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+is article presents a study to evaluate the performance of the ecofriendly calcium sulfate whisker fiber- (CSWF-) reinforced
asphalt mixture as a sustainable pavement material. Asphalt mixtures containing 0.2 wt.%, 0.4 wt.%, 0.6 wt.%, and 0.8wt.% of the
CSWFwere designed by theMarshall method. Asphalt mixtures without fiber were also prepared as control samples.+eMarshall
test, wheel-tracking test, low-temperature bending test, water sensitivity test, and fatigue test were conducted to evaluate the
performance of the CSWF asphalt mixture. And the mechanism of fiber reinforcement was discussed.+e results showed that the
CSWF could improve the high-temperature stability and low-temperature crack resistance of the asphalt mixture. Water stability
of asphalt mixtures in the presence of the CSWF was also improved. When the CSWF content was 0.4 wt.% of the total mixture,
the performance of the asphalt mixture is the best. Compared with the conventional asphalt mixture, the CSWF asphalt mixture
not only utilized power plant waste effectively to preserve ecosystems but also improved the performance of the pavement, which
is suggested to be used in sustainable pavement construction and rehabilitation.

1. Introduction

Pavement plays a significant role in the transportation net-
work affecting economic and social development of the
country. At present, there are about billions of kilometers of
pavement in the world [1]. +ese pavements enhance the
social productivity and improve people’s quality of life.
However, pavement construction and rehabilitation consume
a large number of materials derived from nonrenewable
natural resources, which will destroy the environment.
Meanwhile, due to the combined effects of repeated traffic
loadings and the environment’s influence such as rain,
sunlight, and chemicals, the asphalt pavement begins to
deteriorate significantly and needs to be rehabilitated after
three to five years of service [2, 3]. Repeated rehabilitation of
the pavement will also destroy the environment. +erefore, it

is necessary to construct sustainable pavements. According to
the definition of the Federal Highway Administration
(FHWA), sustainable pavement should meet three re-
quirements: meeting performance standards, utilizing re-
sources effectively, and preserving the ecosystem [4]. A large
number of studies have shown that the addition of ecofriendly
fibers is an effective method to preserve ecosystems and
improve the long-term performance of pavements [5–11]. In
addition, some studies have found that green technologies
hold promise in developing more sustainable pavements
[1, 12]. Guan et al. found that the combination of 0.4wt.%
brucite fiber produced from the brucite tailings can effectively
improve the strength and toughness of the fiber-reinforced
asphalt mixture [13]. Nsengiyumva et al. found that the
addition of the corn husk fiber could not only enhance the
cracking resistance of HMA but also improve the cracking
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resistance of cold-mix asphalt (CMA) [14]. Stempihar et al.
found that fiber-reinforced asphalt concrete can be used as a
sustainable paving material for airfields [15].

As a novel kind of ecofriendly fiber, the calcium sulfate
whisker fiber (CSWF) is made from flue gas desulfurized
gypsum which is the byproduct produced by limestone-
gypsum wet flue gas desulfurization in thermal power plants
[16].+e CSWF is widely used as a reinforced material and is
also commonly applied to surface modification, polymer
materials, papermaking technology, friction materials, and
other aspects [17–21]. Yang et al. assessed the mechanical
property of clay aerogel with the CSWF content, and the
CSWF/clay aerogel composite was found to effectively form
a dense “honeycomb” structure, increasing the modulus and
consequently resulting in a high mechanical strength of
composite materials [22].Wang et al. evaluated the impact of
the CSWF on the reinforced effect in silicone rubber
composites and concluded that the CSWF was beneficial to
the development of tensile strength and elongation of room-
temperature-vulcanized silicone rubber/CSWF composites
[23]. Xing et al. studied the effect and mechanism of the
calcium carbonate whisker on the asphalt binder and found
that the addition of the calcium carbonate whisker can
improve the softening point of asphalt and decrease its
penetration and ductility [24]. From these researches, it is
found that, due to the high strength, large specific surface
area, and high-temperature resistance, the CSWF can im-
prove the performance of the matrix material effectively.+e
performance of the asphalt mixture may be improved by the
addition of the CSWF. However, few studies reported this. In
China, the deposit of flue gas desulfurization gypsum is up to
billions of tons and amounts up to more than 50million tons
per year [25]. To utilize this power plant waste effectively and
improve the performance of the pavement, the utilization of
the CSWF in the asphalt mixture as a sustainable pavement
material in the asphalt pavement may be a promising way.

