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Abstract: To study the influence of basalt fibers on the
viscoelastic mechanical properties of asphalt concrete
(AC) mixtures, unconfined compressive dynamic modulus
tests were performed on styrene-butadiene—styrene (SBS)-
modified AC mixtures reinforced with various contents of
basalt fibers ranging from 0.2 to 0.5% by weight at five
temperatures and six load frequencies, and the dynamic
moduli and phase angles of the mixtures were measured.
Compared with the test results of the control mixture (with
no basalt fibers), the data show that the high-temperature
dynamic modulus of the mixtures initially increases and
subsequently decreases with increasing fiber content and
reaches its maximum value when the basalt fiber content
is 0.3%, while the low-temperature dynamic modulus
decreases monotonically with increasing fiber content.
Furthermore, the phase angle of the mixtures initially
decreases and later increases with increasing fiber con-
tent and reaches its minimum value when the basalt fiber
content is 0.3%. These behaviors indicate that the addi-
tion of basalt fiber improves the high-temperature rutting
resistance and low-temperature cracking resistance of
the SBS-modified AC mixtures. In addition, the results
of the wheel rut test exhibit a good correlation with the
results of the dynamic modulus test, revealing the relia-
bility of the dynamic modulus test for evaluating the
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1 Introduction

High-temperature rutting and low-temperature cracking
are the two most predominant types of distress in road
pavement, shortening the service life of the pavement
and increasing the maintenance cost. Various studies
have demonstrated that adding different types of fibers
and polymers to asphalt concrete (AC) could be an effec-
tive method for postponing the deterioration of AC pave-
ment and increasing the service life [1-3]. Basalt fiber is
a type of natural mineral fiber with the advantages of
good asphalt adsorption, high strength, high-temperature
resistance, and environmental friendliness. It has been
reported that adding short basalt fibers into AC can enhance
the low-temperature crack resistance, high-temperature
rutting resistance, and water stability of AC mixtures [4—6].

It is well recognized that the mechanical behavior of
AC mixtures strongly depends on time, temperature, and
frequency, which can be characterized by dynamic modu-
lus tests or static viscoelasticity tests (e.g., stress relaxation
or creep). The dynamic modulus test is an AASHTO stan-
dard test for characterizing the stiffness of AC mixtures [7].
The report of the National Cooperative Highway Research
Program (NCHRP) of the United States suggests that the
dynamic modulus (E*|) and rutting indicator (E*|/siné)
can evaluate the high-temperature rutting resistance and
fatigue resistance of AC mixtures well [8].

Ye et al. [9,10] investigated the influence of three
types of fibers, including cellulose fibers, polyester fibers,
and mineral fibers, on the dynamic and fatigue properties
of fiber-reinforced AC mixtures and demonstrated that
the dynamic modulus and phase angle of fiber-reinforced
AC mixtures at 15°C were lower than those of the control
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mixture. The decrease in the dynamic modulus indicates
that the addition of fibers reduces the stiffness of the AC
mixture and improves its flexibility. The decrease in the
phase angle also indicates the enhancement of the elastic
property and the improvement of the fatigue damage
resistance of the fiber-reinforced AC mixture. Apeagyei
[11] conducted dynamic modulus tests at 38°C and flow
number (FN) tests at 54°C on 16 AC mixtures, and the
results showed that the FN was significantly correlated
with |E*|, and that |E*| could be a potential rutting speci-
fication parameter. In addition to the improvements in
high-temperature performance, Zheng et al. [4] investi-
gated the low-temperature cracking resistance of fiber-
reinforced AC mixtures, and the improvement effect of
basalt fiber was better than that of polyester fiber and
xylogen fiber. Based on the response surface metho-
dology, Wang et al. [5] proposed a design optimization
of SBS-modified AC mixtures with basalt fibers: fiber con-
tent of 0.34%, fiber length of 6 mm, and asphalt—-aggre-
gate ratio of 6.57%. Morova [12] demonstrated that basalt
fiber had a positive effect on the high-temperature stabi-
lity of AC mixtures. Qin et al. [13] found that basalt fiber
could substantially improve the high-temperature rheo-
logical properties and crack resistance of asphalt mastics.
These studies show that the addition of basalt fibers can
improve the road performance of AC mixtures through
parameters such as the dynamic modulus and phase
angle, but a few studies are available on the effect of
basalt fiber content on the dynamic modulus, phase
angle, and high/low-temperature road performance of
SBS-modified AC mixtures. When the fiber content is
small, the enhancement effect on the AC mixture is not
obvious. When the fiber content is too high, the fiber
easily produces negative effects, such as agglomeration.
Hence, only with appropriate fiber content can the AC
mixture achieve the best road performance.

