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Abstract: In order to improve the service quality of roads and resolve the problem of defects in the
conventional asphalt pavement in service, this paper uses a 5.3% aluminate coupling agent to modify
the surface of nano-ZnO and prepares a composite-modified asphalt with nano-ZnO and basalt fiber
(BF) as modifiers. First, the basic performance of different types of asphalt was investigated by means
of a rotary film oven experiment. Then, a dynamic shear rheology experiment was carried out to
analyze the high-temperature anti-rutting performance of the composite-modified asphalt at different
temperatures and frequencies. Then, using a bending creep stiffness test, the low-temperature
properties of the composite-modified asphalt were investigated. Finally, the microstructure and
modification mechanisms of the composite-modified asphalt were analyzed with scanning electron
microscopy and infrared spectroscopy. The results indicate that the anti-aging performance of
the nano-ZnO/BF composite-modified asphalt is significantly improved after adding fibers to the
modified asphalt. The average mass loss ratio is only 0.192%. At 46 ◦C, the rutting coefficient of the
composite-modified asphalt was increased by 62.3%. The frequency master curve is always at the
highest position and continues to rise, indicating a significant improvement in the high-temperature
anti-rutting performance of the composite-modified asphalt. At 24 ◦C, the creep stiffness modulus
S value of the composite-modified asphalt increased by 24.9%; moreover, there is no obvious effect
of improving low temperature, but the variation range of creep tangent slope m of the modified
asphalt after aging is decreased, which further shows that the addition of a modifier can decrease the
influence of aging on asphalt. Nanoparticles are uniformly dispersed in the asphalt and form a three-
dimensional interconnected structure with BF, which effectively improves the overall performance
of the asphalt. Nano-ZnO and fibers have weak chemical reactions in matrix asphalt, but they are
physically dispersed and compatible.

Keywords: road engineering; modification mechanism; experimental study; composite-modified
asphalt; microscopic morphology

1. Introduction

With the fast development of the highway transportation system, the total mileage
of the national expressway is increasing year by year. During the 14th Five-Year Plan,
China will achieve the goal of 25,000 km of expressway reconstruction and realize the main
line of the “71,118” national highway network [1]. Asphalt pavement has the advantages
of simple construction and comfortable driving, and more than 90% of expressways in
China are paved with asphalt. Due to complex environmental changes and the increasing
proportion of heavy-duty channelized traffic, conventional asphalt pavement is liable
to be damaged during its service period, which makes the service quality of the road
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decline rapidly [2,3]. This is one of the main difficulties in the construction of high-quality
modern highway systems in the new era. Therefore, improving the original asphalt to
improve its road performance has become an important research direction in the field
of transportation [4,5]. The unique and outstanding efficacy of nano-ZnO makes the
performance of nano-ZnO-modified asphalt incomparable with other modified asphalt.
The nano-ZnO-modified asphalt has a lower complex module and a higher phase angle,
which shows that the asphalt has excellent heat-oxidation and photo-oxidation resistance,
and the nano-ZnO modifier can significantly improve the high-temperature properties
of matrix asphalt after PAV aging [6,7]. The increase in nano-ZnO content causes the
Marshall stability, the indirect tensile strength, the pull-off adhesion, and the fracture
energy of asphalt mixture to obviously increase, and the coating degree of asphalt on
aggregate increases [8,9]. Nano-ZnO has a cross-linking reaction with asphalt, and nano-
ZnO has physical and chemical modifications on matrix asphalt [10–12]. Compared to
other modified asphalt, nano-ZnO-modified asphalt has outstanding road performance,
but the addition of only nano-ZnO modifiers to improve the low-temperature performance
of the asphalt mixture is not significant [13,14]. Studying nano-ZnO in asphalt and how to
improve its low-temperature properties and deepen its high-temperature properties is an
urgent problem.

Because of the high strength and green environmental protection of BF, the related
research on BF-modified asphalt has entered people’s field of vision [15,16]. When the BF
content is 2% and the length is 9 mm, BF-modified asphalt enhances the stress dissipation
capacity at low temperatures to a certain extent, showing excellent rheological properties,
and the BF is spatially distributed in the asphalt mortar, which has better stability and
enhancement [17,18]. Compared to normal asphalt, adding BF greatly reduces the freeze–
thaw splitting strength of aged specimens, effectively prevents the asphalt from aging,
and improves the resistance to low temperatures and water damage. BF can effectively
improve the combination of mineral aggregate and asphalt. Adding a small amount of
fiber can significantly increase the viscosity of the asphalt mortar, hinder the effective flow
of the asphalt, and, to some extent, lower the cracking probability of asphalt mortar, thus
improving its low-temperature crack resistance. This provides the theoretical foundation
for the popularization and application of BF in asphalt pavement [19–22].

In summary, as opposed to conventional asphalt blends, the addition of nanoparticles
can significantly improve the performance of the asphalt mixture at high temperatures
and water stability. The BF is added to the asphalt to strengthen the anti-crack and fatigue
resistance of the asphalt mixture, thus increasing the durability of the pavement materials.
However, in the results of recent research, there are few literature studies on the addition of
multi-dimensional, multi-scale fibers and nanomaterials to the matrix bitumen. Therefore,
nano-ZnO and BF are used as composite admixtures to modify the matrix asphalt in this
paper. Nano-ZnO and BF are adopted as compound admixtures for modification of base
asphalt. The performance of nano-ZnO/BF compound-modified asphalt at high and low
temperatures is evaluated, and the micro-modification mechanism and road performance of
composite-modified bitumen are also analyzed. This study may provide new optimization
and improvement ideas for the development of China’s transportation field.

