2. Wheel Track Test of CEBM

The size of the rutting specimen of CEBM was 300 mm × 300 mm × 50 mm, and the
specimens were cured at 25 ◦C for 24 h and 72 h (Complete curing). Before the test, the
samples were placed in the rutting instrument for more than 5 h to maintain a constant
temperature, and the test temperature, wheel loading, and rate were 60 ◦C, 0.7 MPa, and
42 times/min, respectively.

2.5.3. Low-Temperature Bending Test of CEBM

The Universal testing machine (UTM-100) was used for testing the low-temperature
crack resistance of CEBM. The specimen size was 250 mm × 30 mm × 35 mm. Each group
had 3 specimens. The test temperature was −10 ◦C, the span of the beam was 200 mm, and
the loading rate was 50 mm/min. The schematic diagram is shown in Figure 5.
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2.5.4. Water Sensitivity Test of CEBM

The immersion Marshall stability test and the freeze-thaw splitting test were conducted
according to the criteria of the “Standard Test Method of Bitumen and Bituminous Mixtures
for Highway Engineering” JTG E20-2011. Each group had 8 specimens, 4 of which were
conditional and 4 were non-conditional, which were used to test the water stability of
CEBM with different cement and emulsified bitumen contents.

2.6. Test Flow Chart

The test flow chart is shown in Figure 6.
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3. Experimental Results and Discussion
3.1. Analysis of Surface Morphology and Surface Energy
3.1.1. Surface Micro-Morphology of CEBM

Cement and emulsified bitumen were used as the composite binders in the CEBM.
A SEM was used to observe the micro-morphology of CEBM cured for 24 h. The 1500×,
3000×, 5000×, and 8000× magnified figures of the sample are shown in Figure 6. The
hydration products of cement mainly include acicular and reticulated hydrated calcium
silicate (C-S-H), flaky calcium hydroxide (C-H), and columnar ettringite (C-A-S-H) [43,44].
In Figure 7a,b, there are many micropores in the CEBM, which are the air voids where water
evaporates from the demulsification of emulsified bitumen. In Figure 7c, the flake calcium
hydroxide is well wrapped by the demulsified bitumen. From Figure 7c,d, the hydration
products of cement that can be observed are uniformly distributed in the demulsified
bitumen. And the circular hydrated calcium silicate, columnar ettringite, and flaky calcium
hydroxide can be clearly observed in the CEBM [18,21]. In Figure 7d, the emulsified bitumen
forms a film after demulsification and wraps the surface of the aggregate, mineral powder,
and cement concrete, and the hydration products of cement are also evenly distributed in
the CEBM. The hydration products can pierce the bitumen film and smooth areas, and form
bonds with other hydration products or the aggregate surface. The bitumen and cement
composite bind the aggregate and mineral power together [45].

On the one hand, water and liquid emulsified bitumen can significantly increase the
flowability of the CEBM, so it can mix at room temperature and has the advantage of
self-compaction. On the other hand, the cementitious phase in the CEBM was dispersed
within the emulsified bitumen. The cement hydration consumed a portion of the water
that occupies the micro air void spaces between the emulsified bitumen and aggregate,
which had a stiffening effect on emulsified bitumen [43,46]. The hydration products of
the aggregate and cement, the skeleton function of the cement, and the encapsulation and
adhesion function of the emulsified bitumen complement each other, and together with the
hydration products of cement interweave with demulsified bitumen to enhance the overall
stability and form the strength of CEBM.
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3.1.2. Surface Free Energy Analysis of CEBM

In the SFE theory, the surface tension of matter is composed of the Lifshitz-Van Der
Waals interaction (γd) and the Lewis acid-base interaction (γ+/−) [47,48]. The contact
angles of distilled water, glycol, and glycerol titration on the surfaces of bitumen, aggre-
gate, and cement blocks were measured to calculate their surface energy. The surface
energy parameters of the bitumen and aggregate were calculated by Young’s Equations
(2)–(4) [47,49]. Via substitution into Young’s equation, the three unknowns (γd, γ+, γ−)
were solved simultaneously. The results are shown in Table 9.

γL
1 + cos θ

2
=
√

γd
Sγd

L +
√

γ+
S γ−

L +
√

γ−
S γ+

L (2)

γL = γd + γ
p
L (3)

γ
p
L = 2

√
γ+

L γ−
L (4)

where γd
S, γ+

S , γ−
S represent the dispersion component, Lewis acid number, and Lewis base

number of the tested solid, respectively; γL, γd
L, γ+

L , γ−
L express the surface free energy,

dispersion component, Lewis acid number, and Lewis base number of the test liquor,
respectively.
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Table 9. SFE parameters of bitumen and aggregate (25 ◦C, mJ/m2).

Reagent SFE
(γL)

Dispersion
Component(

γd
L
)

Polarity
Component(

γ
p
L
)

SFE
Acidity Parameter(

γ+
L
)

SFE
Alkalinity Parameter(

γ−
L
)

demulsification bitumen 21.43 18.65 2.78 0.114 17.013
70# bitumen 20.02 19.88 0.14 0.001 6.557

SBS modified bitumen 17.71 13.17 4.54 1.859 2.770
Limestone aggregate 71.52 37.33 34.18 4.036 72.369

Cement block 205.11 125.95 79.16 74.786 20.947

Adhesion work refers to the work performed when separating the two phases that
contact (adhere to) each other on two new surfaces. The adhesion work >0 indicates that the
adhesion process can proceed spontaneously. The adhesion process between the residual
bitumen of the emulsified bitumen and aggregate can be explained by SFE theory, and
SFE can calculate the adhesion work between the bitumen and aggregate. The cohesive
work of the same (single-phase) substance was computed using Equation (5); the interface
between the two substances (two-phase) can be calculated according to Equation (6) [48,50].
However, The volatilization of water and hydration of cement are the main reasons for
the rapid strength formation of CEBM. Therefore, it is necessary to study the adhesion
work between the emulsified bitumen, the cement block, and the aggregate before and
after the demulsification of the emulsified bitumen. According to the surface energy theory,
before bitumen demulsification, water, bitumen, and aggregate coexist, and the adhesion
work Wbsw of the three-phase system of water, bitumen, and aggregate is calculated by the
Equation (7) [51].

γii = 2γi = 2
(

γd
i + γ

p
i

)
(5)

γij = 2(
√

γd
i γd

j +
√

γ+
i γ−

j +
√

γ−
i γ+

j ) (6)

Wbsw = γbs + γww − γbw − γsw (7)

where γii is the cohesive work of the same substance; γij is the interface energy of two
substances; Wbsw is the adhesion work of the water, bitumen, and aggregate three-phase
system before demulsification; γbs, γbw, γsw represent the adhesion work between the
bitumen and aggregate, bitumen and water, and aggregate and water, respectively; γww
is the cohesive force between water and water; and γd

i , γ+
i , γ−

i represent the dispersion
component, Lewis acid, and base number (i and j are the b, s, and w; the b, s, and w represent
bitumen, aggregate, and water, respectively).

The adhesion work of bitumen towards the aggregate and cement mortar block was
calculated by substituting the parameters in Table 9. The adhesion work >0 indicates
that the adhesion process can proceed spontaneously. The results are shown in Figure 8.
Before demulsification, the SFE of the bitumen–aggregate–water three-phase system was
reduced due to the existence of water in the bitumen–aggregate interface. The adhesion
work between the emulsified bitumen and aggregate is negative, and the adhesion between
emulsified bitumen and aggregate may not happen spontaneously due to the existence
of water. Therefore, the liquid emulsified bitumen can improve the workability of the
mixture and ensures that the mixture can be evenly mixed and self-compacted. The
adhesion work of the emulsified bitumen with the limestone aggregate and cement mortar
before demulsification is −129.97 mJ/m2 and −108.80 mJ/m2, that is, the surface free
energy changes are 129.97 mJ/m2 and 108.80 mJ/m2, which shows that the adhesion of
the emulsified bitumen with limestone aggregate and cement mortar cannot occur without
other physicochemical effects.
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Figure 8. Bitumen-aggregate interface adhesion work.

After demulsification, the adhesion work between the residual bitumen and aggregate
is positive, and the residual bitumen and aggregate can bond spontaneously. The demul-
sification film of bitumen further wraps and adheres to the aggregate, and establishes a
spatial network structure in the mixture, thus forming strength. After the demulsification
of emulsified bitumen, the adhesion work between 70# bitumen and SBS modified bitumen
with the aggregate is positive, which means the change of surface free energy is negative,
indicating that their adhesion is spontaneous and can be bonded without external work.
In addition, after the demulsification of the emulsified bitumen, the adhesion work of
emulsified bitumen towards the limestone and cement mortar block is 75.09 mJ/m2 and
171.36 mJ/m2, respectively; the adhesion work of 70# bitumen towards the limestone
and cement mortar block is 65.24 mJ/m2 and 144.61 mJ/m2, respectively; and the adhe-
sion work of SBS modified bitumen towards the limestone and cement mortar block is
74.24 mJ/m2 and 122.73 mJ/m2, respectively. The adhesion work of emulsified bitumen
after demulsification towards limestone is 15.1% and 1.1% higher than that of 70# bitumen
and SBS modified bitumen, and the adhesion work of emulsified bitumen after demulsifi-
cation towards cement mortar is 18.5% and 39.6% higher than that of 70# bitumen and SBS
modified bitumen. The results show that the adhesion work of emulsified bitumen after
demulsification with limestone and cement mortar is higher than that of 70# bitumen and
SBS modified bitumen, which can ensure that the CEBM possesses good water damage
resistance.

3.2. Influence Factors of Mechanical Performance of CEBM
3.2.1. Influence of Cement and Emulsified Bitumen Content on Mechanical Performance
of CEBM

The Marshall specimens are prepared with 8% and 10% emulsified bitumen and 8%,
10%, and 12% sulphoaluminate cement. The flowability of CEBM with different cement
and emulsified bitumen contents is shown in Table 10, and the test results of its Marshall
stability are shown in Figure 9. In Figure 9, the Marshall stability of CEBM increases
with the increase of the emulsified bitumen (8–12%) and cement (8–12%) contents; when
the cement content is 12%, no large difference is observed for the Marshall stabilities of
CEBM with 8% and 10% emulsified bitumen content. The CEBM with 12% cement and 8%
emulsified bitumen has the largest Marshall stability of 10.88 kN, while with 8% cement
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and 8% emulsified bitumen, it has the lowest stability (8.26 kN). However, it still satisfies
the requirement of the Marshall stability of HMA (≥8 kN).

Table 10. Flowability of CEBM with different cement and emulsified bitumen contents.

