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ABSTRACT: This study investigated fibers’ stabilization and reinforcement 9 No fiber
effect on a bitumen binder. The fibers’ microstructures were primarily
observed using scanning electron microscopy, and laboratory tests, including
the oven heating and mesh-basket draindown, were designed and carried out ¢}
on three different fiber—bitumen binders (lignin, mineral, and carbon fiber)
in this paper to evaluate the bitumen adsorption and thermal stability,
respectively. Then, the cone sink experiment was performed to check the
rheological properties of these fiber—bitumen binders. These results reveal
that the stabilization and reinforcement effect increases with the fiber o}
content increasing to the optimal value. The optimal fiber content depends
on the performance of the fiber—bitumen binder, and the value found in this
paper is 0.4 wt %. The results indicate that the fiber enhances the toughness
of the bitumen effectively via its spatial framework, adhesion, and
stabilization of the fiber—bitumen binder. The rheological properties and rutting resistance were tested by a dynamic shear
rheometer, and the results suggested that the fiber could effectively enhance the flow resistance and the rutting resistance of the
fiber—bitumen binder.
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1. INTRODUCTION As the matrix material in such a fiber—bitumen binder,
bitumen could be strengthened by fibers.'"* Conventionally,
fibers are used to prevent the matrix bitumen from a
draindown when the binder is hot. The binder consisting of
the fiber and bitumen may be recognized as the medium
bonding the aggregates together. Therefore, the binder is an
essential part of the bitumen concrete. Many studies reported
that fibers can enhance the anticracking properties at low
temperatures, durability, and even the fatigue life of bitumen
concrete mixtures. ”'> Furthermore, fibers could improve
material tensile strength,'®'” dynamic modulus,"® and elasticity
as well as the wear resistance of pavement wearing course.'”
However, the introduction of fibers raises the air voids in the
bitumen concrete mixture; as a result, more compaction efforts
are required to obtain the same density as that without fibers.*’

It is well known that the mechanism of the bitumen
interacting with fibers is complicated, but the effect on
pavement performance is significant. However, a few studies
have been performed to explore the reinforcement mechanism

For road pavement, the bitumen is subjected to not only high
temperature but also severe sun radiation, oxygen, and even
other radicals that can accelerate the ageing of the bitumen.
Hence, the durability of the bitumen is very important. To
improve the performance of the bitumen, many different
additives have been added to it, such as polymers, fibers, and
nanomaterials. Goshtasp et al. introduced a new nano-
composite bitumen binder, which was modified by clay/
fumed silica nanoparticles.' > The new binder showed higher
mechanical, chemical, and thermal improvements than the
conventional bitumen. In addition, the results indicated that
the composite can significantly disrupt chemical oxidation and
decomposition and delay aging. Meanwhile, fiber is also a good
additive. The addition of different fibers to bitumen, that is to
say, the fiber—bitumen binder, is a relatively novel concept in
bitumen pavement engineering, even though some -early
applications with fibers have been introduced.”” Previously,
the application of fibers as building materials in lightweight
structures and cement concrete was recognized over S0 years

ago.”” Recent surveys show the application of fibers in porous Received:  September 2, 2022

bitumen and stone matrix bitumen is very popular in Western Accepted: November 8, 2022
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countries.”” For example, three fibers, including the organic )

fiber, the mineral fiber, and the polyester fiber, have been
introduced to the bitumen to stabilize it and cut down the
draining of the bitumen.'”!!
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Figure 1. SEM images of fiber microstructures: (a, b) lignin fiber, (c, d) mineral fiber, and (e, f) carbon fiber.

of fibers, especially on the basis of the physical property and
microstructure of fibers. Moreover, although fibers could
reinforce the fiber—bitumen binder, the optimal content of the
fiber is unknown for different fiber—bitumen binders.
Consequently, the scanning electron microscopy (SEM),
softening point and penetration test, mesh-basket draindown
test, cone sink experiment, rheological measurement, and the
viscosity of fiber—bitumen binders were studied in this paper
to find the stabilization and reinforcement mechanism of
different fibers and the optimal fiber contents in different
fiber—bitumen binders. The understanding of the properties of
the fiber—bitumen binders helps to improve the pavement
performance and sheds light on the rational design and
preparation of the open-graded friction course fiber—bitumen
mixture.