2. Raw Material
2.1. Asphalt

This article uses grade 70# asphalt from the Jintan Municipal Construction Co., Ltd. (Jin-
tan, China). The basic performance index is determined according to the test procedure [23].
The results of the test are given in Table 1. In accordance with the requirements of the
Technical Specification [24], the 70# asphalt specification meets the specification conditions.
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Table 1. Basic performance index of 70# asphalt.

Test Items Unit Test Results Technical Requirements Test Method

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 64.8 60~80 T0640
Ductility (5 cm/min, 5 ◦C) cm 13.4 ≥0 T0605
Ductility (5 cm/min, 15 ◦C) cm 127.6 ≥100 T0650

Softening point (Ring and ball method) ◦C 47.5 ≥46 T0606
Flash point ◦C 280 ≥260 T0611

Density (25 ◦C) g/cm3 1.205 Measured value T0603

After RTFOT

Quality change % −0.264 −0.8~+0.8 T0610
Penetration ratio % 73.5 ≥61 T0604

Ductility (5 cm/min, 5 ◦C) cm 11.2 ≥6 T0605
Ductility (5 cm/min, 15 ◦C) cm 130.4 ≥15 T0605

2.2. Nano-Zinc Oxide

The nano-Zinc Oxide (nano-ZnO) used in the test is provided by Pinyu New Material
Co., Ltd. (Shanghai, China). The shape of the nano-ZnO particles is approximately spherical,
and the particle diameter is about 30 nm. It has the morphological characteristics of
nanomaterials and belongs to the standard nanomaterials. Its technical index is shown in
Table 2.

Table 2. Technical Indicators of Nano-ZnO.

Performance Appearance Purity (%) Specific Surface
Area (m2/g)

Loose Density
(g/cm3)

Nano-ZnO White powder 99.6 58 0.94

2.3. Basalt Fiber

The basalt fiber (BF) used is a high-quality fiber provided by Hunan Basalt Stone Co.,
Ltd. (Changsha, China). The BF is linearly distributed, the surface is smooth, and it is not
easy to deform and distort. The conventional performance index parameters are shown in
Table 3.

Table 3. Performance index of BF.

Performance Length (mm) Diameter
(µm) Density (g/cm3)

Fracture
Elongation (%)

Elastic Modulus
(GPa)

Tensile
Strength (MPa)

BF 6 12 2.94 2.958 95 3500

3. Test Scheme
3.1. Optimization of Surface Properties of Nano-ZnO

In this paper, an aluminate coupling agent was selected to modify the surface of
nano-ZnO [25]. The experimental equipment was a heat-collecting constant temperature
heating magnetic stirrer. The concrete steps are as follows:

(1) Different doses of aluminate coupling agent were added to the prepared ethanol
solution (anhydrous ethanol:water = 9:1). The mixture was stirred with a glass rod
evenly and then added to a conical flask. By stirring the mixture for 5 min at room
temperature with a magnetic stirrer, the nano-ZnO was brought into full contact with
the coupling agent.

(2) A certain amount of nano-ZnO was weighed and dried in the electric blast drying box
and slowly added to a conical bottle. The motor temperature was adjusted to 70 ◦C,
the speed to 300 rpm, and stirring was continued for 40 min.

(3) The activated nano-ZnO was placed in an electric blast drying furnace, and the
temperature was controlled at about 100 ◦C. Finally, the dried nano-ZnO was placed
in a mortar for grinding.
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Each type of test includes three samples, including parallel experiments. The lipophilic-
ity of the nano-ZnO was tested after modification, and the dose modification effect cor-
responding to the maximum lipophilicity value was the best. Finally, a 5.3% aluminate
coupling agent was selected to activate the nano-ZnO.

3.2. Preparation of Composite-Modified Asphalt

The matrix asphalt was placed in an electric hot blast drying box and heated to melting
at a temperature of 180 ◦C for dehydration. Then, 500 g of the matrix asphalt was quickly
weighed into the heating furnace of the high-speed shear machine to keep it flowing. The
temperature was set to about 150 ◦C for heating. In the course of heating, continuous
mixing of the base asphalt with the glass rod can avoid local heating and aging of the
asphalt. First, 4% of the surface-modified dry nano-ZnO was slowly added in batches to the
matrix asphalt, and then the high-speed shear machine was used to slowly shear for about
15 min. When the white powder in the asphalt was evenly dispersed, 2% of the dry BF was
slowly added in batches, and it was necessary to continuously carry out manual stirring
to ensure it was evenly dispersed during the addition process. The shear rate was kept at
5000 r/min. The shear rate was cut for 60 min, then, it was placed in an electrothermal
blast drying oven at 180 ◦C to swell and develop until the asphalt surface was smooth and
free of bubbles. In this way, the nano-ZnO/BF compound-modified asphalt was prepared.