In addition to experimental research, numerical simula-
tion is increasingly used to analyze the multiscale mechan-
ical properties of fiber-reinforced asphalt mixtures [14,15].
Cao et al. [16] predicted the dynamic moduli of the AC mate-
rial using a finite element method coupled with random
aggregate generation technique and considering the linear
viscoelasticity of the porous matrix of bituminous mastics.
Peng et al. [17] applied the modified two-phase micro-
mechanics model and the generalized self-consistent model
to predict the dynamic modulus of asphalt concrete. Zhang
et al. [18] employed a new algorithm for generating a 3D
numerical model in MATLAB software to reflect the random
distribution and orientation of the round and straight basalt
fibers dispersed in the asphalt-like matrix, and study the
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compressive and shear creep behavior and reinforcement
effect of different fiber contents under constant loading
with ABAQUS finite element software. Sun et al. [19] used
a mesoscopic damage constitutive model in accordance with
the Mori-Tanaka homogenization algorithm and progres-
sive damage theory to predict the composited material prop-
erties of the basalt-fiber-reinforced concrete, and inves-
tigated the effects of basalt fiber on the macroscopic
compressive, splitting tensile, and bending performances
of the concrete by finite element simulation. The multi-
scale simulation of AC mixtures needs to be verified
by standard tests. An appropriate multiscale simulation
strategy can provide a promising and powerful tool for
gradation design and rapid performance prediction of the
AC mixtures.

The aim of this paper is to study the influence of
basalt fiber content on the viscoelastic mechanical prop-
erties of SBS-modified AC mixtures and determine the
optimal fiber content. We conduct unconfined dynamic
modulus tests recommended by AASHTO T342 [7] to mea-
sure the frequency sweep dynamic mechanical properties
of the mixtures reinforced with various basalt fibers at
low and high temperatures to evaluate the influence of
the basalt fiber content on the dynamic modulus, phase
angle and rutting factor of the mixtures. Finally, the test
outcomes of dynamic modulus are discussed and com-
pared with the results of wheel rut tests, and the correla-
tion between the dynamic modulus, the rutting factor,
and the dynamic stability is established.

2 Materials and testing

2.1 Raw materials

To prepare the AC-13C mixture specimens for dynamic
modulus tests, artificially crushed basalt was used as
the coarse aggregate, artificial sand was used as the
fine aggregate; and limestone powder with a particle
size of 0—0.075 mm was used as the mineral filler. The
SBS-modified asphalt binder used in this paper was pro-
duced by Maoming Petrochemical Co., Ltd. in China.
Table 1 lists the physical properties of the asphalt binder
tested according to the specification JTG E20-2011 [20].
Basalt fibers with a length of 6 mm were used as reinfor-
cement additives in this study, and the physical and
mechanical properties are listed in Table 2. Figure 1
shows the morphology of the basalt fibers.
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Test item Unit Test value Required value Standard method
Penetration (25°C, 5, 100 g) 0.1mm 55 40-60 JTGE20-T0604
Elongation (5°C, 5cm min™?) cm 26 >20 JTGE20-T0605
Softening point °C 68 >60 JTGE20-T0606
Solubility (trichloroethylene) % 99.6 >99 JTGE20-T0607
Density (25°C) gcm™ 1.039 - JTGE20-T0603
Kinetic viscosity (135°C) Pas 1.79 <3 JTGE20-T0620
Flash point °C 290 >230 JTGE20-T0611
Recovery of elasticity (25°C) % 83 >75 JTGE20-T0662
Mass loss after RTFOT % 0.5 <1.0 JTGE20-T0609
Penetration ratio after RTFOT (25°C) % 71 >65 JTGE20-T0604
Elongation after RTFOT (5°C, 5 cm min™?) cm 16 >15 JTGE20-T0605