Emulsified Bitumen
Flowability of Different Cement Content (s)

8% 10% 12%

8% BCR 18.2 19.6 22.1
10% BCR 16.4 18.6 20.2
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Figure 9. Marshall stability of CEBM with different cement and emulsified bitumen contents.

The hydration of cement makes use of the free water produced by the demulsification
of emulsified bitumen, which accelerates the demulsification of bitumen [16,44]. Emulsified
bitumen residues and cement hydration products are the composite binders of the CEBM,
which explains why the strength of the mixture increases gradually with the increase of the
cement content. For emulsified bitumen, the free water produced by demulsification not
only promotes the hydration reaction of cement but also enables the mixture to have great
flowability and self-compacting characteristics [45,47]. With the increase of the emulsified
bitumen content, the flowability of the mixture is enhanced. However, with the further
increase of the emulsified bitumen content, both the free bitumen and free water content
will increase [52,53] such that the 12% cement content may increase the free water content
and free bitumen content, and the free water will produce the air void in the CEBM after its
evaporation; therefore, the free bitumen act as the lubricant between the aggregates and
cement concrete, thereby reducing the mechanical performance of CEBM.

3.2.2. Curing Time Effect on the Mechanical Performance of CEBM

The strengths of the CEBM with 8% emulsified bitumen and 8% and 10% cement
are tested after 6 h, 12 h, and 24 h curing, respectively, and the test results are shown in
Figure 10. Figure 10 shows that the Marshall stability of CEBM increases continuously with
the increase of the curing time (0–24 h). In detail, the Marshall stability of CEBM with 8%
BCR and 10% cement after 24 h curing is 68.1% and 167.7% higher than that of CEBM after
12 h and 6 h curing. When the curing time is 6 h, the Marshall stability of the CEBM with
8% emulsified bitumen and 10% cement is 3.44 kN, which satisfies the requirement of the
Marshall stability CMA (≥3 kN). After 24 h curing, the Marshall stability of the CEBM
meets the requirements of HMA (≥8 kN); therefore, it has a good early-strength property.
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Figure 10. Marshall stability of CEBM after 6 h, 12 h, and 24 h curing times.

3.2.3. Test Conditions Effect on Mechanical Performance of CEBM

The mechanical performance of CEBM was tested under different test conditions,
such as 25 ◦C drying, a 25 ◦C water bath, and a 60 ◦C water bath, to investigate the test
condition’s effect on the mechanical performance of CEBM. The results are similar to
Figure 11. From Figure 11, the CEBM shows the highest Marshall stability under the 25 ◦C
drying. After the 25 ◦C water bath, the stability decreased slightly, and the stability of the
CEBM with 8% BCR + 8% cement and 8% BCR + 10% cement cured for 6 h decreased by
7.9% and 3.1%, respectively, while the stability of the CEBM with 8% BCR + 8% cement
and 8% BCR + 10% cement cured for 24 h decreased by 2.4% and 9.6%, respectively. After
the 60 ◦C water bath, the stability of CEBM decreases more obviously. The changing trend
of the stability of CEBM under different test conditions is consistent.
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3.3. Mixture Performance Test of CEBM
3.3.1. High Temperature Stability of CEBM

The rutting resistance of the mixture cured for 24 h and 72 h was studied by a wheel
track test. The results are shown in Figures 12 and 13. From Figure 12, with the increase of
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the loading cycles, the cumulative deformation (rutting depth) of the mixture gradually
increases, and the rutting depth growth rate of the CEBM cured for 72 h is lower than that
of the CEBM cured for 24 h. Under conditions with the same number of loading cycles,
the rutting depth of the CEBM with 72 h of curing time is much lower than that of the
CEBM with 24 h of curing time. When the loading time is 45 min and 60 min, the rutting
depth of the CEBM cured for 72 h is 0.167 mm and 0.173 mm, respectively, and for 24 h is
0.272 mm and 0.308 mm, respectively. The rutting depth of CEBM cured for 72 h is 62.87%
and 78.03% less than that of maintenance for 24 h. The maximum rutting depth of CEBM is
0.3 mm, which is far less than the existing 1–2 mm rutting depth of the cement emulsified
bitumen [27]. From Figure 13, after curing for 24 h, the dynamic stability (DS) of CEBM
is 18,333 times/mm, and for 72 h, it is 63,000 times/mm, which is much higher than the
requirement of HMA, indicating that due to the high strength offered by the cement, the
high-temperature stability of CEBM is very good.
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3.3.2. Low-Temperature Crack Resistance of CEBM

The low-temperature bending test was conducted to evaluate the low-temperature
crack resistance of CEBM. The results are shown in Figure 14 and Table 11. The maximum
bending tensile strain of ordinary cement emulsified bitumen mixture trabecula is about
2100 µε, and the bending stiffness modulus is about 1800 MPa [28]. According to Figure 14,
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the maximum failure loading of CEBM is 0.46 kN, and the corresponding mid-span deflec-
tion is 0.52 mm. From Table 11, the bending tensile strength of the trabeculae is 4.28 MPa.
Compared with ordinary cement emulsified bitumen mixture, the maximum bending
tensile strain of CEBM increases by 19.19%., and the bending stiffness modulus decreases
by 4.98%. The Low-temperature performance has been improved to some extent. Although
there is no technical requirement for the failure strain in the low-temperature bending
test of CMA, the maximum flexural tensile strain of CEBM still meets the requirement of
China’s criterion (JTG D50-2017) that the flexural strain of the HMA should be greater than
2000µε. This performance is improvement due to the existence of the emulsified bitumen,
which can provide flexibility for CEBM and improve the Low-temperature crack resistance
of CEBM.
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Table 11. Low temperature bending test results.

Mixture Mid-Span Deflection
(mm)

Bending Tensile
Strength (MPa)

Bending Tensile
Strain (µε)

Bending Stiffness
Modulus (MPa)

CEBM 0.52 4.28 2503.08 1710.21

3.3.3. Water sensitivity of CEBM

(1) Immersion Marshall test

The results of the water immersion Marshall test of CEBM at 25 ◦C and 60 ◦C are
shown in Table 12. According to Table 12, the Marshall stabilities of CEBM both before
and after water immersion are higher than 8 kN (the HMA requirement), and the residual
Marshall stability of CEBM after water immersion increases at first and then decreases
with the increase of the cement content. The water-immersed residual stability (IRS) of
ordinary cement emulsified bitumen mixture is 85.3% [28]. The IRS of CEBM is shown in
Figure 15. The 25 ◦C water immersion-conditioned CEBM with 8% BCR and 8% cement has
the smallest IRS value of 92.4%, and the 60 ◦C IRS of CEBM with 8% BCR and 10% cement
has the smallest IRS of 130.3%. The 25 ◦C IRS of CEBM increases with the increase of
cement content, while the 60 ◦C IRS of CEBM initially increases and then decreases with the
increase of the cement content, and reaches the maximum value at 10% cement content. All
of the IRS values of CEBM are greater than ordinary cement emulsified bitumen mixture,
which is obviously better than the requirements of higher than 80%.
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Table 12. Marshall stabilities of CEBM with and without water immersion.

Emulsified Bitumen
and Cement Content

Marshall Stability (25 ◦C) Marshall Stability (60 ◦C)

Unconditioned Group
(kN)

Conditioned Group
(kN)

Unconditioned Group
(kN)

Conditioned Group
(kN)

8% BCR + 8% cement 10.12 9.35 8.26 8.35
8% BCR + 10% cement 14.01 15.70 8.71 11.35
8% BCR + 12% cement 13.85 16.52 10.88 12.30
10% BCR + 8% cement 9.56 9.34 8.68 8.54
10% BCR + 10% cement 12.26 14.68 9.93 11.50
10% BCR + 12% cement 13.64 16.62 10.50 11.89
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Figure 15. Water-immersed residual stability (IRS) of CEBM.

(2) Freeze-thaw splitting test

The results of the freeze-thaw indirect tensile strength test are shown in Figure 16.
According to Figure 16, the freeze-thaw indirect tensile strength ratio (TSR) of the CEBM
with 10% BCR and 8% cement content is the smallest value, which is 83.3%, and the TSR
value of the CEBM with 8% BCR and 12% cement content is the highest, which is 105.3%.
The TSR of the mixture increases with the increase of the cement content. Since the splitting
strength of the conditional group in the freeze-thaw splitting test is about 0.4 MPa, the
TSR increases with the decrease of the splitting strength of the unconditional group. This
explains why with the increase in the cement content, although the TSR increases, its
splitting strength also decreases. In addition, all of the TSR values of the above CEBMs
meet the requirements of higher than 75%. Therefore, the CEBM has good water stability.
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Figure 16. Splitting strength and freeze-thaw splitting ratio of CEBM.

4. Conclusions

The SEM and surface energy theory of the CEBM were studied using modern testing
technology, and the strength formation mechanism of CEBM was revealed. The influence
of the emulsified bitumen, the cement dosage, and the curing time on the strength of CEBM
was studied. In addition, the road performance of CEBM is evaluated by road performance
tests. The following conclusions were obtained.

(1) Before demulsification, the SFE of the bitumen–aggregate–water three-phase system
was reduced due to the replacement of the bitumen–aggregate interface with water. The
adhesion work between the emulsified bitumen and aggregate is negative, and the adhesion
between the emulsified bitumen and aggregate may not happen spontaneously due to the
existence of water. Meanwhile, water exists in bitumen and aggregate, which improves
the workability of CEBM and ensures its uniform mixing and self-compacting. After
demulsification, the adhesion work between the residual bitumen and aggregate is positive,
and the residual bitumen and aggregate can bond spontaneously. The free water produced
by the demulsification of bitumen reacts with the cement, the hydration products of
cement form a skeleton in aggregate, and the demulsified bitumen further encapsulates
the aggregate and cement and bonds them together. The skeleton of the cement and the
adhesion of bitumen complement each other, and establish a spatial network structure in
the CEBM, thus forming high strength.

(2) The emulsified bitumen content, cement content, and curing conditions have
significant effects on the mechanical stability of CEBM. When the cement content is 12%
and the emulsified bitumen content is 8%, the CEBM has the maximum Marshall stability
of 10.88 kN; when the cement content is 8% and the emulsified bitumen content is 8%, the
CEBM has the maximum Marshall stability of 8.26 kN. All of these values are even higher
than the requirement for the hot mix bitumen mixture (≥8 kN). In addition, when the
curing time is 6 h, all the Marshall stabilities of CEBM can reach the stability requirement
of CMA (≥3 kN).