3.3. Rolling Thin Film Oven Test

The aging test of 50 ± 0.5 g matrix asphalt, nano-ZnO-modified asphalt and nano-
ZnO/BF composite-modified asphalt was carried out according to the requirements of
T0610 in the specification [23] using an asphalt rotating film oven. The oven temperature
was kept at 163 ± 0.5 ◦C for a total duration of 85 min. All test procedures should be
completed within 72 h. The basic performance of three kinds of asphalt after aging was
analyzed and the anti-aging properties of the compound-modified asphalt were compared
and evaluated.

3.4. Rheological Test of High-Temperature Dynamic Shear

The rheological behavior of asphalt was investigated by means of a DHP-1 dynamic
shear rheometer according to T0628 in the regulation [23]. A sample of 25 mm in diameter
and 1 mm thick was used in the test. The strain level selected for temperature scanning
was 10%, and the shear frequency was 10 rad/s. The trend of complex shear modulus G*,
the phase angle δ, and the rutting factor G*/sinδ at different temperatures was analyzed.
The high-temperature performance of the matrix asphalt, the nano-ZnO-modified asphalt,
and the nano-ZnO/BF composite-modified asphalt before and after aging was studied.
Frequency scanning was used to select the strain level of 1%, and the frequency range was
within 0.1 to 100 rad/s. The trend of G* at different angular frequencies was analyzed,
and the anti-deformation ability of the three types of asphalt before and after aging was
further studied. Based on the theory of the time–temperature equivalence principle, the
change rule of the three types of asphalt G* was compared with that of the main curve
of viscoelasticity.

3.5. Rheological Test of Low-Temperature Bending Beam

An ATS low-temperature bending rheometer made in the United States was adopted to
investigate the low-temperature properties with reference [26]. Preparation of the asphalt
was performed for 127 mm; it was 12.7 mm wide and 6.35 mm thick. The specimens
were subjected to continuous stress loading for 4 min in a cold environment. Then, the
creep stiffness modulus S value and the creep tangent slope m value of the three kinds
of trabecular bending specimens were recorded, respectively. To ensure the data were
accurate, the creep stiffness, S ≤ 300 Mpa, and the creep rate, m ≥ 0.3 at 60 s, were required
in the specification. Comparison and analysis of the experimental results were performed
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to evaluate the low-temperature properties of matrix asphalt, nano-ZnO-modified asphalt,
and nano-ZnO/BF composite asphalt before and after aging.

3.6. Scanning Electron Microscope Experiments

The morphology of matrix asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF
composite-modified asphalt were studied using a field emission scanning electron mi-
croscope. The magnification of the matrix asphalt and nano-ZnO-modified asphalt was
2000 times, and the magnification of the nano-ZnO/BF composite-modified asphalt was
500 times. The sample size was in the size range of 10 mm × 10 mm × 5 mm, in order to
more clearly study the combination of admixture and asphalt and the specific distribution
characteristics, so as to better distinguish the differences in microstructure.

3.7. Fourier Infrared Spectroscopy Test

A VERTEX70 Fourier transform infrared spectrometer was used. The test scanning
range was 4000 cm−1~500 cm−1, 64 times of scan, and 4 cm−1 resolution. The matrix
asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF composite-modified asphalt were
tested using infrared spectroscopy. Based on the position and strength of the characteristic
peaks, the modification mechanism of the two modifiers on the base asphalt was studied.

4. Experiment Results and Analysis
4.1. Aging Performance Analysis

The matrix asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF composite-modified
asphalt were subjected to RTFOT short-term aging, respectively. The comparison results
are shown in Table 4.

Table 4. Short-term aging test results of modified asphalt.

Asphalt Type

Before RTFOT After RTFOT

25 ◦C Pen-
etration
(0.1 mm)

5 ◦C
Ductility

(cm)

Softening
Point
(◦C)

Quality
(g)

Residual
Penetration

Ratio (%)

Residual
Ductility
Ratio (%)

Softening Point
Increment (◦C)

Quality
Loss (%)

Matrix asphalt 64.8 13.4 47.5 49.862 73.5 83.6 6.2 0.264
Nano-ZnO-modified

asphalt 60.5 24.6 53.4 50.047 75.2 87.4 5.7 0.237

Nano-ZnO/BF
composite-modified

asphalt
52.3 21.9 57.8 50.236 76.9 85.3 5.4 0.192

As shown in Table 4, the residual penetration ratio of the modified asphalt increased
by 1.7% and 3.4%, respectively, the residual ductility ratio increased by 3.8% and 1.7%,
respectively, the softening point increment decreased by 0.5 ◦C and 0.8 ◦C, respectively,
and the mass change decreased by 0.027% and 0.072%, respectively. The greater the
residual penetration ratio of asphalt after aging, the smaller the increment of softening
point increment and the change in mass, the better the anti-aging performance of asphalt.
This shows that the addition of two additives promoted the aging of asphalt and effectively
reduced the volatilization of light components in asphalt. Both modified asphalts have
better heat-aging resistance than matrix asphalt. It also proves that the nano-ZnO/BF
composite-modified asphalt has the strongest anti-aging ability.