Table 2: Physical and mechanical properties of the basalt fiber

Project Unit Value
Density gem™ 2.65
Average length mm 6

Fiber diameter pm 14

Tensile strength MPa 3,060
Elastic modulus GPa 99
Elongation at break % 3

Thermal conductivity WmK 0.03-0.038
Melt temperature °C 1,050

Figure 1: Morphology of 6 mm long basalt fibers.

2.2 Aggregate gradation and specimen
preparation

AC-13C asphalt mixture gradation is designed according
to the Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering [20], as listed in Table 3,
which is widely used in the surface layer of asphalt

pavements in China. The asphalt-aggregate mass ratios
are determined to be 4.84, 4.9, 4.96, 5.03, and 5.10% for
the AC mixtures with 0.0, 0.2, 0.3, 0.4, and 0.5% basalt
fibers by weight, respectively. Cylinders with a diameter
of 150 mm and height of 170 mm are first fabricated with
a 76-PV2522 Superpave gyratory compactor (Controls
Corporation, Liscate, Italy) and then cored and cut
into specimens with a diameter of 100 mm and height of
150 mm for dynamic modulus tests.

2.3 Experimental procedure

In this paper, a DTS-30 servo-hydraulic dynamic testing
machine with a temperature chamber (IPC Global Pty Ltd.
Boronia, Australia) is used for the dynamic modulus
measurements, as shown in Figure 2. To reduce the fric-
tion between the clamps and the specimen, double-layer
polytetrafluoroethylene (PTFE) films are placed on both
ends of the specimen. Two LVDT deformation sensors
with a measurement range of +1 mm and a gauge length
of 100 mm are used to record the deformation data.
Haversine compressive stress is applied according to
AASHTO T342 [7] on the specimen at five specified tem-
peratures (-10, 4.4, 21.1, 37.8, and 54.4°C) and six load
frequencies (0.1, 0.5, 1.0, 5, 10, and 25 Hz). The stress
amplitudes are appropriately selected to meet the linear
viscoelasticity, ensuring that the strain of each load
cycle does not exceed 50-150 microstrains and that
the total permanent strain does not exceed 1,500 micro-
strains. Before the tests at each temperature, the speci-
mens are conditioned in heat preservation for at least
4 h so that the temperature is uniform throughout the
mass of the specimen.
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Table 3: Aggregate gradation of the AC-13C asphalt mixture

Passing rate (%)
Sieve size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Upper limit 100 100.0 85.0 68.0 50.0 38.0 28.0 20.0 15.0 8.0
Lower limit 100 90.0 68.0 38.0 24.0 15.0 10.0 7.0 5.0 4.0
Composite gradation 100 95.6 77.1 53.3 35.4 24.0 17.2 12.0 9.1 6.2
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Figure 2: (a) DTS-30 dynamic testing machine and (b) specimen and measurement sensors.

For a linearly viscoelastic material, such as the AC
mixtures investigated in this study, subjected to har-
monic oscillatory stress gy exp(iwt) of frequency w, the
resultant strain is €9 exp(iwt — §), in which g, and ¢, are
the applied stress amplitude and the measured strain
amplitude, respectively, and § is the phase lag between
the strain and stress due to the viscoelasticity of the mate-
rial. At each temperature and frequency, the complex
modulus (E*), storage modulus (E’), loss modulus (E")
and phase angle (§) can be correlated by the following
equations [21]:

E* = |E*| exp(ib) = %[cos(é) +1sin(6)] = E' +iE", (1)
0

EII
6= tan‘l(F) = ti/t,, )
where |E*| is the dynamic modulus, ¢ is the time lag
between the peak sinusoidal stress and strain, and ¢, is
the time for a complete stress cycle.