In this paper, the performance of the ecofriendly CSWF-
reinforced asphalt mixture as a sustainable pavement ma-
terial was investigated. +e performance of the CSWF as-
phalt mixture was evaluated by the Marshall test, wheel-
tracking test, three-point bending test, fatigue test, and water
sensitivity test under harsh environment. According to the
test results above, the optimum content of the CSWF in the
asphalt mixture was determined to satisfy the optimum
performance of the asphalt mixture. Meanwhile, the
mechanism of the CSWF-modified asphalt mixture was also
discussed.

2. Materials and Methods

2.1. Materials. In this study, base asphalt 90# according to
the American Society of Testing Materials (ASTM) was used
as the binder. Its properties are shown in Table 1. Physical
properties of the calcium sulfate whisker fiber are provided
by the manufacturer, which are shown in Table 2. It can be
seen from Table 2 that the calcium sulfate whisker has good
thermal stability and high tensile strength. +e morphology
of the CSWF was captured by using an SEM. Figure 1(a)
presents the appearance of the CSWF. And Figures 1(b),

1(c), and 1(d) show the micrograph of the CSWF at various
scales from 50 μm to 5 μm.+e CSWF exhibited a white fluffy
powdery appearance with obvious edges and corners on the
surface that promotes mixture resistance to several pavement
distresses. Industrial sodium sulfate (Na2SO4) was used in the
test, and the content of sodium sulfate was more than 99%.
SK-90# matrix asphalt is used in this paper, and the coarse
aggregate is the crushed basalt mineral, with a density of
2.86 g/cm3. +e fine aggregate was obtained from crushed
basalt and mechanical sand, with a density of 2.83 g/cm3. +e
mineral filler is of limestone type, with a density of 2.73 g/cm3.
And more than 95% of the filling size is less than 75 μm.

2.2. Sample Preparation. Gradation is the AC-13 asphalt
mixture, and the designed gradation is shown in Table 3.+e
samples of the asphalt mixture with 0%, 0.2%, 0.4%, 0.6%,
and 0.8% CSWF contents were prepared in accordance with
the Chinese standard JTG E20-2011 [24]. To achieve good
fiber dispersion, the CSWF and aggregate were mixed in a
rotary mixer at 600 RPM for 90 seconds before the asphalt
and mineral filler were added.

2.3. Scanning Electron Microscopy (SEM) Analyses. +e
microstructures of the CSWF and CSWF-reinforced asphalt
mixture were examined by a scanning electron microscope
(SEM).

2.4. Marshall Test. According to the content of different
CSWFs, the optimum asphalt content (OAC), bulk specific
gravity, air void volume (VV), voids in mineral aggregates
(VMA), and Marshall stability (MS) of different asphalt
mixtures were obtained by the Marshall test. All tests were

Table 1: Technical indicators of the asphalt binder.

Test properties Unit Test results Test basis
Penetration (25°C,
100 g, 5 s) 0.1mm 86.4 ASTM D5-97

Softening point °C 47.0 ASTM D36-06
Ductility (15°C,
5 cm/min) cm 182 ASTM D113-99

Wax content % 1.74 ASTM D3344-90
Specific gravity — 1.030 ASTM D70-76
Flash point °C 304 ASTM D92-02

RTFOT (163°C, 75min)
Mass change % 0.15 ASTM D2872-04
Penetration ratio (25°C) % 60.5 ASTM D5-97
Ductility (10°C) cm 10.1 ASTM D113-99

Table 2: Main characteristics of the CSWF.

Characteristics Unit Test results
Diameter μm 2–4
Length μm 40–60
Length/diameter ratio (mean) — 16
Tensile strength MPa 2050
Melt temperature °C 1450
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conducted following the method T0709 in JTG E20-2011
[23].