4.2. Analysis of Dynamic Shear Rheological Test
4.2.1. Temperature Scanning

The rutting factor G*/sinδ is used to predict the viscoelastic properties of asphalt.
The temperature scanning test of the three types of asphalt before and after aging was
carried out at 46~82 ◦C. The temperature interval was 6 ◦C. The results are shown in
Figures 1 and 2.
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Analysis of Figures 1 and 2 shows:
1© When the temperature condition is relatively low, the complex shear modulus of

the three kinds of asphalt is larger, but the phase angle value at the same temperature is
smaller, indicating that the asphalt is more elastic at low temperatures, and has a stronger
capacity to withstand deformation. As the temperature rises, the complex shear modulus
decreases, and the phase angle increases gradually, which demonstrates that the viscosity
of the asphalt is stronger under the condition of a high-temperature environment, and the
anti-deformation capability of the asphalt is reduced to a certain extent. After the nano-
ZnO and BF were added to the matrix asphalt, under the same temperature conditions,
the complex shear modulus G* of the nano-ZnO-modified asphalt and nano-ZnO/BF
composite-modified asphalt showed an upward trend compared with the matrix asphalt,
and the phase angle δ showed a corresponding decreasing trend, but the increase in G* and
the decrease in δ of the composite-modified asphalt were obviously greater than that of
nano-ZnO-modified asphalt. Therefore, the addition of BF to nano-ZnO-modified asphalt
can effectively promote resistance to permanent deformation.
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2© After aging, the G* and δ of the three types of asphalt are almost the same as
those before aging. From Figure 1b, it can be seen that the G* values of the three kinds of
asphalt will increase when aging occurs. However, compared with the G* value changes of
nano-ZnO-modified asphalt and matrix asphalt, it can be seen that after adding BF, the G*
value increases greatly. From Figure 2b, it can be seen that the δ value of asphalt decreases
during aging, but the decreasing trend also increases with the addition of BF. Through the
above analysis, it can be seen that in the process of asphalt RTFOT aging, adding BF to
modified asphalt can play a helpful role in resisting RTFOT aging.

According to the result data, three diverse classifications of asphalt rutting factor–
temperature change trend diagrams are further analyzed. As shown in Figure 3, the
temperature scanning test results before and after aging can be studied more clearly
and intuitively.
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Analysis of Figure 3 shows:
1© As the test temperature rises, the rutting factors of the original asphalt and the aged

asphalt have the same decreasing tendency. Rutting factor in the environmental conditions
of 46 ◦C gradually warming process, the overall trend of rutting factor suddenly decreased,
but the three kinds of asphalt curve after 64 ◦C numerical change slowly and gradually
overlap. The reason is that the relative proportion of viscous behavior is increased with
the increase in test temperature, and the viscous components increase while the elastic
components gradually decrease. Under the same temperature conditions, the rutting
factor G*/sinδ from large to small is nano-ZnO/BF-modified asphalt > nano-ZnO-modified
asphalt > matrix asphalt. If the asphalt shows a large G*/sinδ value, it shows that asphalt
has strong high-temperature deformation resistance, which can more effectively resist
the traffic gravity load so that the rutting deformation phenomenon appears slowly or
decreases significantly.

2© RTFOT aging makes the rutting factor of asphalt larger. Analysis of the reasons
shows that aging changes asphalt’s composition, and the gradual transformation of light
components to heavy components causes the nano-ZnO/BF composite-modified asphalt to
be harder. When the asphalt pavement undergoes heavy traffic under high-temperature
conditions, its good viscoelastic behavior makes it less prone to rutting deformation,
indicating that aging causes the modified asphalt to have better thermal stability. The
increase in the rutting factor of modified asphalt after aging also shows that the high
strength characteristics of BF itself are effectively combined with nanoparticles to form a
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unified system, and the integral performance of modified asphalt is effectively reinforced.
The incorporation of nano-ZnO and BF into the matrix asphalt significantly reduces the
probability of rutting deformation of the asphalt, which is of great importance for the
anti-damage ability of the asphalt under high-temperature conditions.

4.2.2. Frequency Scanning

(1) Frequency scanning test

The frequency scanning experiment can accurately and comprehensively analyze the
dynamic high-temperature characteristics of different asphalts at different shear angle
frequencies. In this section, frequency scanning tests in the three types of asphalt were
carried out at temperatures of 40~88 ◦C, and the temperature interval was 12 ◦C. The results
of the test are shown in Figures 4–6.
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Analysis of Figures 4–6 shows:
1© Under the same temperature conditions, as the angular frequency gradually in-

creases, the complex modulus values of the three asphalts also increase and are almost
linear. In practical road applications, the increase in the frequency of pavement loading
indicates that the higher the vibration frequency of the road in unit time, that is, the to-
tal shear strain generated in unit time decreases, and the complex modulus of asphalt
increases. Under the state of relatively low temperature, the increase in load frequency has
little effect on asphalt road pavement, and the deformation of asphalt road pavement is
small. However, under the state of relatively high temperatures, when the pavement is
subjected to heavy traffic vehicles, its G* is small, and the asphalt pavement is prone to
deformation, which may result in the destruction of the road surface.