3 Results and discussion

3.1 Relationship between the dynamic
modulus and fiber content

Because |E*| is expressed as the ratio of the stress and the
amplitudes, it reflects the stiffness of the asphalt mix-
tures. Figure 3 shows the |E*| measurement results for
SBS-modified AC mixtures with various basalt fibers.
It reveals that for all AC mixtures, |[E*| increases with
increasing frequency at all temperatures and decreases
with increasing temperature at any given frequency.
Figure 4 shows the variation of |E*| with the fiber
content at the lowest temperature (—-10°C) and the highest
temperature (54.4°C). Figure 4(a) indicates a remarkable
reduction of the low-temperature |E*| of fiber-reinforced
AC mixtures in comparison with that of the control mix-
ture, e.g., |[E*| values of AC mixtures with fiber contents of
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Figure 3: Variation of |E*| with frequency at various temperatures for SBS-modified AC mixtures with basalt fibers: (a) 0% fiber, (b) 0.2%

fiber, (c) 0.3% fiber, (d) 0.4% fiber, and (e) 0.5% fiber.

0.5 and 0.3% are reduced by 13.5-24.3 and 36.1-47.0%,
respectively, for the given test frequencies compared with
that of the control mixture. This reduction reveals an
enhancement of the flexibility and cracking resistance
of the fiber-reinforced AC mixtures at low temperatures.
This result may be attributed to basalt fiber network for-
mation in the mixture, which plays a positive role in
reinforcement [12]. Figure 4(b) shows that the high-tem-
perature |E*| initially increases and then decreases with

increasing fiber content and reaches its maximum value
when the fiber content is 0.3%. Moreover, the high-tem-
perature |E*| of all fiber-reinforced AC mixtures is greater
than that of the control mixture, indicating an impro-
vement in the stiffness and rutting resistance at high
temperatures. Quantitatively, the |[E*| values of AC mix-
tures with 0.3% fibers at 54.4°C increase by 35.46, 59.96,
63.04, 67.06, 76.31, and 83.69%, depending on the load
frequency, compared with that of the control mixture.
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Figure 4: Variation of |E*| basalt fiber content at (a) —10°C and (b) 54.4°C.

3.2 Relationship between the phase angle
and fiber content

The phase angle is the parameter characterizing the
phase lag between the strain response and applied stress
in viscoelastic materials, which becomes 0° and 90° for
ideal elastic materials and ideal viscous materials, respec-
tively. A larger phase angle manifests more viscous and
less elastic behavior. Figure 5(a)—(e) show the frequency
sweep data of the phase angle in the dynamic modulus
tests of AC mixtures with various basalt fibers, and the
same trend can be seen for mixtures with different
amounts of fibers. It is obvious from Figure 6 that the
phase angles of the fiber-reinforced AC mixtures are
smaller than that of the control mixture in the test fre-
quency range, regardless of the test temperature. The
reduction in the phase angle reveals that the fiber-rein-
forced mixtures behave more elastically and less vis-
cously than the control mixture, which produces less
permanent deformation and improves the rutting resis-
tance. Moreover, at the lowest temperature (-10°C), the
phase angle of the fiber-reinforced AC mixture decreases
with increasing frequency, as shown in Figure 6(a), while
the opposite trend is found at the highest temperature
(54.4°C) as shown in Figure 6(b). This behavior is also
apparent in Figure 7; in addition, we can evaluate the
influence of the fiber content on the phase angle. The
phase angles initially decrease and then increase with
increasing fiber content, and the mixtures with 0.3%
fibers by weight have the minimum phase angles. This
result again indicates that the addition of basalt fiber
improves the rutting resistance of the mixtures.