2.5. Wheel-Tracking Test. +e wheel-tracking test was con-
ducted in terms of JTG E20-2011 (T0719) [26]. +e loose
asphalt mixture was compacted into a few 300× 300× 50mm
slabs. +ese slabs were placed in the testing chamber at 60°C
for 6 h. +en, a solid rubber tire moved back and forward on
the slab surface with the travel distance of 230± 10mm. +e
test load was 0.7MPa, and the test wheel-rolling speed was
42± 1 cycles/min. +e DS (times/mm) can be calculated by
equation (1). Each asphalt mixture with different CSWF
contents was repeatedly tested four times to acquire a reliable
measure of the DS of the test specimen.

DS �
t2 − t1( 􏼁 × N

d2 − d1
× C1 × C2 �

42 × 15
d60 − d45

, (1)

where t1 and t2 are time corresponding to 45min and
60min, respectively; N is the wheel-traveling speed, and
N� 42 cycles/min in this paper; d1 and d2 are the rutting
depth recorded at t1 and t2, respectively; and C1 and C2 are
parameters and taken as 1 in this paper.

2.6. Low-Temperature Cracking Test. +e three-point
bending test was conducted in accordance with the Chinese
standard JTG E20-2011 (T0715) [26] to evaluate the effect of
the CSWF on the low-temperature cracking performance of
the asphalt mixture. +e span length was 200mm. +e
midpoint of the beam was stressed, and the load was applied
at a speed of 50mm/min. +e loose asphalt mixture was
compacted into a 300× 300× 50mm slab and sawed into a
beam (250× 30× 35mm) such that each span length is
200mm. +e test temperature was − 10°C. Five parallel
samples were used in this test.

(a) (b)

(c) (d)

Figure 1: SEM micrographs of the CSWF: (a) appearance; (b) magnification: 1000 times; (c) magnification: 3000 times; (d) magnification:
10000 times.

Table 3: Mineral gradation of AC-13 mixture design.

Percent of aggregate passing for a given sieve size
Sieve size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Percent passing 100 96 77 49.8 35 25 22 14 11 7
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RB �
3 × L × PB

2 × b × h2 ,

εB �
6 × h × d

L2 ,

εB �
6 × h × d

L2 ,

(2)

where RB is the maximum bending stress (MPa); εB is the
flexural strain (με); b is the width of the cross section (mm); h
is the height of the cross section (mm); d is the midspan
deflection at failure (mm); L is the span of the beam (mm);
and PB is the maximum load (N).

2.7. Freeze-"aw Split Test. +e freeze-thaw split test was
conducted in accordance with the Chinese standard JTG
E20-2011 (T0729) [26] to evaluate the effect of the CSWF-
reinforced asphalt mixture on the water sensitivity perfor-
mance. Marshall specimens were divided into two groups.
+e control group tested the splitting strength at 25°C with a
loading rate of 50mm/min, marked as RT1. +e second
group tested the splitting strength under freeze-thaw cycles
at a temperature between − 18°C (16 h) and 60°C (24 h),
marked as RT2. Both conditioned and unconditioned
specimens were put in a water bath at 25°C for at least 2 h.
Finally, the specimens were loaded until failure, and the
tensile strength ratio (TSR) was calculated using equations
(3)–(5). Five parallel samples were used in this test.

RT1 �
0.006287PT1

h1
, (3)

RT2 �
0.006287PT2

h2
, (4)

TSR �
RT2

RT1
× 100, (5)

where TSR is the tensile strength ratio (%); RT1 is the average
tensile strength (MPa) of the unconditioned specimen; RT2 is
the average tensile strength (MPa) of the conditioned spec-
imen; PT1 is the maximum value of the test load for the test
pieces in the first group (N); and PT2 is the maximum value of
the test load for the test pieces in the second group (N).

2.8. Four-Point Bending Fatigue Test. +e fatigue life of the
asphalt mixture was measured by a four-point bending
fatigue test in JTG E20-2011(T0739) [26]. +e four-point
bending fatigue test is loaded in a partial sinusoidal loading
with load-to-stress ratios of 0.1, 0.2, 0.3, and 0.4. +e loose
asphalt mixture was rolled into a square billet with a size of
400× 300× 75mm and sawed into a beam (380× 50
× 63mm) at 25°C. Five parallel samples were used in this test.