(3) Due to the hardening effect of cement, the CEBM has an excellent rutting resistance
at high temperatures, and the dynamic stability is 18,333 times/mm cured for 24 h. On the
other hand, due to the viscoelasticity of bitumen, the maximum flexural-tensile strain at
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low temperature is 2503 µε, which even meets the requirement of the flexural-tensile strain
of hot mix bitumen mixture (≥2000 µε). The water immersion residue is higher than 110%
with 10% cement, and the TSR is higher than 85%, indicating the CEBM has good water
stability.

(4) CEBM has good working and mechanical properties; therefore, it is technically
feasible to use CEBM as a new material for road construction and maintenance. For
comprehensive economic considerations, the recommended dosage of CEBM emulsified
bitumen is 8%, and that of cement is 8–10%. The cement dosage can be determined
according to the relevant engineering requirements.
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Abstract: Temperature segregation during the paving of asphalt pavements is one of the causes of
asphalt pavement distress. Therefore, controlling the paving temperature is crucial in the construction
of asphalt pavements. To quickly evaluate the road performance of asphalt mixtures during paving,
in this work, we used unmanned aerial vehicle infrared thermal imaging technology to monitor the
construction work. By analyzing the temperature distribution at the paving site, and conducting
laboratory tests, the relationship between the melt temperature, high-temperature stability, and
water stability of the asphalt mix was assessed. The results showed that the optimal temperature
measurement height for an unmanned aerial vehicle (UAV) with an infrared thermal imager was
7–8 m. By coring the representative temperature points on the construction site and then conducting
a Hamburg wheel tracking (HWT) test, the test results were verified through the laboratory test
results in order to establish a prediction model for the melt temperature and high-temperature
stability of y = 10.73e0.03x + 1415.78, where the predictive model for the melt temperature and water
was y = −19.18e−0.02x + 98.03. The results showed that using laboratory tests combined with UAV
infrared thermography could quickly and accurately predict the road performance of asphalt mixtures
during paving. We hope that more extensive evaluations of the roadworthiness of asphalt mixtures
using paving temperatures will provide reference recommendations in the future.

Keywords: infrared thermal imaging technology of an unmanned aerial vehicle (UAV); optimal tem-
perature measurement height; melt temperature threshold; molding temperature-road performance
prediction model

1. Introduction

With China’s rapid economic development and growing public demand for quality
travel, the country’s total road length reached 5,198,100 km by the end of 2020 [1]. Due
to the rapid development of China’s roads, the volume of traffic that must be carried on
these roads has also increased, leading to a significant increase in the occurrence of damage
to the road surface, resulting in travel inconveniences. Therefore, construction quality
control has become a significant issue for the durability of asphalt pavements [2]. One
reason for the various issues with asphalt pavements is the difficulty in controlling the
temperature of the asphalt mixture during the paving process [3], as the temperature of the
asphalt mixture must be strictly controlled during transportation and paving to prevent
temperature segregation in the asphalt pavement. Otherwise, the road performance of the
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asphalt pavement will be seriously affected [4]. Thus, an increasing number of researchers
have assessed the effects of paving temperatures on asphalt pavements.

In 1929, Czerny et al. [5] developed the first generation of thermal imaging cameras,
which introduced the idea of active infrared thermal imaging for non-destructive test-
ing, whereas Mahoney et al. [6,7] investigated the effects of various factors, such as the
temperature difference, the density of the compacted material, transport distance, paving
equipment, weather, and other variables, on the results of infrared thermography. In
addition, Han, Dongdong et al. [8] used infrared thermography to monitor the heating
process at the construction site of hot in-place recycling asphalt pavement to obtain the
optimal heating method and temperature threshold. Hiasa et al. [9] proposed a method
of data threshold analysis processing using infrared thermography, which was capable
of visually measuring the delaminated areas of concrete slabs. Ellenberg et al. [10] devel-
oped a new image processing algorithm to obtain spectral images using small infrared
reflections to help identify delamination, enabling the rapid identification of bridge deck
delamination locations and the detection of bridge deck distress. In their study of two
asphalt pavements with different aging conditions, Nishar et al. [11] used infrared spectral
region data to assess defects in asphalt pavements to distinguish newly paved asphalt
pavements from old asphalt pavements. Using infrared thermography on paving sites,
researchers such as Nevalainen [12] found that the long transport of asphalt mixes was
the leading cause of temperature segregation. Rahman et al. [13] used thermal imaging to
record the temperature changes at a construction site and suggested that a temperature
difference of 14 ◦C in the mix would result in an abnormal void fraction in asphalt pave-
ments. Javilla et al. [14] used wheel tracking tests on AC-13 and AC-20 asphalt mixtures
and concluded that the A/C index could provide a suitable indirect assessment of rutting
index performance. Furthermore, Polaczyk et al. [15] tested the locking point concept by
using applied performance tests and evaluating the impact of aggregate interlocking on
rutting and fatigue cracking to obtain the best-defined locking point.

In this work, we used an unmanned aerial vehicle (UAV) infrared thermal imaging
technique to inspect an asphalt pavement mixture paving site, to determine the optimal
inspection height and to predict the performance of the asphalt pavement after grinding. In
addition, to establish a new evaluation system for asphalt pavements based on infrared ther-
mography, we provide a theoretical basis for future applications in practical engineering.

2. Test Methods and Principles
2.1. Infrared Thermal Imaging Technology of the UAV and Principles

In this study we used an M300 RTK UAV from DJI (Shenzhen, China), which was
paired with a Zenmuse H20T infrared thermal imaging camera, as shown in Figure 1. Using
the M300 RTK’s flight control system, the UAV could view the temperature distribution
of the photographic interface on any trajectory and at any angle to obtain the required
infrared images. Then, the infrared image data processing software was used to visualize
the temperature distribution of the measured area. The principle of operation of infrared
thermography involves the use of infrared detection elements. Thus, the infrared radiation
emitted by the object was received during the test, the power signal radiated by the object
was converted into an electrical signal and amplified, and then, after digital processing and
image processing, a thermal image with better temperature values was finally presented
on a display device [16], as shown in Figure 2.

2.2. Rutting Test

According to the Chinese standard JTG E20-2011 (T0719) [17], a rutting test can be
used to evaluate the rutting resistance of asphalt mixtures, and its dynamic stability can
more accurately reflect the ability of asphalt mixture pavements to reduce rut formation
under high-temperature conditions [18]. The asphalt mixes at different melt temperatures
were placed in standard test molds of 300 mm in length, 300 mm in width, and 50 mm in
height, and were set up with three parallel test pieces for each compaction temperature.
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During the test, the specimen, along with the test mold, was placed in a wheel rutting test
machine at a temperature of 60 ◦C ± 1 ◦C for no less than 5 h and no more than 12 h. The
test wheel was pressed against the rutting plate specimen at 0.7 MPa, and the test wheel
was rolled back and forth at a rate of 42 times ± 1 times per min for 1 h or stopped when
maximum deformation reached 25 mm. Deformations d1 and d2 were recorded at 45 and
60 min.

Figure 1. M300 RTK UAV.

Figure 2. Principal infrared thermal imaging instrument temperature measurement diagram.

2.3. Freeze-Thaw Splitting Test

Freeze-thaw splitting tests were used to analyze the water stability of asphalt mixtures
at different melt temperatures, according to the Chinese Standard JTG E20-2011 (T0719) [17],
by measuring the splitting tensile strength ratio of asphalt mixture specimens subjected
to water damage before and after different melt temperatures and then evaluating the
effect of melt temperature on the water stability of the asphalt mixtures [19]. For each
asphalt mixture with different melt temperatures, eight standard Marshall test pieces were
created, which were divided into two random groups of four pieces. The first group was
maintained at room temperature as the control test pieces, and another group of test pieces
was vacuumed for 15 min, restored to normal pressure, and placed in water for 0.5 h. Then,
the test pieces were removed and placed in a plastic bag with 10 mL of water and placed in
a refrigerator at a constant temperature of −18 ◦C ± 2 ◦C for 16 h ± 1 h of freezing. After
the freezing was complete, the test pieces were immediately placed into a water bath at
60 ◦C ± 0.5 ◦C for 24 h after removing the plastic bag. Then, the two groups of test pieces
were placed together into a constant temperature bath at 25 ◦C ± 0.5 ◦C for 2 h, for the final
freeze-thaw splitting test. The splitting tensile strength ratio was calculated as follows:

RT1 =
2pT1

πD1h1
(1)

RT2 =
2pT2

πD2h2
(2)
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TSR =
RT2

RT1

(3)

where RT1 indicates group 1 splitting tensile strength specimens (MPa), RT2 denotes group
2 splitting tensile strength specimens (MPa), PT is the value of the test load for a single
specimen (N), D is the Marshall specimen diameter (mm), h is the Marshall specimen height
(mm), TSR is the splitting tensile strength ratio (%), RT1 is the average splitting tensile
strength of group 1 specimens (MPa), and RT2 is the average splitting tensile strength of
group 2 specimens (MPa).

2.4. Hamburg Wheel Tracking Test

The Hamburg wheel tracking (HWT) was used to evaluate the water sensitivity and
resistance to rutting of the asphalt mixtures [20] according to the Chinese standard JTG
E20-2011 (T0719) [17]. The asphalt pavement was core-cut on site, and the core samples
were 150 mm in diameter and 38 mm thick. Then, standard specimens were cut and placed
in the Hamburg test mold. When the water tank temperature reached 50 ◦C, the steel wheel
with a wheel load of 705 N ± 4.5 N was reciprocally crushed at a speed of 52 ± 2 times
per minute. The maximum speed of the wheel through the midpoint of the specimen was
0.305 m/s. When the loading time reached 20,000, the test steel wheel was automatically
lifted, at which point the rutting depth was recorded.

3. Field Measurement Basis with UAV Infrared Thermography
3.1. Project Overview

This work was based on the reconstruction and expansion project of a section of a
highway in Shandong Province, China, which was expanded from four to eight lanes in
both directions, with a design speed of 120 km/h. This study combined the actual asphalt
pavement top layer paving site conditions with UAV infrared thermography to measure the
temperature of the asphalt pavement during paving, to predict the actual road performance
of the asphalt pavement after grinding was complete.

3.2. Identifying the Optimal Temperature Measurement Height

The Zenmuse H20T imaging system was affected by the ambient temperature, humid-
ity, object emissivity, and the measurement height. Therefore, to investigate the accuracy
of temperature measurement results at different heights, it was necessary to carry out
temperature measurement studies at different heights on the asphalt pavements in the
same area, to determine the optimal height for temperature measurements.

3.2.1. Parameter Calibration

Before testing, it was necessary to set the instrument parameters according to the
site environment, including the ambient temperature, ambient humidity, emissivity, and
measurement height [21]. The temperature at the site was 17 ◦C, the relative humidity was
58%, and the emissivity of each object is shown in Table 1. The parameters were imported
into DJI Thermal Analysis Tool software, where the images showed the temperature data
for the desired location.