3.3 Relationship between the rutting factor
and fiber content

In the previous two sections, the dynamic modulus and
phase angle were separately used to evaluate the high-
temperature rutting performance of the basalt-fiber-rein-
forced AC mixtures. The rutting factor (|[E*|/siné) is a
comprehensive consideration of these two indicators [8,10].
A high dynamic modulus and low phase angle benefit the
high-temperature performance of asphalt mixtures, which
reduces the high-temperature flow deformation and incre-
ases the permanent deformation resistance. The higher the
rutting factor, the smaller the flow deformation and the
greater the resistance to rutting. Table 4 shows the calcu-
lated rutting factors of AC mixtures with various basalt fibers
at 54.4°C for six load frequencies from the measured
dynamic moduli and phase angles. Obviously, all the
basalt-fiber-reinforced AC mixtures have higher rutting
factors than the control mixture, and the mixtures with
0.3% basalt fibers have the highest rutting factor and
consequently the best rutting resistance at each test fre-
quency. According to the values of the rutting factor, the
rutting resistance of basalt-fiber-reinforced AC mixtures
is in the order of 0.3% > 0.4% > 0.2% > 0.5% > 0.0%.

3.4 Discussions and further verification

The test results of the dynamic modulus and phase angle
show that the addition of basalt fiber enhances the low-
temperature cracking resistance and high-temperature
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Figure 5: Variation of phase angles with frequencies at various temperatures for SBS-modified AC mixtures with basalt fibers: (a) 0% fiber,

(b) 0.2% fiber, (c) 0.3% fiber, (d) 0.4% fiber, and (e) 0.5% fiber.

rutting resistance of the AC mixtures, and the mixtures
with 0.3% basalt fiber content have the best rutting resis-
tance. To explain these phenomena, the temperature sen-
sitivity of AC mixtures should be considered. The material
properties and failure mechanism of AC mixtures depend
on the temperature. At low temperatures, the unrein-
forced AC mixture is hard and brittle and is prone to
cracking. When basalt fibers are added to an AC mixture,
the fibers can bear part of the internal stress of the mixture,
and the “bridging” and “reinforcing” effects can reduce the
stress concentration, making the mixture more uniform and
enhancing the low-temperature load capacity [2,12,13].

Moreover, the basalt fiber has good flexibility and its
bridging action can closely connect the two broken parts
at the microcrack [13], which enhances the low-tempera-
ture flexibility and enables the mixture to withstand the
greater tensile strain. Moreover, the degree of strain
enhancement of basalt fibers in the AC mixture is greater
than that of stress enhancement so the dynamic modulus
decreases [3]. At high temperatures, the adhesion of
asphalt decreases greatly so the pavement is prone to
rutting. The basalt fibers can absorb the oil in the asphalt
and increase the adhesion of the asphalt; moreover, the
fibers can absorb free asphalt and increase the amount of
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Table 4: Rutting factor, |E*|/sin d, of AC mixtures at 54.4°C

Fiber content (%) |E*|/sin & (GPa)

25Hz 10Hz 5Hz 1Hz 0.5Hz 0.1Hz
0.0 2.21 1.66 134 0.70 0.56 0.44
0.2 270 2.05 2.03 1.05 0.91 0.74
0.3 4.13 3.69 3.21 159 130 1.06
0.4 3.27 247 191 111 100 0.76
0.5 2.30 1.76 137 0.75 0.61 0.54

structural asphalts [3]. Therefore, after adding fibers, the
strain of the AC mixture is smaller than that of the control
mixture under the same stress; thus, the addition of fibers
can improve the dynamic modulus and high-temperature
deformation resistance of the AC mixture. However, if the
content of fibers is too high (>0.3%), the excess fibers will
cause defects, such as fiber agglomeration, which leads
to a decrease in the dynamic modulus of the mixture.