2.9.VacuumImmersionAttackTest. +e vacuum immersion
attack test of 10% (by weight of the total solution) sulfate
concentration was improved by referring to the Chinese

standard JTG E20-2011 (T0709-2011) [26]. +e effect of
sulfate attack on the CSWF-reinforced asphalt mixture was
simulated by soaking Marshall specimens in 10% sodium
sulfate solution. +e Marshall stability of the control asphalt
mixture and CSWF-reinforced asphalt mixture was tested.
+e specimens were put into a vacuum dryer with vacuum
about 97.3 kPa for 15min.+en, under the action of negative
pressure, the sodium sulfate solution with a mass fraction of
10% was put into the dryer and all specimens were immersed
in the sodium sulfate solution (the submergence height was
no less than 20mm). After 15min, normal pressure was
restored. Marshall specimens of the CSWF-reinforced as-
phalt mixture and Marshall specimens of the control asphalt
mixture were tested for Marshall stability every 24 h after
48 h of immersion in sodium sulfate solution. +e effect of
water sensitivity of the CSWF-reinforced asphalt mixture
under sulfate attack was studied, and the feasibility of using
the CSWF-reinforced asphalt mixture in the sulfate envi-
ronment was discussed. +ree parallel samples were used in
this test.

2.10. Sulfate-Freeze-"awCycleTest. Marshall specimens (24
specimens) were formed by compaction (50 times for each
side) with 0.4 wt.% CSWF, which were divided into 6 groups
with 4 samples in each group. Referring to the freeze-thaw
split test, the specimens were soaked for 10 h in 10% sodium
sulfate instead of water. Marshall specimens without freeze-
thaw cycle were tested for splitting tensile strength after 72 h
of curing. +e other five groups were first placed in a plastic
bag containing 10% sodium sulfate solution and kept at
− 18°C for 16 h. +en, they were removed from the bag and
immersed in a water bath at 60°C for 6 h. Five groups of
specimens and control group were immersed in a water bath
at 25°C for 2 h and tested. +e 24 Marshall specimens were
subjected to 0–5 freeze-thaw cycles, respectively, and the
appearance changes of samples after freeze-thaw cycles were
observed. +rough the above experiments, the influence of
salt-freeze-thaw cycle coupling on the water stability of the
common asphalt mixture and CSWF-reinforced asphalt
mixture was studied. Four parallel samples were used in this
test.

2.11. Sulfate-Wet-Dry Cycle Test. +e sulfate-wet-dry cycle
was similar to the sulfate-freeze-thaw cycle. +e Marshall
specimens were immersed in 10% sodium sulfate solution
and kept at 30°C for 12 h and oven-dried at 40°C for 12 h.
After each sulfate-wet-dry cycle, four specimens were taken
out to test the splitting strength, and the relevant test results
were recorded. According to the results, the durability of the
CSWF-reinforced asphalt mixture under sulfate-wet-dry
cycles was analyzed. +ree parallel samples were used in this
test.

3. Results and Discussion

3.1. Marshall Index. Figures 2 to 6 show CSWF-reinforced
asphalt mixture parameters, including the optimum asphalt
content (OAC), bulk specific gravity, VV, VMA, and
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Marshall stability (MS) of each mixture. With the CSWF
content increase, the OAC increased from 4.61% to 4.85%.
+e main reason for this phenomenon was that the fiber
increased the internal specific surface area and absorbed part
of the free asphalt, so the asphalt content of the mixture
increased.

Figure 3 shows the bulk specific gravity of the asphalt
mixture with different CSWF contents. All of the bulk
specific gravity values were between 2.48 and 2.56. With the
CSWF content increase, the bulk specific gravity of the
CSWF-reinforced asphalt mixture gradually decreased.

Figure 4 shows that the value of VV increased with the
increase of the CSWF content. +e data show a positive
correlation between VV and CSWF content. +is increase
occurred probably due to the increase of CSWF surface area
that absorbed more free asphalt.

Figure 5 reveals that, for different asphalt mixtures, the
VMA also increase with the increasing content of the CSWF.

MS results are shown in Figure 6. Compared to those of
the control group, the MS results of the test groups were
improved by almost 7.4%, 21.7%, 16.2%, and 8.5%. Gen-
erally, the MS is an indicator to evaluate the anticracking
ability. A larger MS value means a better anticracking ability.
Maximum MS values were obtained when 0.40wt.% CSWF
was added.