2© The change rate of G* of matrix asphalt, nano-ZnO-modified asphalt, and nano-
ZnO/BF composite-modified asphalt is basically the same and roughly parallel under
five different test temperature conditions. Analysis of experimental data shows that with
the change in environmental conditions, the G* of asphalt is negatively correlated with
temperature. The reason is that the asphalt softens in a high-temperature environment,
which leads to the weakening of the interaction force between the interior of the asphalt, the
weakening of the elastic properties of the modified asphalt, and a change in the direction
of viscoelasticity. The final result is that the G* decreases, and the viscous component of
asphalt increases. The transformation of asphalt to viscous characteristics reduces its ability
to resist high-temperature deformation. It shows that in a high-temperature environment,
the probability of road rutting will increase significantly, and the performance of asphalt
pavement will be weakened.

(2) Main curve analysis of frequency scanning results

First, the data of the complex modulus and angular frequency of the three original
asphalts are fitted to the curve equation. Then, by selecting the G* value, the displace-
ment factors corresponding to the matrix asphalt, nano-ZnO-modified asphalt, and nano-
ZnO/BF composite-modified asphalt are calculated in turn. Finally, with the help of the
time–temperature equivalence principle, the main curve diagram of lgG* − lgω is con-
structed to increase the research interval. The time–temperature equivalence principle is
based on the fact that there is a certain distance between the data curves of other temper-
atures and the data curves of this temperature at a certain temperature. This distance is
called the displacement factor.

1© Determination of displacement factors of the three original asphalts.
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Through the analysis of the frequency scanning data of matrix asphalt at different
test temperatures, and then the double logarithm curve equation is fitted. The results are
presented in Table 5.

Table 5. Matrix asphalt double logarithmic fitting curve summary table.

Test Temperature (◦C) Fitting Curve Equation R2

40 lgG* = 0.9270lgω + 3.3825 0.9996
52 lgG* = 0.9608lgω + 2.6847 0.9999
64 lgG* = 0.9386lgω + 1.9455 0.9987
76 lgG* = 0.9024lgω + 1.3011 0.9997
88 lgG* = 0.8793lgω + 0.7813 0.9811

In this section, by selecting G* = 1000 Pa, it is substituted into lgG* to obtain
lgG* = 3, and then the lgG* value is substituted into the fitting curve equation of Table 5,
respectively. The corresponding lgω values at various temperatures can be obtained. On
the basis of the displacement factor of the test temperature of 40 ◦C, the displacement factor
values corresponding to the angular frequency lgω under the remaining temperatures are
calculated in turn. The results are in Table 6 below.

Table 6. Matrix asphalt displacement factor table.

Test Temperature (◦C) Lgω (Rad/s) Displacement Factor

40 −0.4126 0
52 0.3282 −0.7408
64 1.1235 −1.5361
76 1.8826 −2.2952
88 2.5233 −2.9359

Taking the same analysis method as matrix asphalt, the fitting curve equations and cor-
responding displacement factor values of nano-ZnO-modified asphalt and nano-ZnO/BF
composite-modified asphalt were calculated in turn, as given in Tables 7 and 8, respectively.

Table 7. Two modified asphalt double logarithmic fitting curve equation summary table.

Types of Modified Asphalt Test Temperature (◦C) Fitting Curve Equation R2

Nano-ZnO-modified asphalt

40 lgG* = 0.8777lgω + 3.8214 0.9997
52 lgG* = 0.9193lgω + 3.0539 0.9998
64 lgG* = 0.8956lgω + 2.4102 0.9962
76 lgG* = 0.9389lgω + 1.6799 0.9984
88 lgG* = 0.8419lgω + 1.2662 0.9807

Nano-ZnO/BF
composite-modified asphalt

40 lgG* = 0.8456lgω + 4.1064 0.9993
52 lgG* = 0.9108lgω + 3.2771 0.9992
64 lgG* = 0.9404lgω + 2.5598 0.9998
76 lgG* = 0.9220lgω + 2.0145 0.9997
88 lgG* = 0.8827lgω + 1.5499 0.9966

2© Main curve analysis of the three original asphalts.
When the time–temperature equivalence principle is used for graphic drawing, the

curves of different temperatures will move horizontally on the basis of the displacement
factor. Then, by studying the generated lgG* − lgω curve of a wider area, the temperature
susceptibility of different asphalts under the action of the external environment can be
evaluated and analyzed. The diagrammatic drawing of the displacement factor principle is
illustrated in Figure 7.
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Table 8. Two modified asphalt displacement factor tables.

Types of Modified Asphalt Test Temperature (◦C) Lgω
(Rad/s) Displacement Factor

Nano-ZnO-modified asphalt

40 −0.9359 0
52 −0.0586 −0.8773
64 0.6586 −1.5945
76 1.4060 −2.3419
88 2.0594 −2.9953

Nano-ZnO/BF
composite-modified asphalt

40 −1.3084 0
52 −0.3042 −1.0042
64 0.4681 −1.7765
76 1.0689 −2.3773
88 1.6428 −2.9512
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Figure 7. Schematic diagram of displacement factor.

Based on the principle of time–temperature equivalence, the temperature of 40 ◦C
is used as the benchmark. According to the displacement scale factor values of the three
original asphalts calculated in Tables 6 and 8, the remaining complex modulus change
diagrams are moved horizontally to the left, and the main curve of lgG* − lgω is obtained,
as shown in Figure 8.