3.2.2. Temperature Measurement Results and Analysis of Different Measuring Heights

To determine the optimal temperature measurement height for the UAV with the
infrared thermal imager, we randomly selected an area where grinding was complete and
which retained the residual temperature. We placed four objects with a lower temperature
in this area to form a 1 m × 1 m detection area and obtained an infrared thermal image
of the area using the UAV thermal imager, as shown in Figure 3. Starting at a distance of
3 m from the pavement, the measurement height was continuously adjusted upwards at
1 m intervals to investigate the pattern of temperature change with the shooting height,
to determine the optimal height for temperature measurements. To prevent heat loss
caused by external environmental factors during the temperature measurement process,
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the temperature acquisition time was limited to 20 s to ensure detection accuracy as much
as possible.

Table 1. Emissivity of various substances.

Materials Emissivity

Asphalt 0.97

Water 0.95

Iron 0.94

Cement 0.96

Basalt 0.72

Concrete 0.94

Figure 3. On-site temperature measurements.

According to the initial on-site measurements, when the temperature measurement
height was more than 12 m, the temperature measured by the UAV infrared thermal
imager was more dissimilar than the temperature measured by the handheld temperature
measurement gun, which deviated from the actual temperature of the asphalt pavement;
thus, a temperature measurement height range of 3–11 m was selected. By entering the
actual height data for the temperature measurements in the DJI Thermal Analysis Tool
software, the actual temperature of the measured area could be displayed directly, as shown
in Figure 4. We chose six temperature points from each measurement area and obtained
the average value as a representative of the temperature at this height.

For each height, the maximum, minimum, and average measured temperatures were
analyzed to investigate their variation patterns and to determine the optimal height for
temperature measurements, as shown in Figures 5–7.

As shown in Figures 5–7, the distribution curves of the maximum and average tem-
peratures followed the same pattern of low change. Although fluctuations in temperature
occurred between the different heights, the variations in temperature between the adjacent
heights were minor and did not exceed 1 ◦C. The maximum temperature fluctuated around
35 ◦C, whereas the average temperature was around 34 ◦C. The variations in the minimum
temperature curve were different; however, the temperature fluctuated around 30 ◦C. With
increasing measurement height, the measurement area increased and was more subject to
various uncertainties. The combined temperature data showed that the measured tempera-
ture values were all single-point, and the maximum and minimum temperatures were not
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the same between the different heights in the same area. Hence, the average temperature
was more representative. When the measurement height was between 7 and 8 m, the three
curves were close to each other, and the variations in each temperature were the smallest.
Combined with the measurement results of the point-type temperature-measuring gun, the
best temperature measurement height was determined to be 7–8 m.

Figure 4. Infrared images at different measurement heights: (a) h = 3 m, (b) h = 4 m, (c) h = 5 m,
(d) h = 6 m, (e) h = 7 m, (f) h = 8 m, (g) h = 9 m, (h) h = 10 m, and (i) h = 11 m.

Figure 5. Distribution curve of the maximum temperature.
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Figure 6. Distribution curve of the minimum temperature.

Figure 7. Distribution curve of the average temperature.

3.3. On-Site Measurements

During the construction of the top layer of the asphalt pavement, the site temperature
was 20 ◦C and the distance from the mixing plant to the construction site was 3 km.
The tipper truck delivered the asphalt mix to the paving site and then poured it into the
spreading machine’s receiving hopper, where it was transported via a conveyor to the
spreading machine for secondary mixing and finally paving. During this process, multiple
UAVs with infrared thermal imagers measured the temperatures of the dump trucks and the
spreading machine throughout the process, as shown in Figure 8. Infrared thermography
was used to measure the temperature distribution of the asphalt mixture during the paving
process, focusing on the pavement that had just been paved but which was not yet ground,
as shown in Figure 9.
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Figure 8. Infrared thermal image of the asphalt mix on the tipper truck.

Figure 9. Infrared thermal image of asphalt pavement top layer construction.

Due to the slow travel speed of the spreading machines, it was not possible to measure
the temperature data over long distances at once. Therefore, the UAV thermal imager had
to remain in the air for continuous temperature measurements and then the captured data
images were combined, which reduced the temperature losses during the measurement
process. After measurement, a randomly selected area of 50 m in length and 7.5 m in width
was studied and analyzed. The research area was divided into 0.5 m × 0.5 m squares [2]
with 1500 squares, with the average of the temperatures measured in each square taken as
the measured value for that square, as shown in Figure 10.

As shown in Figure 10, the temperature distribution of the SMA-13 asphalt mix
pavement after paving was very uneven, with a large temperature span. The Chinese
standard JTG F40-2004 [22] specifies that the paving temperature has to be greater than
or equal to 160 ◦C, and the temperature at the start of the initial grind must be greater
than 150 ◦C. In the research area, the maximum temperature was 168 ◦C, and the average
temperature was 155 ◦C, with the lowest temperatures (142 ◦C) located in the marginal
parts. Therefore, we inferred that the proximity of this area to the shoulder resulted in
edge temperatures that did not meet the specification requirements [22], and temperature
segregation could occur, affecting the road performance.
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Figure 10. Study area temperature distribution map.

According to Figures 9 and 10, the reasons for the uneven paving temperatures were
twofold. First, the asphalt mixture after a certain distance of transport and the surface
temperature of the asphalt mixture in the delivery truck dropped considerably, whereas
the internal temperature loss of the mixture was small; thus, the temperature difference of
the asphalt mixture was significant. Second, the asphalt mixture dumped from the delivery
truck entered the spreading machine receiving hopper. The spiral distributor evenly paved
it, and this process is exposed to air; thus, temperature dissipation inevitably occurred.

To reduce the significant temperature differences that occurred in the asphalt mixes
during transport, reducing the heat dissipation from the asphalt mixes was necessary.
During transport, temperature segregation was more severe at the top of the truck and on
both sides of the carriage; thus, attention had to be paid to strengthening the insulation
of the internal structure of the material carrier. To avoid temperature segregation, when
loading the material carriage, the following method was used: the front part was loaded
first, then the rear part, and finally the middle part. The bottom of the carriage had to
be coated with a lubricant to achieve unloading of the entire asphalt mixture. During
the paving process, spacing between the spiral blades on both sides could be reduced to
an unequal distance so that the asphalt mixtures on both sides could be mixed evenly
through the spiral blades, reducing the temperature difference. In addition, it was possible
to adjust the size and tilt angle of the spiral blades to avoid heat exchange between the
spiral blades and the atmosphere, as well as to reduce the temperature dissipation of the
asphalt mix. It was also possible to adjust the height of the spiral distributor to speed up the
flow of the asphalt mixture so that low-temperature aggregates could be quickly remixed
with high-temperature aggregates, thus reducing the occurrence of uneven temperature
distributions in the asphalt mix pavements [23].

3.4. Evaluation of Road Performance of Asphalt Mixtures Based on the HWT Test

To investigate the effects of different paving temperatures on the road performance of
the SMA-13 asphalt pavements, the asphalt pavements were marked at different paving
temperatures, and after grinding, the marked locations were cored according to the HWT
test to analyze their road performance. According to Figure 10, the research area was
divided into five temperature gradients: 130–140 ◦C, 140–150 ◦C, 150–160 ◦C, 160–170 ◦C,
and 170–180 ◦C. Values of 135 ◦C, 145 ◦C, 155 ◦C, 165 ◦C, and 175 ◦C were selected as
representative values for each temperature gradient, and then the cores were taken, cut,
and subjected to HWT testing. Because the area selected was close to the road border,
the overall temperature was slightly lower, with few areas where the paving temperature
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reached 175 ◦C. Therefore, only the core samples from areas at 135 ◦C, 145 ◦C, 155 ◦C, and
165 ◦C were selected for the Hamburg wheel mill test, and the test results are shown in
Figure 11.

Figure 11. Results of the HWT test.

As shown in Figure 11, the rutting depths at 10,000 and 20,000 wheel rolls met the
requirements of the Chinese specifications of ≤4 mm and ≤10 mm [17], and the paving
temperatures of 135 ◦C, 145 ◦C, 155 ◦C, and 165 ◦C at a wheeling depth of 20,000 were 3.576,
3.472, 2.639, and 2.401 mm, respectively. The rutting depth at a paving temperature of 135
◦C increased by 48.9% compared to that at 165 ◦C. The rutting depth at the 145 ◦C positions
increased by 35.5% compared to that at the 165 ◦C positions, whereas the rutting depth at
the 155 ◦C positions increased by only 3.0% compared to that at the 165 ◦C positions. This
indicated that when the paving temperature of the asphalt pavement was below 155 ◦C,
temperature segregation may have occurred, and its resistance to rutting was significantly
reduced after grinding, affecting the performance of the road.

The analysis showed that the void ratio was large at the location where temperature
segregation occurred. A good nested structure could not form between the aggregates,
resulting in a greater-than-standard rutting depth under the action of wheel rolling, which
in the long run would form ruts and affect the service life of the pavement [18]. Therefore,
for the temperature segregation produced in the construction of the asphalt pavement,
although the final quality acceptance of the pavement performance indicators could meet
the requirements, to increase the service life of the pavement, the construction process
could be used to monitor the paving temperature of the asphalt mixture using UAV infrared
thermal imaging technology. To extend the service life of the road, for areas below 155 ◦C,
there should be a timely adjustment of the paver parameters to reduce the occurrence of
the temperature segregation phenomenon.

4. Effect of Melt Temperature on the Road Performance of Asphalt Mixtures

The range of the temperature distribution during asphalt paving was obtained via in-
frared thermographic inspection of the SMA-13 asphalt mixes at the construction site. Due
to the construction site conditions, it was impossible to cut many rutting plate specimens;
thus, it was difficult to accurately evaluate the rutting resistance, water stability, and other
road properties of the asphalt mixtures at different paving temperatures. In this study, the
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paving temperature of the asphalt mixture in the field was combined with the road perfor-
mance measured in the indoor tests, with the paving temperature at the construction site
set as the mixing and melt temperature for the indoor asphalt mixture tests. The prediction
model of asphalt mixture road performance and melt temperature was established through
indoor tests to improve the accuracy and efficiency of road performance testing.

4.1. Indoor Experimental Design

In this study, the asphalt mixes were mixed at 135 ◦C, 145 ◦C, 155 ◦C, 165 ◦C, and
175 ◦C to simulate the paving temperatures in the field and analyze the high-temperature
stability and water stability of the mixes at these temperatures. The results of the tests were
compared with those of the HWT test, to verify the effect of SMA-13 asphalt mix paving
temperature on the on-road performance.