3.2. High-Temperature Stability. Figure 7 displays the dy-
namic stability of the fiber-reinforced asphalt mixture with
different CSWF contents. Ordinarily, a higher DS value
means a preferable antirutting performance. When the
CSWF content is less than 0.8 wt.%, the DS of the asphalt
mixture with the CSWF goes up significantly, indicating that
the high-temperature stability of the asphalt mixture can be
improved. From Figure 7, it can be seen that dynamic
stability of the asphalt mixture increased with the increase of
the CSWF content. Compared with that of the nonfiber
asphalt mixture, dynamic stability of the 0.4 wt.% content of
the CSWF-reinforced asphalt mixture increased by 45.3%.
Because the fiber absorbs the asphalt, the free asphalt content
was reduced and the bonding strength was increased.

Figure 8 shows the micrograph of CSWF-reinforced asphalt.
+e fibers are evenly dispersed throughout the asphalt,
increasing its mechanical strength. It is indicated that the
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CSWF formed a mesh structure in the asphalt mixture, with
asphalt and CSWF having a good absorption and adhesion
ability. In addition, the CSWF has the function of bridge
connections, which could strengthen the weak area of the
interface between the aggregate and the asphalt.

3.3. Low-Temperature Stability. +e low-temperature
bending test was conducted under − 10°C. +e result is
elaborated in Figures 9–11. From Figures 9–11, it can be
summarized that there is good parabolic curve fitting among
the fiber-reinforced asphalt mixtures with different CSWF
contents and the bending tensile strength, the maximum
tensile strain, and the bending stiffness modulus. +e
bending tensile strength and tensile strain rose first and then
came down with the CSWF content increase. It is indicated
that the excessive content of the fiber would result in poor
low-temperature stability of the asphalt mixture due to its
uneven dispersion. +erefore, when the content of the
CSWF reached a certain figure, the resistance of the mixture
to the low-temperature crack will decrease. Furthermore, the
bending tensile strength and tensile strain showed good
performance at 0.4 wt.% CSWF content. +e decrease of the

bending stiffness modulus indicated that the CSWF could
improve toughness and strong crack resistance of the asphalt
mixture at low temperatures. Compared with that of the
control asphalt mixture, the anticracking ability at low
temperatures of the 0.4 wt.% content of the CSWF-rein-
forced asphalt mixture increased by 17.0%. +e reason for
this phenomenon is also attributed to the morphology effect
of the CSWF with its needle-like granules. In addition, the
CSWF has the function of bridge connections, which
strengthens the weak area of the interface between the ag-
gregate and the asphalt. +e main reason for the above
phenomenon is that the CSWF forms a special layered
structure between the aggregate and the asphalt, which plays
a key role in bridge connection and enhances the bonding
effect with aggregates. Under the action of fibers, asphalt has
higher stress recovery and ductility recovery, so as to im-
prove the self-healing ability of the asphalt mixture [27, 28].

3.4. Water Sensitivity. Figure 12 shows the results of water
sensitivity for five different types of asphalt mixtures. As
shown in Figure 12, the freeze-thaw split strength of the
CSWF-reinforced asphalt mixture increases from 0.2 wt.% to
0.8 wt.% compared to that of the control asphalt mixture.
CSWF can improve the splitting tensile strength and water
sensitivity of the asphalt mixture before and after freeze-
thaw cycling. When the CSWF content is less than 0.4 wt.%,
the splitting tensile strength significantly increased. From
Figure 12, it is obvious to see that when the whisker content
is about 0.4 wt.%, the tensile strength ratio of the freeze-thaw
split is highest and then declines as the CSWF content in-
creases. It is indicated that the optimum content of the
CSWF was 0.4 wt.%. At the optimum content, the freeze-
thaw splitting tensile strength of the CSWF-reinforced as-
phalt mixture increased by 12% and 28% compared with that
of the control asphalt mixture and asphalt mixture without
whisker addition after freeze-thaw cycles, respectively. +e
main reason for this phenomenon is that the fiber absorbed
and assimilated on bitumen. During the freeze-thaw cycle,
the CSWF increased the roughness of the interface that made
the asphalt film thick and enhanced the interface bonding
ability. +is is the reason why the CSWF-reinforced asphalt
mixture exhibited higher values for TSR and had good re-
sistance to water damage.