According to the analysis of Figure 8, under the same loading conditions of angular
frequency, especially in the high-temperature and low-frequency section, the G* value
of nano-ZnO/BF composite-modified asphalt is larger than that of nano-ZnO-modified
asphalt, and the complex modulus value of matrix asphalt is the smallest, indicating that
matrix asphalt has poor rutting resistance. BF can improve the high-temperature properties
of asphalt, but the improvement effect is not as obvious as that of composite materials. It can
be seen intuitively from Figure 8 that in the low-temperature and high-frequency section,
as the angular frequency increases, the G* of the three types of asphalt also increases. The
main curve of matrix asphalt and nano-ZnO-modified asphalt gradually approaches, and
the complex modulus values are not much different, indicating that the nanoparticles as
modifiers in the low-temperature environment have no significant effect in improving the
temperature sensitivity of the asphalt. However, the complex modulus of the nano-ZnO/BF
compound-modified asphalt is still at the highest position and is in a continuous rising
stage; this shows that the two admixtures can effectively upgrade the high-temperature
anti-rutting properties of asphalt, and the promotional effects are still remarkable in the
high-frequency section.



Coatings 2024, 14, 23 12 of 19Coatings 2024, 14, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 8. The complex modulus–angular frequency main curves of the three original asphalts. 

According to the analysis of Figure 8, under the same loading conditions of angular 
frequency, especially in the high-temperature and low-frequency section, the G* value of 
nano-ZnO/BF composite-modified asphalt is larger than that of nano-ZnO-modified as-
phalt, and the complex modulus value of matrix asphalt is the smallest, indicating that 
matrix asphalt has poor rutting resistance. BF can improve the high-temperature proper-
ties of asphalt, but the improvement effect is not as obvious as that of composite materials. 
It can be seen intuitively from Figure 8 that in the low-temperature and high-frequency 
section, as the angular frequency increases, the G* of the three types of asphalt also in-
creases. The main curve of matrix asphalt and nano-ZnO-modified asphalt gradually ap-
proaches, and the complex modulus values are not much different, indicating that the 
nanoparticles as modifiers in the low-temperature environment have no significant effect 
in improving the temperature sensitivity of the asphalt. However, the complex modulus 
of the nano-ZnO/BF compound-modified asphalt is still at the highest position and is in a 
continuous rising stage; this shows that the two admixtures can effectively upgrade the 
high-temperature anti-rutting properties of asphalt, and the promotional effects are still 
remarkable in the high-frequency section. 

4.3. Analysis of Bending Beam Rheological Test 
Three temperature conditions were selected for the three kinds of asphalt: −12 °C, 

−18 °C, and −24 °C. The loading time was determined to be 240 s. The stiffness modulus S 
value and tangent slope m value of the bending creep stiffness test were automatically 
collected and recorded by the sensing system, as given in Figures 9 and 10. 

Figure 8. The complex modulus–angular frequency main curves of the three original asphalts.

4.3. Analysis of Bending Beam Rheological Test

Three temperature conditions were selected for the three kinds of asphalt: −12 ◦C,
−18 ◦C, and −24 ◦C. The loading time was determined to be 240 s. The stiffness modulus
S value and tangent slope m value of the bending creep stiffness test were automatically
collected and recorded by the sensing system, as given in Figures 9 and 10.
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Figure 9. Creep stiffness modulus of asphalt at different temperatures. (a) Unaged asphalt.
(b) Aged asphalt.

From the analysis of Figures 9a and 10a, it can be seen that the creep stiffness modulus
of the three different types of asphalt increases, and the creep tangent slope decreases as
the temperature decreases. Among them, the increase (decrease) of matrix asphalt is the
most significant, which reflects that matrix asphalt shows more significant brittleness under
low-temperature conditions and has poor deformation resistance. After the nanoparticle
modifier is added, the S value decreases and the m value increases. After the addition of
BF to the nano-modified asphalt, the S value increases and the m value decreases. The
reason may be that the BF absorbs a part of the light component content in the asphalt
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so that the content of heavy components is relatively high. Nanoparticles and BF form a
dense three-dimensional mesh system, which increases its synergy, thus promoting the
creep stiffness modulus of nano-ZnO/BF composite-modified asphalt to be higher than
that of nano-ZnO-modified asphalt.
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It can be seen from Figures 9b and 10b that the parameter S of matrix asphalt, nano-
ZnO-modified asphalt, and nano-ZnO/BF composite-modified asphalt increased to a
certain extent after RTFOT aging. Analysis at −12 ◦C shows that the S value of matrix
asphalt increased by 16.5% after aging, the S value of nano-ZnO-modified asphalt increased
by 14.9% after aging, and the S value of composite-modified asphalt increased by 15.0%
after aging. The creep tangent slope of the three test asphalts decreased after short-term
aging. The m values of matrix asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF
composite-modified asphalt at −12 ◦C decreased by 21.6%, 14.8%, and 13.4%, respectively.
In summary, nanoparticles can improve the low-temperature creep property of asphalt to
some degree, while the effect of adding fiber is not obvious. After short-term aging, the
modified asphalt with admixture weakens the change range of creep rate, which further
verifies that the addition of nanoparticles and fibers can enhance the anti-aging properties
of asphalt.