The phase angle characterizes the viscosity of the
material, while the viscosity at different temperatures is
primarily determined by the asphalt binder. When the
content of basalt fiber is appropriate, the fibers that are
uniformly distributed in the mixture can form a three-
dimensional network structure [12], which can absorb free
asphalt and increase the amount of structural asphalt [3],
which causes reinforced mixtures to behave more elasti-
cally and less viscously and so the phase angle decreases.
When the fiber content is greater than the optimal value
(0.3%), it easily causes internal defects, such as fiber
agglomeration, which increases the viscous deformation
of AC mixtures under loading and so the phase angle
increases.

To verify the influence of the dynamic modulus on the
high-temperature performance of basalt-fiber-reinforced
AC mixtures, we performed wheel rut tests according
to the specification JTG E20-2011 [20] and compared the
results with the dynamic modulus and rutting factor.
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Table 5: Results of wheel rut tests

Fiber Specimen ID DS/ Mean Coefficient of
content (times value/ variation (%)
(%) per mm) (times
per mm)

0.0 #1 7,470 6,497 18.76

#2 5,130

#3 6,890
0.2 #1 13,029 12,906 14.17

#2 10,996

#3 14,693
0.3 #1 24,896 25,391 3.24

#2 26,340

#3 24,936
0.4 #1 19,020 19,090 5.59

#2 20,190

#3 18,061
0.5 #1 14,739 13,659 7.87

#2 13,650

#3 12,588

The wheel rut samples are compacted by an LDCX-1
wheel rut specimen sampling machine (Shanghai Luda
Experiment Instrument Co., Ltd. Shanghai, China), and
the specimen size is 300 mm x 300 mm x 50 mm. The
wheel rut tests are performed on an LDCZ-1 automatic
wheel rut tester (Shanghai Luda Experiment Instrument
Co., Ltd. Shanghai, China). The test temperature is 60°C,
the wheel pressure is 0.7 MPa, and the rutting resistance
performance parameter obtained from the test is the
dynamic stability (DS). The equation for DS is as follows
[20]:

DS:(fz—ﬁ)XN

X Cl X Cz, (3)
dz - d1
2.5 ; ; ; ; ;
(@) « 25Hz = 10Hz  Temperature: 54.4 °C
© *x 5Hz e 1Hz
a 2.0+ 05Hz 4 0.1Hz R?%=0.891 7
O <4
@ " R2=0.835
2151 .
3 * R?=0.685
€
1.0 ]
E 2.
S gz =0.826
505 /. =0.810 |
Q L/A;_,,T//J R?=0.783
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5000 10000 15000 20000 25000 30000

DS / (times/mm)
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where d; and d, are the deformations in mm at times t;
and t, respectively. In this test, t; and ¢, are set to 45 and
60 min, respectively; C; is the coefficient of the test
instrument type, which is 1.0 for the test in this article;
C, = 1.0 is the time coefficient for the specimen with a
length and width of 300 mm; and N is the rolling speed of
the rubber wheel of the wheel rut tester, which is taken
42 times min~" according to the specification.

Table 5 shows the DS obtained in wheel rut tests on
AC mixtures with various basalt fiber contents of 0.2, 0.3,
0.4, and 0.5% and without basalt fibers.