3.5. Fatigue Performance Evaluation. Fatigue tests were
carried out on the asphalt mixture mixed with and without
CSWF. At the same stress ratio, the fatigue frequency and
increase range of the asphalt mixture with the CSWF were
calculated. +e test data and results are shown in Figure 13.
It can be seen from Figure 13 that, under the same stress
ratio loading, the fatigue times of the asphalt mixture with
the CSWF are all higher than those without CSWF. When
the stress ratio was 0.1, the fatigue life of the CSWF-rein-
forced asphalt mixture increased by 7.2%, and when the
stress ratio was 0.3, the fatigue life increased by 54.2%.+ese
data show that the effect of CSWF addition on the fatigue
frequency of the asphalt mixture was not obvious when the
stress level was low. With the increase of stress ratio, the

D
S 

(ti
m

es
/m

m
)

0

500

1000

1500

2000

2500

3000

3500

0.2 0.4 0.6 0.80.0
CSW fiber contents (%)

Figure 7: Change in DS for different CSWF contents.

y = –10.14x2 + 9.58x + 11.19
R2 = 0.7401

M
S 

(k
N

)

11.0

11.5

12.0

12.5

13.0

13.5

14.0

0.2 0.4 0.6 0.80.0
CSW fiber contents (%)

Figure 6: Change in MS for different CSWF contents.

6 Advances in Materials Science and Engineering



CSWF improved the fatigue resistance of the asphalt mixture
significantly, and the fatigue life of the fiber-modified asphalt
mixture had been greatly improved. +e addition of the
CSWF could improve the fatigue life of the asphalt mixture
and the fiber-modified asphalt mixture under the constantly
changing stress state as well as extend the service life of the
asphalt mixture.

3.6.Water Sensitivity in Sulfate Environment. MS test results
of various asphalt mixtures after sulfate attack are shown in
Figure 14. After 48 h immersion in the Marshall test, the
Marshall stability of the control sample was 10.47 kN and
that of the CSWF-reinforced asphalt mixture was 10.58 kN.
+e MS of the control sample decreased 19.5% and 51.6%
when soaked in sodium sulfate for 2 d and 8 d compared
with 2 d immersion in water, respectively. However, the MS
of the CSWF-reinforced asphalt mixture decreased 17.7%
and 40.9% in 2 d and 8 d under sulfate attack compared with
2 d immersion in water, respectively. It is indicated that the
performance of the asphalt mixture in the salt attack en-
vironment declined more seriously than that in the water
environment, and the CSWF has certain enhancement effect
on sulfate attack resistance of the asphalt mixture. And the
CSWF can enhance the anti-sulfate attack ability of the
asphalt mixture.

3.7.WaterSensitivityunderSalt-Freeze-"awCycles. +e test
data of freeze-thaw splitting tensile strength and freeze-thaw
splitting tensile strength ratio without freeze-thaw cycles and
each freeze-thaw cycle are shown in Figure 15. It can be seen
that, under the action of salt-freeze-thaw cycles, the tensile
strength of freeze-thaw cracking of the two mixtures

CSWF-reinforced asphalt
CSWF-reinforced asphalt

Figure 8: SEM micrographs of CSWF-reinforced asphalt.
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decreased significantly. After 5 salt-freeze-thaw cycles, the
tensile strength of freeze-thaw splitting of the ordinary as-
phalt mixture decreased to 0.30MPa, and tensile strength of
the 0.4 wt.% content of the CSWF-reinforced asphalt mix-
ture also went down to 0.47MPa. +e tensile strength ratios
of freeze-thaw cracking were 27% and 39.8%, respectively. It
is indicated that the addition of the CSWF could effectively
improve the sulfate attack resistance and freeze-thaw cycle
resistance of the asphalt mixture.