4.4. Micromorphology Analysis
4.4.1. Study on the Microstructure of Raw Materials

The scanning electron microscope morphology of nano-ZnO and basalt fiber was
studied, as shown in Figures 11 and 12.

It can be seen from Figure 11 that the shape of the surface-modified nano-zinc oxide
particles is approximately spherical, and the particle diameter is about 30 nm. The alumi-
nate coupling agent reacts with nano-zinc oxide so that the surface of the particles is coated
with a layer of film, which improves its dispersion.

It can be seen from Figure 12 that the basalt fiber is linearly distributed, the surface is
smooth, and it is not easy to deform and distort, indicating that the fiber has high strength
and can have a good reinforcement effect on the asphalt mixture.



Coatings 2024, 14, 23 14 of 19

Coatings 2024, 14, x FOR PEER REVIEW 14 of 19 
 

 

aging. The creep tangent slope of the three test asphalts decreased after short-term aging. 
The m values of matrix asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF compo-
site-modified asphalt at −12 °C decreased by 21.6%, 14.8%, and 13.4%, respectively. In 
summary, nanoparticles can improve the low-temperature creep property of asphalt 
to some degree, while the effect of adding fiber is not obvious. After short-term aging, 
the modified asphalt with admixture weakens the change range of creep rate, which fur-
ther verifies that the addition of nanoparticles and fibers can enhance the anti-aging prop-
erties of asphalt. 

4.4. Micromorphology Analysis 
4.4.1. Study on the Microstructure of Raw Materials 

The scanning electron microscope morphology of nano-ZnO and basalt fiber was 
studied, as shown in Figures 11 and 12. 

  
(a) (b) 

Figure 11. Scanning electron microscopy of two multiples of nano-ZnO. (a) The magnification is 
20,000 times. (b) The magnification is 50,000 times. 

It can be seen from Figure 11 that the shape of the surface-modified nano-zinc oxide 
particles is approximately spherical, and the particle diameter is about 30 nm. The alumi-
nate coupling agent reacts with nano-zinc oxide so that the surface of the particles is 
coated with a layer of film, which improves its dispersion. 

  
(a) (b) 

Figure 12. Scanning electron microscopy of two kinds of basalt fiber. (a) The magnification is 1000 
times. (b) The magnification is 5000 times. 

Figure 11. Scanning electron microscopy of two multiples of nano-ZnO. (a) The magnification is
20,000 times. (b) The magnification is 50,000 times.
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Figure 12. Scanning electron microscopy of two kinds of basalt fiber. (a) The magnification is
1000 times. (b) The magnification is 5000 times.

4.4.2. Morphology Characterization Analysis of Composite-Modified Asphalt

The morphology of matrix asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF
composite-modified asphalt was studied using scanning electron microscopy (SEM), as
shown in Figures 13–15.
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It can be seen from Figure 13 that after the matrix asphalt is magnified by 2000 times, no
other impurities or particles appear in the scanning electron microscope image, the surface
is very smooth, and the micro-morphology is evenly distributed. This also proves that
the matrix asphalt selected in this paper is relatively clean and pure, which is convenient
for later comparison with the images of nano-ZnO-modified asphalt and nano-ZnO/BF
composite-modified asphalt.

It can be seen from Figure 14 that, compared with the matrix asphalt, the surface of
the modified asphalt added with nano-ZnO has some protrusions, and a small amount
of agglomeration occurs, but on the whole, it is still evenly dispersed in the asphalt, and
a relatively stable network structure is formed with the asphalt. This may be due to the
damage to the structure of the nanoparticles themselves during the high-speed stirring
process. The chemical structures, such as functional groups and covalent bonds, change,
and the increase in their surface activity makes it easier to integrate with the asphalt,
increasing the viscosity and toughness of the overall structure, thereby improving the
asphalt’s performance.

It can be seen from Figure 15 that the microstructure of the composite-modified asphalt
becomes more complex, and the surface presents an intricate irregular wrinkle phase. This
is because the fiber itself has high oil absorption. After the adsorption of the surrounding
asphalt reaches saturation, the fiber is completely coated by the asphalt, forming a wrinkle
phenomenon around the vacancy, indicating that the fiber and the asphalt have good
compatibility. There is no reaction between the two admixtures. The mutual extension of
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the surface of the asphalt phase and the fiber phase forms a denser structure, which helps
to improve the stability of the asphalt.

4.5. Infrared Spectrum Test Analysis of Composite-Modified Asphalt

The data obtained from the wavenumber-transmittance test of the three kinds of
asphalt are summarized into an infrared spectrum, and then the characteristic peaks are
compared and analyzed. The test results are shown in Figure 16.
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The infrared spectra of the three kinds of asphalt in Figure 14 are studied and analyzed.
The main conclusions are as follows:

(1) The infrared spectra of matrix asphalt are analyzed as follows: There are two significant
characteristic absorption peaks at 2905 cm−1 and 2817 cm−1, which are caused by
the stretching vibration of the C–H bond in asymmetric methylene and symmetric
methylene (-CH2-), respectively. The stretching vibration peaks at 1486 cm−1 and
1378 cm−1 were observed, which may be caused by the bending vibration of the
C–H bond in the asymmetric group and the symmetrical methyl (-CH3-). A weak
absorption peak was found at a wave number of about 1035 cm−1, corresponding
to the stretching vibration of the functional group S=O in the sulfoxide (R1-SO-R2).
The absorption peaks found at 815 cm−1 and 738 cm−1 at the end are due to the
out-of-plane bending of the =C–H group in the olefin. It can be seen that the matrix
asphalt contains aromatic hydrocarbon compounds.