4.1.1. Raw Material

The use of aggregates and asphalt brought back from the construction site for the
indoor tests prevented errors from arising due to differences in the test materials. The
performance specifications of the materials used in this work are presented below.

(1) Asphalt

The SBS modified asphalt was selected to meet the requirements of the Chinese
Code [15], and the test results are shown in Table 2.

Table 2. Technical indices of the SBS modified asphalt.

Item Specification Test Values

Penetration (25 ◦C, 0.1 mm) 40–60 53

Softening point (◦C) ≥60 77.0

Ductility (5 ◦C, cm) ≥20 30

Dynamic viscosity at 135 ◦C (Pa·s) ≤3 1.3

(2) Coarse aggregate

The coarse aggregate consisted of lava rock, with 5–10 mm and 10–15 mm sizes. The
physical properties of the coarse aggregate were determined in accordance with the Chinese
specification JTG E42-2005 [24], and the technical indicators satisfied the specification, as
shown in Table 3.

Table 3. Technical indices of the coarse aggregate.

Items Specification Test Values

Crush value (%) ≤26 9.7

Apparent relative density
(g/cm3)

10–15 mm ≥2.6
2.926

5–10 mm 2.967

Water absorption (%)
10–15 mm ≤2.0

1.6

5–10 mm 1.2

Abrasion value (%) ≤28 9.5

(3) Fine aggregates

The fine aggregates in the asphalt mix consisted of 0–3 mm limestone, as shown in
Table 4.
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Table 4. Technical indices of the fine aggregates.

Items Specification Test Values

Apparent relative density (g/cm3) ≥2.5 2.955
Water absorption (%) - 1.7
Sand equivalent (%) ≥60 62.7

Angularity (s) ≥30 39

4.1.2. Gradation Composition

According to the technical indicators of the production mix ratio of the asphalt mix for
the top layer of the expansion project, it was known that the optimal asphalt content was
5.9% and the amount of fiber was 0.35%. The composition of the grade is shown in Table 5.

Table 5. SMA-13 gradation composition.

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

Passing rate(%) 99.8 91.6 61.7 25.6 20.6 17.9 15.9 14.5 12.1 9.8

4.2. Effect of Melt Temperature on the High-Temperature Stability of Asphalt Mixtures

As shown in Figure 12, the wheel tracking test was used to evaluate the high-temperature
stability of the asphalt mixture specimens at different melt temperatures. By measuring
the dynamic stability and rutting depth of the asphalt mixture specimens at different melt
temperatures, the effect of melt temperature on the rutting resistance of the asphalt mixture
could be evaluated. The test results are shown in Figure 13.

The dynamic stability of the asphalt mixture specimens at different melt temperatures
in the wheel tracking test satisfied the requirements of JTG E20-2011 (T0719), as shown
in Figure 13 [17]. The rutting depth decreased as the melt temperature of the specimen
increased, with the rutting depth decreasing by 0.15 mm as the melt temperature increased
from 135 ◦C to 155 ◦C. The rutting depth was reduced by 0.73 mm when the melt temper-
ature increased from 155 ◦C to 175 ◦C, and as the melt temperature gradually increased,
the dynamic stability showed a steady increase, reaching 4221 cycles/mm when the melt
temperature was 175 ◦C.

Figure 12. Wheel tracking test.
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Figure 13. Results of the wheel tracking tests on SMA-13 asphalt mixtures with different
melt temperatures.

In this case, for the asphalt used in the SBS modified asphalt, the modifier inside
the asphalt was cured and did not flow as well at lower temperatures, which caused the
inter-aggregates not to be filled with bitumen and to exhibit a large internal void ratio,
resulting in poor high-temperature stability. When the melt temperature increased, the
asphalt fully wrapped the aggregate, bonding between the aggregates was tight, and
compaction gradually increased after compaction, which resulted in an asphalt mixture
with increased rutting resistance. Therefore, the more significant the difference in the melt
temperature, the larger the difference in the internal voids of the mix, and the more likely it
was that pressure-tight rutting would occur with traffic.

4.3. Effect of Melt Temperature on the Water Stability of Asphalt Mixtures

The indoor tests utilized freeze-thaw splitting tests to analyze the water stability of
the asphalt mixes at different melt temperatures. This was carried out by calculating the
freeze-thaw splitting strength ratios before and after water damage to the five groups of
asphalt mix specimens with different melt temperatures and then evaluating the effect of
the melt temperature on the water stability of the asphalt mixes. The specific test results
are shown in Figure 14.

As shown in Figure 14, when the melt temperature was 135 ◦C, the freeze-thaw
splitting strength ratio was 68.8%, which did not meet the specification requirements.
However, when the melt temperature was above 145 ◦C, the freeze-thaw splitting strength
ratios of all five groups of specimens met the specification requirements. With an increase
in the melt temperature, the freeze-thaw splitting strength ratio of the asphalt mix increased
slightly; however, the increase was minimal. When the melt temperature was 175 ◦C, the
freeze-thaw splitting strength ratio of the asphalt mix had a maximum value of 88.9%.
This showed that the effect of melt temperature on the freeze-thaw splitting strength ratio
was small, and the asphalt mixture specimens at different melt temperatures can maintain
good water stability under freeze-thaw cycles, making the pavement less susceptible to
water damage. This was because the melt temperature was more significant than 145 ◦C,
the aggregate was covered by the asphalt, and the adhesion strength of the asphalt to the
aggregate was greater, which improved the water stability of the asphalt mix.
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Figure 14. Results of the freeze-thaw splitting tests on the SMA-13 asphalt mixes with different
melt temperatures.

4.4. Research on the Predictive Modeling of Melt Temperature and Road Performance

According to the indoor test results of the asphalt mixtures with different melt tem-
peratures, the asphalt mixture road performance during the paving of the SMA-13 asphalt
pavement was simulated, and the relationship between the melt temperature and the dy-
namic stability and freeze-thaw splitting strength ratio was established. In the construction
of asphalt pavements, UAV infrared thermography was used for testing, thus predicting
the road performance of the asphalt mix.

4.4.1. Building the Model for Melt Temperature/High-Temperature Stability Prediction

Using UAV infrared thermal imaging technology to detect the melt temperature at the
construction site, and combining the results with the dynamic stability results obtained
from the indoor tests, we established a prediction model between the asphalt pavement
melt temperature and dynamic stability. This enabled the dynamic stability distribution
of the asphalt pavements to be visually observed in real-time during the construction
process, thus allowing us to evaluate the high-temperature stability of the asphalt pave-
ments. To establish the relationship between the melt temperature and dynamic stabil-
ity, each melting temperature was divided into five intervals: 130–140 ◦C, 140–150 ◦C,
150–160 ◦C, 160–170 ◦C, and 170–180 ◦C. Based on the temperature distributions during
the paving process, the temperature intervals were equally distributed in combination
with the dynamic stability measured in the room to establish a prediction model for melt
temperature/dynamic stability, as shown in Figure 15.

As shown in Figure 15, the predictive model for melting temperature/dynamic sta-
bility followed y = 10.73e0.03x + 1415.78, R2 = 0.98; therefore, in the process of asphalt
pavement construction, the melt temperature could be used to further predict the dynamic
stability distribution of the asphalt pavement through temperature acquisition by means
of UAV thermal imaging technology. This would make it possible to quickly determine
whether the high-temperature stability of asphalt pavements would meet the specification
requirements during construction, significantly improving the efficiency of testing the
quality of asphalt pavement construction.
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Figure 15. Predictive model for melt temperature/dynamic stability.

4.4.2. Building the Model for Forming Temperature/Water Stability Predictions

According to the experimental design, each paving temperature was divided into
five temperature intervals, and the five paving temperature intervals were equated to the
melt temperature of the freeze-thaw splitting test to obtain a predictive model of the melt
temperature to the freeze-thaw splitting strength ratio during construction, as shown in
Figure 16. This allowed the water stability of asphalt pavements to be further evaluated
based on the distribution of paving temperatures during construction.

Figure 16. Predictive model for the melt temperature/freeze-thaw splitting strength ratio.

As shown in Figure 16, the predictive model for the resulting melting temperature/
freeze-thaw splitting strength ratio was y = −219.18e−0.02x + 98.03. During construction, the
freeze-thaw splitting strength ratio of the asphalt mixture could be quickly predicted based
on the paving temperature to evaluate whether the water stability of the asphalt pavement

207



Materials 2022, 15, 4309

could meet the requirements of the standard JTG E20-2011 (T0719) [17]. For locations that
would not satisfy the requirements, adjustments could be made when appropriate.

4.5. Evaluation System of Asphalt Mixture Road Performance Based on Infrared Thermography

Using UAV infrared thermography on the paving site of asphalt pavement, the tem-
perature distribution of freshly paved, but not yet rolled, asphalt pavement was obtained.
Then, for the representative temperature points, we cored, cut, and sent the samples indoors
for HWT testing to obtain the water and high-temperature stability of the asphalt mixture
at each representative melt temperature point. The materials used at the construction site
were used in the indoor tests to obtain the high-temperature stability and water stability
of the asphalt mix at representative melt temperature values. By comparing these two
datasets, we found that the high-temperature stability and water stability of the asphalt
pavement met the requirements of the JTG E20-2011 (T0719) specification [17] after grind-
ing, and during grinding, the paving temperature was more significant than at 155 ◦C.
However, paving temperatures below 145 ◦C required timely adjustments to the paving
process on-site to reduce the potential for later pavement distress.

The above tests were successfully carried out. Before on-site paving operations, the
aggregates on-site were subjected to indoor tests in advance to establish a predictive model
of the melt temperature/road performance applicable to the section. According to the
minimum roadworthiness specified by the design unit, the threshold value for the melt
temperature could be calculated. The melt temperature thresholds obtained from the indoor
tests were converted into paving temperature thresholds during the paving process. Then,
real-time temperature monitoring of the paving site was carried out using UAV infrared
thermal imaging technology, with the UAV’s temperature measurement height controlled
at 7–8 m. Manual intervention was carried out for areas where temperatures were lower
than the threshold to reduce post-maintenance costs. For areas where temperatures were
close to the threshold, stakes and locations were recorded, and future essential pavement
maintenance could be carried out on the area to prevent early damage and increase the
lifespan of the road. Based on this method, the paving process could be quickly tested and
the road performance of the asphalt pavement could be evaluated in real-time.

5. Conclusions

In this work, we combined UAV infrared thermography with laboratory tests to
investigate how to more efficiently and accurately analyze the high-temperature stability
and water stability of asphalt pavements during the paving process, which resulted in the
following conclusions.

(1) Using UAV infrared thermal imaging technology to continuously measure the temper-
atures at different heights in the same area, and by studying the highest temperature,
lowest temperature, and average temperature of the temperature measurement area,
we obtained the best temperature measurement height of 7–8 m for UAV infrared
thermal imaging technology.