3.8. Water Sensitivity under Salt-Wet-Dry Cycles. It can be
seen from Figure 16 that the splitting strength of both
mixtures decreased under the continuous action of the salt-
wet-dry cycle. +e addition of the CSWF could improve the
sulfate attack resistance and wet-dry cycle resistance of the

asphalt mixture. +is is similar to what happens in the salt-
freeze-thaw cycle, but not as intense as in that cycle.

3.9. Comparison with Different Fiber-Reinforced Asphalt
Mixtures. Table 4 shows physical properties of different
fibers. Table 5 shows the results of high-temperature sta-
bility, low-temperature stability, water sensitivity, and fa-
tigue performance under different types and the optimum
content of the fiber. Compared with that of the control
group, the DS of 0.4 wt.% CSWF-reinforced asphalt mixture
increased by 44.6%, the low-temperature crack resistance
increased by 17%, and the TSR increased by 17.4%. As can be
seen from Table 5, compared with that of other fiber-
reinforced asphalt mixtures, the road performance of the
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Figure 12: Water sensitivity of different CSWF contents: (a) residual strength; (b) TSR.

Fa
tig

ue
 li

fe
 (t

im
es

)

No fiber content 
0.4% CSW fiber content

0

10000

20000

30000

40000

50000

60000

70000

0.15 0.20 0.25 0.30 0.35 0.400.10
Stress ratios

Figure 13: Fatigue life of the mixture under different stress ratios.

M
ar

sh
al

l s
ta

bi
lit

y 
(k

N
)

Ordinary asphalt mix
0.4% CSW fiber asphalt mix

0.0

1.5

3.0

4.5

6.0

7.5

9.0

10.5

12.0

3 4 5 6 7 82
Soaking time of to in sodium sulfate (d)

Figure 14: Marshall stability of the mix under the sodium sulfate
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Table 4: Physical properties of different fibers.

Fiber type
Properties

ReferenceDiameter
(mm) Length (mm) Length/diameter

ratio Tensile strength (MPa) Melt temperature (°C)

CSWF 0.003 0.05 16 2050 >1400 +is paper
Brucite fiber 0.02 0.5 25 932 >400 [13]
Lignin fiber 0.045 1.1 24 — — [29]
Glass fiber 12 — — 3250 >1500 [30]
Basalt fiber 0.013 6 460 3200 — [8]
Polyester fiber 0.02 6 300 531 — [29]
Polyacrylonitrile
fiber 0.013 5 385 >910 — [29]
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CSWF-reinforced asphalt mixture is not significantly im-
proved, but the enhancement effect is relatively balanced. As
can be seen from Figure 5, the CSWF is a single crystal fiber
which has a small diameter and length compared with other
fibers but has a high tensile strength.+e efficiency of a fiber-
reinforced composite depends on the fiber/matrix interface
stress transfer capability. Because of the small particle size of
the CSWF, the mechanical property enhancement effect of
the asphalt mixture is poor. However, under various harsh
environments, the CSWF with needle-like granules and
small particle size forms embedding and anchoring in the
mixture, consequently increasing the mechanical bonding
force between the asphalt and the aggregate.

4. Conclusions

+is study investigated the performance of the ecofriendly
calcium sulfate whisker fiber- (CSWF-) reinforced asphalt
mixture as a sustainable pavement material. Conclusions
were summarized as follows:

(1) With the increase of the CSWF content, the anti-
rutting performance, low-temperature crack re-
sistance, and durability of the asphalt mixture were
improved significantly.

(2) According to the analysis of road performance re-
sults, the optimal content of the CSWF is 0.4 wt.%.
Under the 0.4 wt.% content of the CSWF, DS,
bending tensile strength, and TSR increased by
44.6%, 17.0%, and 17.4% compared with those of the
control sample, respectively.

(3) Durability damage of the asphalt mixture is caused
by infiltration and expansion pressure generated in
the process of sulfate crystallization-dissolution. +e
CSWF-reinforced asphalt mixture has better re-
sistance to cracking strength degradation under the
coupling action of salt-freeze-thaw cycles and salt-
dry-wet cycles.

(4) Compared with the conventional asphalt mixture,
the CSWF asphalt mixture not only utilized power
plant waste effectively to preserve ecosystems but
also improved the performance of the pavement,

which is suggested to be used in sustainable pave-
ment construction and rehabilitation.
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