The test results in Table 5 show that the value of the
DS more than doubles because of the addition of basalt
fibers, which indicates that the rutting resistance of basalt-
fiber-reinforced AC mixtures is substantially improved.
The DS reaches a maximum when the basalt fiber content
is 0.3%, and according to the DS values, the rutting resis-
tance of basalt-fiber-reinforced AC mixtures is of the order
of 0.3% > 0.4% > 0.5% =~ 0.2% > 0%, which is basically
consistent with the rutting factor results. To facilitate the
comparison and analysis of the results, Figure 8(a) and (b)
show the correlation of the dynamic modulus [E*| and
rutting factor |E*|/sin &, respectively, with the DS at 54.4°C.
Figure 8 shows that, at 54.4°C, a good correlation holds
between the dynamic modulus |E*| and DS and the rutting
factor and DS, which verifies that the dynamic modulus
at high temperature (54.4°C) can be used to characterize
the high-temperature stability of AC mixtures. In addition,
Figure 8 shows that a strong correlation (R? > 0.85) holds
between the dynamic modulus/rutting factor and DS at
54.4°C and 25 Hz, indicating that the dynamic modulus/
rutting factor at 54.4°C and 25Hz is more suitable for
describing the high-temperature performance of basalt-
fiber-reinforced AC mixtures.

5 T T T T T
(b) « 25Hz = 10Hz
* 5Hz e 1Hz
4- 05Hz 4 0.1Hz 4 R?=0.857 -
g Temperature: 54.4°C : R2-0.816
S 34 RP=0.667
©
iy
221 ]
E=] o R2=0.783
& .*// R?=0.786
. e " Reosn ]
k,/m
0 T T T T T
5000 10000 15000 20000 25000 30000
DS / (times/mm)

Figure 8: (a) Correlations between the dynamic modulus and DS and (b) correlations between the rutting factor and DS.
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4 Conclusions

In this paper, the dynamic modulus tests of SBS-modified
AC mixtures at different temperatures and frequencies
were performed, and the influence of basalt fiber content
on the dynamic viscoelastic properties of AC mixtures
was investigated. The following conclusions can be drawn:
(1) Regardless of whether basalt fibers are added, the
dynamic modulus of AC mixtures increases with incre-
asing load frequency and decreases with increasing
temperature; the phase angle varies with frequency in
two ways that depend on temperature: it decreases with
increasing frequency at low temperatures and increases
with increasing frequency at high temperatures.

The phase angle of basalt-fiber-reinforced AC mixtures
is smaller than that of the control mixture, and it initi-
ally decreases and then increases with increasing fiber
content; however, the variation of dynamic modulus
with the fiber content is temperature-dependent and
the addition of basalt fibers increases the high-tem-
perature dynamic modulus and decreases the low-
temperature dynamic modulus of AC mixtures, which
improves the high-temperature stability and rutting
resistance and enhances the low-temperature flexi-
bility and cracking resistance. When the basalt fiber
content is 0.3%, the fiber-reinforced AC mixture has
the highest high-temperature dynamic modulus and
the lowest phase angle and so it has the best high-
temperature rutting resistance.

The DS obtained from the wheel rut tests has a good
correlation with the high-temperature dynamic modulus/
rutting factor, which verifies that the dynamic modulus
at high temperatures can be used to characterize the
high-temperature stability of asphalt mixtures.

@)

3

Funding information: This research was funded by the
National Natural Science Foundation of China (No.
12072308, 11802259), the High-level Talent Gathering
Project in Hunan Province (No0.2019RS1059), Hunan
Provincial Natural Science Foundation of China (No.2021
JJ30644), and Changdu Municipal Science and Technology
Innovation and R&D Promotion Program of Tibet Auto-
nomous Region.

Conflict of interest: Authors state no conflict of interest.

References

[1] Abiola OS, Kupolati WK, Sadiku ER, Ndambuki JM. Utilisation
of natural fiber as modifier in bituminous mixes: a review.
Constr Build Mater. 2014;54:305-12.

(7]

(8]

(10]

(11]

(12]

(13]

(15]

(16]

(17]

(21]

DE GRUYTER

Ma L), Yang CF. Study on the influence of fiber on flexibility and
road performance of high modulus asphalt mixture. ] Funct
Mater. 2019;50(1):1164-73+1177 (in Chinese).

Liu H, Kong Y], Cao DW. Influence of adding polyester fiber on
dynamic modulus of asphalt mixture. ] Highw Transp Res Dev.
2011;28(8):25-9 (in Chinese).