(2) For the road section in this study, when the melt temperature increased from 135 ◦C to
155 ◦C, the rutting depth decreased by 0.15 mm and the freeze-thaw splitting strength
ratio increased by 24.3%. When the melt temperature increased from 155 ◦C to 175 ◦C,
the rutting depth decreased by 0.73 mm and the freeze-thaw splitting strength ratio
increased by 4.1%. Therefore, infrared thermography could be used to monitor the
paving temperature of asphalt pavements during paving, and quick predictions of
road performance could be made.

(3) The prediction model for melt temperature/dynamic stability was obtained as y =
10.73e0.03x + 1415.78, where the prediction model for the melt temperature-freeze-thaw
splitting strength ratio was y = −219.18e−0.02x + 98.03, which could be used to predict
the field paving temperature threshold.
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Abstract: Buton Rock Asphalt (BRA) refers to the natural rock asphalt natively produced on the Buton
island of Indonesia. It is often used as a modifier to enhance the performance of asphaltpavement.
However, the segregation of BRA in BRA-Modified Asphalt (BRA-MA) has restricted its application.
This study aims to investigate how the particle size and content of BRA affect the physical properties
and storage stability of BRA-MA. Penetration, softening point, viscosity, and viscosity-temperature
susceptibility (VTS) were analyzed. The evaluation method of storage stability was discussed and
determined. The segregation of BRA in BRA-MA of static storage and transportation process were
simulated and tested. The results suggest that the softening point and viscosity were positively
correlated to BRA content and inversely determined by particle size. Penetration, VTS, and ductility
were reduced due to the decline in particle size and increment of BRA content. The index of
segregation value based on viscosity difference showed better statistical and quantitative significances
than the softening-point difference in evaluating the storage stability. The particle size and content of
BRA are positively correlated to the segregation of BRA-MA. Both the storage temperature and time
were positively correlated to the segregation of BRA-MA. We prove that the relationship between
specific surface area and segregation are power functional. BRA-MA with BRA whose 50% particle
sizes are lower than 13.6 µm showed low segregation in transportation.

Keywords: Buton rock asphalt; storage stability; particle size; physical property

1. Introduction

Natural rock asphalt refers to the asphalt that exists in rock crevices, which is often
used as an additive and modifier for asphalt materials [1–5]. Buton Rock Asphalt (BRA) is
a kind of rock asphalt that originates from Buton Island, Sulawesi province, Indonesia [6,7].
It is used as a modifier to prepare Buton Rock Asphalt-Modified Asphalt (BRA-MA) to
improve high-temperature and moisture performances of pavement [6,7]. The preparation
methods of BRA-modified asphalt mainly include wet processing and dry processing. Wet
processing uses BRA as a modifier to prepare BRA-modified asphalt, whose performance is
significantly improved compared to base asphalt [8]. Lv et al. [7] reported that the addition
of BRA could help to improve the aging resistance of bio-asphalt. The use of BRA can reduce
the consumption of petroleum asphalt and cost of materials. It is suggested that BRA is also
helpful for the cleaner and cheaper production of asphalt pavement construction, signifying
that the application of BRA is beneficial for environment-protection [9] and economic
values [10–13]. Consequently, the application prospect of BRA-MA is very extensive.

However, the storage stability of BRA-MA requires further study since the segregation
of BRA often occurs in the production plant and transportation of BRA-MA, especially in
wet processing. Hence, the storage stability of BRA-MA can be divided into two parts:
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static storage [14] in the production plant and the transportation-storage process [15].
Segregation characteristic of the two parts is differential. Thus, the storage stability of
BRA-MA during thermal static storage and transportation should be investigated and
improved to address the segregation of BRA. Direct observation method, softening-point
difference [16], Fourier infrared spectroscopy, and fluorescence microscope were used
to evaluate the storage stability of modified asphalt [17]. Gu et al. [18] evaluated the
storage stability of waterborne epoxy emulsified asphalt by fluorescence microscope. It
was found that the content increase in waterborne-epoxy resin improves the compatibility
of waterborne epoxy resin emulsified asphalt. Nevertheless, whether the storage stability
evaluation method of polymer-modified asphalt is applicable to BRA-MA is not clear, since
BRA is different with polymer modifier. For instance, it is quite difficult to be distinguished
under a microscope, thus the micro-observation method is not applicable.

The factors [19] affecting the storage stability of modified asphalt include the content
of modifier, storage temperature, storage time, and particle size. T J, Navarro et al. [20] and
Liang et al. [21] studied the effects of the storage temperature and sample particle size on
the storage stability of tire-rubber powder modified asphalt. It was found that the storage
stability of tire-rubber-powder-modified asphalt gradually decreases with the increase in
storage temperature and rubber powder particle size. Fang et al. [22] studied the effect of
the preparation process on the storage stability of waste polyethylene-modified asphalt
by using differential scanning calibration (DSC) and thermal gravimetric analysis (TGA).
The preparation process was found to have little effect on the storage stability of modified
asphalt. However, how particle size and BRA content determine the storage stability of
BRA-MA has not been systematically studied. The effect of storage temperature, storage
time, and cooling process on static storage and transportation storage is not yet explicit.

BRA powders of five different sizes were used as modifiers, and BRA-MA with 10%,
20%, 30%, and 40% BRA are introduced in this study. Penetration, softening point, ductility,
viscosity, and viscosity-temperature susceptibility are characterized to understand the effect
of particle size and BRA content on their physical properties. The softening-point difference
test and viscosity difference test are separately conducted and discussed. Therefore, the
appropriate evaluation method for the segregation of BRA-MA can be determined. Static
storage stabilities by different temperature and time dependencies are characterized to
illustrate the static storage process in the production plant before transportation. Storage
stability during transportation is also tested in a simulation of the cooling process in a
container in the vehicle. It provides a scientific basis for improving the physical properties
and storage stability of BRA-MA.

2. Materials and Experimental Methods
2.1. Materials

Part a of Figure 1 illustrates the appearance of BRA, which is brown powder after
being crushed. Figure 1b presents the mesoscopic image of BRA through Scanning Electron
Microscope analysis, whose magnification is 4500. The image suggests that BRA has a
very rough surface and porous structure. Rock asphalt and mineral cannot be clearly
distinguished through the mesoscopic image; it proved that rock asphalt was evenly mixed
and combined with minerals. The asphalt content of BRA was tested based on the ignition
oven method [23], since BRA can be regarded as a mixture of asphalt and mineral. The
result shows that the mass percentage of asphalt in BRA is 27.8%, while the minerals
account for 71.2%. The moisture content of BRA is 1%. This study also introduced base
asphalt of Pen 60~80, which was produced by the Guochuang company, Hubei province,
as the material for preparing the BRA-MA. Table 1 illustrates the properties of base asphalt.
Penetration, softening point, ductility, and viscosity are characterized according to JTG
E20-2011 and JTG F40-2004.
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Figure 1. BRA powder (a) and its SEM image (b).

Table 1. Properties of base asphalt.

Properties Penetration (25 ◦C, 100 g, 5 s) Softening Point Ductility (5 cm/min, 15 ◦C) Brookfield Viscosity
(10 r/min, 135 ◦C)

Unit 0.1 mm (◦C) cm Pa·s
Base asphalt 71.2 48.8 ≥100 0.142

Standard limits 60~80 ≥46.0 ≥100 -

2.2. Preparation of BRA-MA

BRA should be pre-treated before preparing various BRA-MA. BRA raw material
should be kept in a temperature-controlling box at 80 ◦C for 12 h. Moisture in BRA can
therefore be removed. BRA was then ground into five different particle sizes using a
planetary ball mill. A Malvern laser particle-size analyzer [21] was used to characterize the
particle-size distribution of the five BRA samples. The five BRA samples were named as
BRA-1, BRA-2, BRA-3, BRA-4, and BRA-5, respectively. Table 2 presents the particle-size
testing results of BRA samples; corresponding d(0.5) particle sizes are 6.26 µm, 9.55 µm,
12.58 µm, 13.60 µm, and 106.22 µm, respectively. The d(0.5) refers to the volume content of
particles accounts for 50% whose particle size is smaller than a particle size. It is used to
reflects the particle size. Specific surface area was also presented, which were negatively
correlated to the particle size.

Table 2. Particle-size testing results of BRA.

BRA Number d(0.1)
(µm)

d(0.5)
(µm)

d(0.9)
(µm)

Specific Surface
Area (m2/g)

BRA-1 1.20 6.26 21.07 2.02
BRA-2 1.84 9.55 23.87 1.53
BRA-3 2.39 12.58 32.27 1.28
BRA-4 2.26 13.60 37.64 1.26
BRA-5 75.29 106.22 150.55 0.78

Base asphalt should be heated to 155 ◦C in an agitator for preparing BRA-MA. Ro-
tational speed was set as 2500 r/min for 20 min after half of the BRA was added to the
base asphalt. Then, the remaining BRA was added to the base asphalt, while the speed of a
high-speed shear agitator was also set as 2500 r/min for another 20 min. Figure 2 shows the
high-speed shear agitator for BRA-MA preparation. This special mixing method can ensure
the uniformity of BRA in BRA-MA, while the particle size of BRA remained unchanged
during shearing.
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Figure 2. High-speed shear agitator for BRA-MA preparation.

2.3. Experimental Methods

This study introduced the external-adding method, namely, the mixing proportion
is the mass ratio of BRA to base asphalt. The proportions of BRA 1–5 in corresponding
BRA-MA were 10%, 20%, 30%, and 40%, respectively. Thus, 20 BRA-MA samples were
prepared based on different particle sizes and contents. Figure 3 illustrates the outline
of this study. BRA-MA’s physical properties, storage-stability evaluation method, static
storage stability, and storage stability of transportation process were studied.
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Firstly, penetration, softening point, ductility, and viscosity of base asphalt and BRA-
MA were characterized. The impact of BRA content and particle size on physical properties
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can be concluded. Secondly, this study introduced a separating-tube method to indicate
the distribution uniformity of BRA in BRA-MA. Two indicators for evaluating storage
stability were compared, so that more appropriate evaluation indicators can be obtained.
Subsequently, the stability of BRA-MA in factory static storage were investigated. Finally,
the storage stability of BRA-MA during the transportation process was simulated according
to temperature decline in transportation.