(2) After adding nanoparticles into the matrix asphalt, the peak position of the infrared
spectrum of the asphalt changed significantly. The absorption peak of nano-ZnO-
modified asphalt gradually weakens and disappears in the range of 1300 cm−1 to
1530 cm−1, indicating that there is a certain amount of strong oxidizing hydroxyl (-OH)
on the surface of the surface-treated nano-materials. Under the action of high-speed
shear, a certain chemical reaction occurs between the matrix asphalt. The intensity and
position of the absorption peaks found at 726 cm−1 and 613 cm−1 at the end changed
slightly. The reason may be that nano-ZnO has a certain influence on the out-of-plane
swing vibration of CH2 olefins and the in-plane swing of long-chain alkanes CH2
groups. In short, nano-ZnO and matrix asphalt have a certain chemical reaction, but
mainly a physical reaction.

(3) On the whole, nano-ZnO/BF composite-modified asphalt has a certain wave number
absorption peak band in the range of 3150~3460 cm−1. On the one hand, the CH
functional group in the asphalt may have a weak chemical reaction with the composite
modifier during the preparation process. On the other hand, it is caused by the
stretching vibration of O–H and N–H bonds in the phenolic hydroxyl group. At
the wave numbers 815 cm−1 and 726 cm−1, there are moderate stretching vibration
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peaks, which are mainly caused by the bending vibration of the crystalline long chain
(-(CH2)n-, (n ≥ 4)). At the wave number 1035 cm−1, the absorption peak with obvious
strength is found. The reason may be the degradation reaction of the polymer chain
segment, which leads to the change in the content of the related group C=C, and the
C=C group is a conjugated double bond. The value can characterize the mechanical
properties of asphalt, which further indicates that nano-ZnO/BF composite-modified
asphalt has strong mechanical properties.

In summary, when nano-ZnO and BF are added to matrix asphalt, the types of func-
tional groups remain almost unchanged, and only the content of functional groups changes.
It shows that after adding the composite modifier, there is basically no chemical reaction
inside the asphalt, mainly physical dispersion and compatibility.

5. Conclusions

(1) After adding nano-ZnO and BF to matrix asphalt, the three performance indica-
tors before and after RTFOT aging improved to varying degrees. Compared with
nano-ZnO-modified asphalt, the residual ductility ratio, softening point increment,
and mass change in nano-ZnO/BF composite-modified asphalt decreased by 1.7%,
0.3 ◦C and 0.045%, respectively, and the residual penetration ratio increased by 1.7%,
indicating that the fiber can reduce the effect of aging on asphalt and further improve
its anti-aging performance.

(2) The rutting factor of the three kinds of original asphalt and thermal aging asphalt de-
creases with the increase in test temperature, and at the same temperature, the G*/sinδ
of the three kinds of asphalt from large to small is nano-ZnO/BF composite-modified
asphalt > nano-ZnO-modified asphalt > matrix asphalt, indicating that the composite-
modified asphalt has the strongest high-temperature deformation resistance. RTFOT
aging makes the rutting factor of asphalt larger, which is of great significance to its
damage resistance in a high-temperature environment.

(3) The complex modulus of three kinds of original asphalt and aged asphalt increased
gradually with the increase in angular frequency, almost linear relationship; nano-
ZnO/BF composite-modified asphalt has good deformation resistance in both high-
frequency and low-frequency regions, which improves the pavement’s performance
from a macro perspective. After short-term aging, the complex modulus of the three
kinds of asphalt showed a significant growth trend; that is, aging improved the
high-temperature stability of the asphalt.

(4) After adding BF to nano-ZnO-modified asphalt, the S value increases and the m
value decreases, that is, nanoparticles can improve the low-temperature creep perfor-
mance of asphalt to a certain extent, while the low-temperature improvement effect
of nano-ZnO/BF composite-modified asphalt is not obvious. The S value of nano-
ZnO-modified asphalt and composite-modified asphalt increased by 14.9% and 15.0%,
respectively, while the m value decreased by 14.8% and 13.4%, respectively, and the
change range of creep rate of modified asphalt decreased at −12 ◦C. After RTFOT
aging, the creep rate of modified asphalt decreased, indicating that the incorporation
of modifiers can improve the anti-aging performance of asphalt.

(5) The modified asphalt mixed with nanoparticles and BF increases the viscosity and
toughness of the whole structure and forms a three-dimensional network structure,
which can effectively improve the performance of the asphalt. It can be seen from
the infrared spectrum that nano-ZnO/BF composite-modified asphalt has strong
mechanical properties. Nano-ZnO and BF have weak chemical reactions in matrix
asphalt, but they are mainly physically dispersed and compatible.
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