Zheng YX, Cai YC, Zhang YM. Laboratory study of pavement
performance of basalt fiber-modified asphalt mixture. Adv
Mater Res. 2011;266:175-9.

Wang WS, Cheng YC, Tan GJ. Design optimization of SBS-modified
asphalt mixture reinforced with eco-friendly basalt fiber based on
response surface methodology. Materials. 2018;11(8):1311.
Wang WS, Cheng YC, Zhou PL, Tan GJ, Wang HT, Liu HB.
Performance evaluation of styrene-butadiene-styrene-modi-
fied stone mastic asphalt with basalt fiber using different
compaction methods. Polymers. 2019;11(6):1006.

AASHTO: T 342-11. Standard method of test for determining
dynamic modulus of hot mix asphalt (HMA). Washington D.C.:
American Association of State Highway and Transportation
Officials; 2011.

NCHRP. Simple performance test for superpave mix design.
NCHRP Report 465. Washington D.C.: Transportation Research
Board; 2002.

Ye Q, Wu S, Li N. Investigation of the dynamic and fatigue
properties of fiber-modified asphalt mixtures. Int ] Fatigue.
2009;31:1598-602.

Wu S, Ye Q, Li N, Yue H. Effect of fibers on the dynamic prop-
erties of asphalt mixtures. ] Wuhan Univ Technol Mater Sci Ed.
2007;22(4):733-6.

Apeagyei AK. Rutting as a function of dynamic modulus and
gradation. ] Mater Civ Eng. 2011;23(9):1302-10.

Morova N. Investigation of usability of basalt fibers in hot mix
asphalt concrete. Constr Build Mater. 2013;47:175-80.

Qin X, Shen A, Guo Y, Li Z, Lv Z. Characterization of asphalt
mastics reinforced with basalt fibers. Constr Build Mater.
2018;159:508-16.

Editorial Department of China Journal of Highway and
Transport. Review on China’s pavement engineering research
2020. China ) Highw Transp. 2020;33(10):5-66 (in Chinese).
Beskou ND, Theodorakopoulos DD. Dynamic effects of moving
loads on road pavements: a review. Soil Dyn Earthq Eng.
2011;31(4):547-67.

Cao P, Jin F, Zhou C, Feng D. Investigation on statistical char-
acteristics of asphalt concrete dynamic moduli with random
aggregate distribution model. Constr Build Mater.
2017;148:723-33.

Peng C, Chen P, You Z, Lv S, Zhang R, Xu F, et al. Effect of silane
coupling agent on improving the adhesive properties between
asphalt binder and aggregates. Constr Build Mater.
2018;169:591-600.

Zhang X, Gu X, Lv ], Zou X. 3D numerical model to investigate
the rheological properties of basalt fiber reinforced asphalt-
like materials. Constr Build Mater. 2017;138:185-94.

Sun X, Gao Z, Cao P, Zhou C. Mechanical properties tests and
multiscale numerical simulations for basalt fiber reinforced
concrete. Constr Build Mater. 2019;202:58-72.

Standard JTG E20-2011. Standard test methods of bitumen and
bituminous mixtures for highway engineering. Beijing:
Research Institute of Highway Ministry of Transport; 2011

(in Chinese).

Christensen RM. Theory of viscoelasticity: an introduction.
2nd edn. New York: Academic Press; 1982.



	1 Introduction
	2 Materials and testing
	2.1 Raw materials
	2.2 Aggregate gradation and specimen preparation
	2.3 Experimental procedure

	3 Results and discussion
	3.1 Relationship between the dynamic modulus and fiber content
	3.2 Relationship between the phase angle and fiber content
	3.3 Relationship between the rutting factor and fiber content
	3.4 Discussions and further verification

	4 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU <FEFF0056006500720073006900740061002000410064006f00620065002000440069007300740069006c006c00650072002000530065007400740069006e0067007300200066006f0072002000410064006f006200650020004100630072006f006200610074002000760036>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