The storage stability of modified asphalt is the key technical requirement for its
production and transportation, which may lead to modification failure and certainly affect
the service performance of the modified asphalt mixture. In order to study the influence of
particle size and BRA content on the storage stability of BRA-MA, the optimum indicator
for storage-stability evaluation should be determined. As explained in stage 5 of the
outline of this study in Figure 3, the softening-point difference and index of segregation
(IS) based on the viscosity difference between the top and bottom part samples were used
to characterize the segregation degree of BRA. The two evaluation methods were used
separately to analyze the influence of particle size and BRA content on the storage stability
of BRA-MA. The feasibility of the two indicators of the methods was discussed. The static
significance of the results according to two indicators was analyzed by variance tests. If
F is greater than F crit, then the difference between the results is proven. If the p-value is
greater than 0.01 and less than 0.05, the difference is significant. If the p-value is less than
0.01, the difference is highly significant.

Figure 4 implies the storage process of BRA-MA in a production plant and during
transportation. The produced BRA-MA was contained in a soaking tank with temperature-
controlling equipment, which can keep BRA-MA at a relatively stable high temperature.
Static storage at a high temperature of BRA-MA can save the time and cost of reheating,
especially in short-term construction. Maintaining the high liquidity of BRA-MA facilitates
rapid loading onto a transport vehicle. Thus, the storage of BRA-MA in a production
plant is static. The static storage of BRA-MA refers to the hot-storage process [22,24,25]
in a production plant before transportation. Then, BRA-MA is pumped into the vehicle
container for transportation, the transportation time is usually less than 12 h. Both the
storage stability of BRA-MA in the production plant and transportation process storage
was discussed in this study.
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The separating tube used in this study was composed of an aluminum sheet with
a thickness of 0.4 mm. Therefore, the customized tube was easy to cut and separate. It
should be averagely separated and noted as 3 parts by length, which were the top, middle,
and bottom parts. Figure 5 expresses how the separating-tube method was conducted to
evaluate the storage stability and determination of the evaluation indicator for segregation.
At stage 1, the separating tube should be filled with BRA-MA on a specific shelf, exactly
when the mixing of BRA and base asphalt was completed. Subsequently, the separating
tubes should be kept vertically in a temperature-controlling box according to the established
storage conditions, during which the segregation occurs. BRA would gradually settle at
the bottom of the tubes due to its gravity. In the next stage, segregated samples were kept
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in a freezer at −4 ◦C in 4 h. The segregation rate of BRA would decrease to a very low
level due to the low temperature, which can be considered that the segregation of BRA-
MA was terminated. As shown in stage 4, separating tubes should be cut and separated
into 3 parts by an electric saw. Subsequently, BRA-MA from the top and bottom parts
should be characterized by the softening-point and viscosity tests, respectively. Softening
point and viscosity of the top and bottom samples were different, as a result of the BRA
content difference of the two samples owing to BRA segregation. In the final stage, the
softening-point difference and index of segregation based on viscosity difference can
be acknowledged, respectively. The optimum evaluation indicator can be therefore be
determined. The storage stability of BRA-MA can consequently be calculated and obtained.
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3. Results and Discussions
3.1. Physical Properties of BRA-MA
3.1.1. Softening Point

Figure 6 presents the results of the softening point of base asphalt and BRA-MA.
BRA-MA samples were labeled with BRA type and BRA content. The yellow bars present
the data of base asphalt, whose BRA content is 0%. The softening point of BRA-MA showed
an obvious rising tendency, along with the increase in BRA content. The softening-point
value of BRA-MA with 40% BRA-1 was 54.05 ◦C, which was 5.3 ◦C higher than that of base
asphalt. On the other hand, the softening point of BRA-MA with the same BRA content
decreased from BRA-1 to BRA-5. The results of BRA-MA can meet the standard limits of
JTG F40-2004. It proved that the softening point of BRA-MA can be enhanced by a decline in
BRA particle size. The results also illustrate that the softening point is positively correlated
to BRA content. The high-temperature stability and temperature sensitivity of asphalt is
generally evaluated by its softening point [26,27]. The temperature sensitivity of asphalt
can be reduced by the addition of BRA. Thus, the increase in BRA content and decline in
particle size would help to enhance the high-temperature performance of BRA-MA.
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Figure 6. Softening point of base asphalt and BRA-MA.

3.1.2. Penetration

Figure 7 shows the penetration of base asphalt and BRA-MA. Penetration indicates
the hardness of asphalt. A higher penetration value means a lower hardness. The yellow
bars present the data of base asphalt without BRA. Penetration of BRA-MA decreased
as BRA content increased, while base asphalt presented the highest penetration value.
Penetration of BRA-MA containing 40% BRA-1 was 4.85 mm, which decreased by 31.9%
compared to that of base asphalt. Additionally, the penetration of BRA-MA showed an
approximativelyincreasing trend from BRA-1 to BRA-5 at the same BRA content. Therefore,
the penetration of BRA-MA increased with the increment in particle size. The results
suggest that BRA content negatively affects penetration, while the particle size of BRA
shows a contrary effect. Therefore, the addition of BRA can improve the hardness of asphalt.
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3.1.3. Ductility

Figure 8 presents the 15 ◦C ductility of base asphalt and BRA-MA, whose yellow bars
are the data of base asphalt. It is obvious that the ductility of base asphalt is about 150 cm,
while ductility values of BRA-MA are almost lower than 60 cm. The ductility value of
BRA-MA with 40% BRA-5 was 18.5 cm, whose decline rate reached 84.6% compared to
base asphalt. This result indicates that the addition of BRA leads to remarkable ductility
loss. The ductility of BRA-MA also shows a downward trend as the increment in BRA
content and particle size. Thus, BRA content and particle size negatively determine the
ductility of BRA-MA. It is believed that it was the inorganic mineral particles in BRA that
played a critical role in reducing the ductility of BRA-MA. Although its ductility is much
lower than that of base asphalt, whether its low-temperature performance is poor is still
hard to define due to the lack of corresponding standard for BRA.
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3.1.4. Viscosity and Viscosity-Temperature Susceptibility (VTS)

Viscosities of 20 BRA-MA at 115 ◦C, 135 ◦C, 155 ◦C, and 175 ◦C were measured by a
Brookfield viscometer. Figures 9–12 illustrate the viscosity of BRA-MA by temperature and
particle-size dependency. The viscosity of base asphalt was appended for comparison. The
135 ◦C viscosity results of BRA-MA can meet the JTG F40-2004 standard limits for modified
asphalt. The viscosity of base asphalt was significantly lower than that of BRA-MA. BRA-
MA with BRA-1 showed the highest viscosity at the same temperature and BRA content.
BRA-MA with 40% BRA-1 showed the highest viscosity, and its growth rate reached 114%
compared to that of base asphalt. The viscosity difference between base asphalt and BRA-
MA gradually decreased with the increase in temperature. The larger particle size of BRA
led to lower viscosity. However, the effect of BRA particle size of viscosity was not very
significant when the temperature was over 135 ◦C. Therefore, the viscosity of asphalt
apparently increases with the addition of BRA and a smaller particle size.

Figure 13 explains the effect of BRA content on the viscosity of BRA-MA, which uses a
logarithmic longitudinal axis. The viscosity result of BRA-MA with 40% BRA-1 was used
for an instance, and corresponding fitting curves of the data were presented. As the BRA-1
content increased from 10% to 40%, the viscosity of BRA-MA showed an obvious rising
trend. This result proves that raising BRA content contributes to promote the viscosity of
BRA-MA. To conclude, viscosity had a negative correlation with the particle size of BRA,
but it was positively affected by BRA content.
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VTS [28] refers to the slope of the viscosity–temperature curve with the iterated loga-
rithm of viscosity and logarithm of temperature as the coordinate axes [29]. For instance,
Figure 14 demonstrates the straight lines of BRA-MA fitting with BRA-1. According to
ASTM D 2493, the smaller absolute value of VTS implies the lower temperature sensitivity
of asphalt [30]. The basic equation of VTS is:

VTS =
lg
[
lg
(
ηT2

)]
− lg

[
lg
(
ηT1

)]

lg(T2)− lg(T1)
(1)

where the T1 and T2 = temperatures (centigrade) of the binder at two known points, and ηT1
and ηT2

5 = viscosities of the binder at the same two points. The viscosities of BRA-MA at
115 ◦C, 135 ◦C, 155 ◦C, and 175 ◦C were used to fit a straight line according to Equation (1).
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Figure 12. Viscosity of BRA-MA with 40% BRA.

The absolute value of BRA-MA VTS values can be observed in Table 3, which involves
the VTS value of base asphalt for comparison. The addition of BRA can reduce the VTS
of asphalt. It is clear that the absolute VTS value decreased with the increase in BRA
content, which indicates that BRA can reduce the temperature susceptibility of asphalt.
Additionally, the smaller particle size also leads to a lower absolute VTS value. Therefore,
VTS is negatively correlated to BRA content, but positively determined by particle size.
These results indicate that the higher BRA content and smaller particle size reduce BRA-
MA’s temperature susceptibility, which may improve the BRA-MA mixture’s stability at
high temperatures.
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Table 3. Absolute value of BRA-MA VTS values.

BRA-1 BRA-2 BRA-3 BRA-4 BRA-5

0% 1.297 1.297 1.297 1.297 1.297
10% 1.135 1.117 1.128 1.164 1.176
20% 1.087 1.112 1.114 1.147 1.166
30% 1.066 1.083 1.104 1.107 1.120
40% 1.048 1.074 1.075 1.081 1.097

3.2. Storage-Stability Evaluation Determination
3.2.1. Softening Point Difference

Softening-point difference [31] is one of the most commonly used indicators in the
storage-stability evaluation of polymer-modified asphalt. Figure 6 proves that BRA content
is positively correlated to the softening point of BRA-MA; thus, a higher softening point
means a higher BRA content. Through the difference of the softening point between the top
and bottom samples, the segregation of BRA content between the top and bottom of the
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separating tube can be determined. If the softening-point difference between the top and
bottom is less than 2.2 ◦C, according to ASTM D 5976, this indicates that the segregation
is not serious and the modified asphalt has acceptable storage stability. The equation for
calculating the softening-point difference is:

∆SP = |SPt − SPb| (2)

where ∆SP refers to the softening-point difference between the top and bottom of sepa-
rating tube, SPt and SPb are the softening points of the top and bottom of the separating
tube, respectively. Figure 15 illustrates the softening-point difference of BRA-MA. The
softening-point difference of BRA-MA with more than 20% BRA-5 was over 2.2 ◦C, which
indicates their severe segregation. Softening-point difference of BRA-MA with BRA-1~4
was lower than 2.2 ◦C, suggesting that their segregation is slight. However, it was found
that the segregation of BRA-MA with BRA-2, -3, and -4 was also severe by manual inspec-
tion, which is contrary to the evaluation standard of the softening-point difference test.
Additionally, even if the softening-point difference of two kinds of asphalt is equal, their
segregation degrees are thought to be different since their original softening points are
different. Therefore, the softening-point difference method may not quantitatively indicate
the degree of segregation of BRA-MA.
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The variance analysis results show that the F value of the softening-point difference
by BRA-content dependency was lower than F crit, proving that BRA content did not show
a statistical effect on the softening-point difference. In addition, F-value by particle-size
dependency was higher than F crit and the p-value was less than 0.05, which implies that
particle size can significantly affect softening-point difference. Therefore, the softening-
point difference test failed to reveal how the BRA content influenced the storage stability,
nor can it reveal the quantitative segregation of BRA-MA.

3.2.2. IS Based on the Viscosity Difference

IS based on the viscosity difference was used as an indicator for the purpose of
developing the susceptibility of detecting the segregation of BRA-MA. As shown in Figure 5,
this evaluation method is also based on the separating-tube method. The viscosity of
the top and bottom part of separating-tube should be tested at 135 ◦C. Higher viscosity
signifies the corresponding higher BRA content, according to Figure 13. Additionally, IS
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was used to illustrate the segregation of BRA-MA. The calculation equation is shown in
Equations (3) and (4).

∆η = |ηt − ηb| (3)

IS = ∆η/ηO (4)

where ∆η refers to the viscosity difference, ηt and ηb are the viscosities of the top and
bottom of the separating tube, ηO is the original viscosity of BRA-MA before segregation,
and IS is the index of segregation based on the viscosity difference. A higher IS value
means a more serious segregation of BRA. Not only the viscosity difference, but also the
original viscosity of the modified asphalt had been considered in the calculation of IS.
The segregation of asphalt with different original viscosities can be semi-quantitatively
compared through the IS method.

Figure 16 presents the IS of BRA-MA after the segregation process, which kept BRA-
MA at 165 ◦C for 48 h. The value of IS showed an almost rising trend, along with a the
BRA content increases. Moreover, the IS value illustrated an increasing tendency with
the increment in BRA particle size. The F-value is the statistic of the F-test, which is used
to indicate the statistical significance of the two methods. The variance analysis results
indicate that both the F-values of IS by BRA content and particle-size dependency are
higher than the corresponding F crit. The p-values proved that the discrepancy of IS by
BRA content and particle-size dependency were significant. Consequently, IS based on
the viscosity difference had more static significance in the evaluating influence of BRA
content and particle size on segregation compared with the softening difference evaluation.
IS was then determined as the method to indicate the storage stability of BRA-MA in the
following study.
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3.3. Static Storage Stability in the Production Plant

Storage temperature and time are the key factors affecting the static storage stability
of samples. Therefore, how BRA content and particle size affect static storage stability
at different temperatures and times was studied. The storage temperatures were 145 ◦C,
155 ◦C, and 165 ◦C, while the storage times were 24, 48, and 72 h. The aging of BRA-MA at
high temperatures was negligible in a soaking tank, which cut off the outside air.

Figures 17–19 present the IS results of BRA-MA after the segregation process by storage
temperature and time dependency, respectively. The IS values illustrated an obviously
rising trend as the BRA content increased, which also showed an increasing tendency along
with particle-size increase from BRA-1 to BRA-5. On the other hand, with the extension
of storage time, the IS value also showed an increasing tendency It was evident that
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heightening temperatures would result in higher IS values by comparison of Figures 17–19.
Therefore, reducing the temperature, particle size, storage time, and BRA content would
help to lower the segregation of BRA-MA in static storage in a static container.
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Figure 19. IS of BRA-MA after the segregation process at 165 ◦C.

The correlation between the specific surface area of BRA and IS was analyzed. Figure 20
presents the IS results by temperature, specific surface area, and BRA content at 145 ◦C,
155 ◦C, and 165 ◦C, respectively, for 24 h’ static storage, for instance. The IS value presented
a decline as the increment in the specific surface area of BRA, since its particle size was
negatively correlated to the specific surface area. Power function curves were used to fit
the data point. The result of the fitting equation and R2 of BRA-MA after the segregation
process for 24 h of static storage is shown in Table 3. Corresponding complex correlation
coefficients (R2) were higher than 0.89, suggesting that fitting between the IS value and
specific surface area was rational. It revealed that the functional relationship of IS and
specific surface area can be fit as Equation (5):

IS = swi x
−a (5)

where swi refers to the segregation coefficients, which is positively correlated to the segrega-
tion of BRA-MA; x is the variable (specific surface area); and a is the power. This functional
relationship of the IS and specific surface area can be used to indicate how particle size that
is correlated to the specific surface area determines the segregation of BRA-MA. Table 4
listed the Power function curve-fitting equation and R2 of BRA-MA. It is obvious that the
R2 is mostly over 0.9, which suggested that the fitting is adequate.

Table 4. Power function curve-fitting equation and R2 of BRA-MA.

Temperature
(◦C)

BRA Content
(%)

Power Function
Curve-Fitting Equation R2

145

10 y = 0.1929x− 5.216 0.9968
20 y = 0.3852x− 5.58 0.9930
30 y = 0.6138x− 5.727 0.9672
40 y = 0.6268x− 5.505 0.9737

225



Materials 2022, 15, 3592

Table 4. Cont.

Temperature
(◦C)

BRA Content
(%)

Power Function
Curve-Fitting Equation R2

155

10 y = 0.2284x− 3.913 0.9935
20 y = 0.3813x− 4.937 0.9816
30 y = 0.6213x− 4.967 0.9104
40 y = 0.7397x− 5.889 0.8968

165

10 y = 0.2222x− 4.498 0.9928
20 y = 0.4174x− 6.197 0.9915
30 y = 0.8069x− 5.256 0.9641
40 y = 0.8867x− 5.629 0.9713
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Figure 20. IS of BRA-MA after the segregation process for 24 h static storage at 145 ◦C, 155 ◦C, and
165 ◦C.

3.4. Storage Stability during Transportation

Transportation is a non-negligible process for storage stability and the aging of mod-
ified asphalt [32,33]. A simulated experiment was designed to investigate the storage
stability variation of BRA-MA during its transportation. BRA-MA was pumped from a
static container into a vehicle container that was in a delivery vehicle in a production plant.
The original temperature of BRA-MA in the container was found to be around 145 ◦C due
to heat loss in the pumping process. Then, the vehicle should transport BRA-MA to the
corresponding construction site (as Figure 3 illustrated). The transportation time is usually
less than 12 h, according to the on-the-spot investigation. The heat loss of BRA-MA during
the transportation process can be alleviated by the insulation layer and heating equipment
of the containers on the vehicles. The temperature decline in BRA-MA of 12 h during the
transportation process was 20 ◦C, which means its temperature decreasing rate is averagely
of 5 ◦C per 3 h. This experiment consequently simulated the segregation of BRA-MA in
consideration of its cooling process during transportation.

Figure 21 explains the following stages of this simulated experiment. The original
temperature of BRA-MA in the separating tubes was 145 ◦C. Then, BRA-MA should be
placed into a temperature-controlling box, and the initial temperature is 145 ◦C when the
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time is marked as 0 h. The temperature of the box should be switched to 140 ◦C when the
storage time is 1.5 h. Then, the temperature of the BRA-MA should be tested for the first
time at 3 h to confirm that its temperature has already decreased to 140 ◦C. Meanwhile, the
IS value at 140 ◦C should be tested according to the viscosity difference test conducted as
the temperature test 1©. As Figure 21 illustrates, the temperature and IS value of BRA-MA
should be tested when its temperature gradually reduces to 135, 130, and 125 ◦C, as the
temperature test 2©, 3© and 4©, respectively. The temperature of BRA-MA finally decreased
to 125 ◦C after 12 h; the cooling-process simulation of the transportation was terminated.
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Figure 21. Outline of simulated experiment for the storage stability during transportation.

The IS values of BRA-MA with BRA-1~4 during transportation are provided in
Figure 22, while the IS value of BRA-5-based BRA-MA is shown in Figure 23. The ab-
scissa is the temperature during transportation, and its corresponding transportation times
are 3, 6, 9, and 12 h. The results show that the IS values of BRA-MA with BRA-1~4 are below
0.2, suggesting that their segregation is very slight. The IS value also showed an increasing
trend as the particle size rises. However, BRA-5-based BRA-MA illustrated a high IS value
during transportation, proving that its segregation was serious. In addition, the IS values of
BRA-MA with BRA-5 presented an increasing tendency in the cooling process. However, IS
change of BRA-1~4-based BRA-MA in the cooling process was not explicit, especially when
BRA content was below 30%. Therefore, BRA-MA with BRA-1~4 showed low segregation
and acceptable storage stability compared to BRA-5-based BRA-MA, although their IS
values changed unreasonably. BRA-MA with BRA-1~4 whose d(0.5) particle sizes were
lower than 13.6 µm showed low segregation. However, the segregation of BRA-MA with
BRA whose d(0.5) particle size was over 106 µm was severe.
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4. Conclusions

This study introduced BRA of different particle sizes and contents to prepare BRA-
MA in order to determine how the factors affect their physical properties and storage
stability. Storage-stability evaluation methods were also discussed. Based on the results,
the following conclusions can be drawn.

(1) Softening point was positively correlated to BRA content, while the particle size of
BRA showed a negative correlation. Penetration of BRA-MA increased as the in-
crement in particle size, while BRA content negatively affected penetration. Both
BRA content and particle size negatively determines the ductility of BRA-MA. A
larger particle size of BRA resulted in lower viscosity, but a higher BRA content
increased the viscosity of BRA-MA. The temperature susceptibility of BRA-MA de-
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creased with the increase in BRA content, but the smaller particle size led to lower
temperature susceptibility.

(2) Separating-tube method was used to simulate the segregation of BRA-MA in Lab.
How BRA-content influence on storage stability could not be significantly reflected by
the softening-point difference test, and the segregation degree was not quantitively
revealed. The IS value based on the viscosity difference test had a higher statisti-
cal significance when evaluating the influence of BRA content and particle size on
segregation. The segregation of asphalt with different original viscosity could be
quantitatively compared through the IS value based on the viscosity difference test.

(3) Storage stabilities of static and transportation corresponded to storage in a production
plant and during the vehicle transportation process. The segregation of BRA-MA
illustrated a rising trend as the BRA coffintent and particle size increased. Both storage
temperature and time were positively correlated to the segregation of BRA-MA. It
was proved that the relationship between the specific surface area and segregation
were power functional. This relationship can be used to understand how particle size,
which is correlated to specific surface area, determines the segregation of BRA-MA.
Based on the simulated experiment of transportation segregation, BRA-MA with
BRA-1~4 whose d(0.5) particle sizes ere lower than 13.6 µm, showed low segregation.
However, the segregation of BRA-MA with BRA whose d(0.5) particle size was over
106 µm was severe.
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