44208

2. RESULTS AND DISCUSSION

2.1. Microstructures of Fibers. Figure 1 displays the SEM
images of different fiber microstructures. The lignin fiber
shows a distinct loose and porous surface structure. In contrast,
the mineral fiber and the carbon fiber demonstrate a much
smoother structure. Therefore, the lignin fiber has the largest
surface area and the roughest texture among these three fibers,
while the mineral fiber possesses the smoothest texture. As
shown in Table 4, the surface area of lignin fiber (1.8 m?/g) is
more than 10 times higher than those of the carbon fiber (0.2
m?*/g) and the mineral fiber (0.1 m?/g). More importantly, the
microstructures in the SEM images of the carbon and the
mineral fiber are obviously different from that of the lignin
fiber, and the former two fibers possess circular cross sections,
with relatively smoother textures and smaller surface areas. The

https://doi.org/10.1021/acsomega.2c05677
ACS Omega 2022, 7, 4420744214


https://pubs.acs.org/doi/10.1021/acsomega.2c05677?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05677?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05677?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05677?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

surface property can explain the higher capacity of the lignin
fiber in binding the bitumen. Papirer et al. reported that the
resistance to rutting of the bitumen mixture pavement at high
temperatures can be enhanced with the introduction of
fibers.”’ The following reasons can account for this
phenomenon. Fibers dispersed in the bitumen can absorb
the binder on the surface to generate a monolayer, which
results in a strong cohesion between the “fiber—bitumen”
interlayer and the interlinked framework. The framework
cannot collapse at higher temperatures, which leads to a thick
binder coating with no drainage of the bitumen. Meanwhile,
the light components in the bitumen can also be absorbed by
fibers, which can increase the fiber—bitumen binder viscosity.
As a result, fibers improve the shear strength of the asphalt
binder. Moreover, the higher tensile strength of fibers may
accommodate more asphalts and prevent them from flowing
and propagation of cracks more efficiently.””

2.2. Softening Point and Penetration Results. The
softening point (ring and ball test, denoted as T,,y,) is also a
significant performance criterion for the fiber—bitumen binder.
As shown in Figure 2, T, increases sharply with the
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Figure 2. T,,;, of different fiber—bitumen binders.

introduction of the fiber. The maximum temperature in the
pavement practice can reach 60 °C in summer, and the fiber
can help the fiber—bitumen binder to improve its resistance to
high temperatures. The fiber content determined by T.,;, acts
as the minimum value to meet the rainy climate in south
China.

The lignin fiber—bitumen binder is inclined to possess a
higher T,,, than those containing 0.3 wt % carbon/mineral
fiber. Beyond the fiber content, the mineral fiber—bitumen
binder demonstrates the highest T,;,. Similar conclusions are
drawn from the penetration experiment as well, as presented in
Figure 3, which confirms the entanglement effect of the lignin
fiber evidently. Although the lignin fiber and the carbon fiber
used in this paper are of similar lengths, these two fiber—
bitumen binders possess totally different T, and penetrations.
The reason is that the carbon fiber is not inclined to entangle
with each other; however, a similar change in property may be
achieved through the introduction of inert fillers to the
binder.”**

2.3. Adsorption and Adhesion of Bitumen. Bitumen is
made up of asphaltene, aromatic fraction, saturation fraction
(paraffins and naphthenes), and resin.””*° The fiber can
adsorb the components in the bitumen, which changes the
rheological properties of the fiber—bitumen binder. Therefore,
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Figure 3. Penetration of different fiber—bitumen binders.

an optimal content of the fiber is required in the design of the
fiber—bitumen binder, which is significant in the generation of
the interfacial adhesion between the bitumen and the fiber.”®
The mesh-basket draindown experiment was carried out to
check the adsorption and stabilization of fibers in the fiber—
bitumen binder. Based on the pavement practice, 10 wt % of
the fiber in the fiber—bitumen binder was selected. Table 1

Table 1. Results of the Mesh-Basket Draindown Experiment
(Bitumen Separation, %)

bitumen separation (%)

temperature fiber—bitumen

°C) binder 30 s 60 s 90 s 120 s
130 carbon fiber 3.12 7.07 8.29 9.14
mineral fiber 1.34 4.25 5.41 5.99
lignin fiber 0.00 0.00 0.00 0.00
140 carbon fiber 10.86 12.32 12.78 13.73
mineral fiber 6.98 7.68 7.92 8.51
lignin fiber 0.00 0.00 0.00 0.00
170 carbon fiber 15.57 17.87 19.35 20.36
mineral fiber 9.93 10.85 11.30 11.95
lignin fiber 0.00 0.05 0.09 0.60

shows the mesh-basket draindown experiment results, and the
lignin fiber—bitumen binder has the least separation and drop
of bitumen, in other words, the most stabilization and
adsorption of the bitumen, followed by the mineral fiber—
bitumen binder and the carbon fiber—bitumen binder. The
different surface areas and lengths of the two fibers can
primarily account for the phenomenon. Compared to the
lignin fiber—bitumen binder, the mineral fiber—bitumen binder
presents much lower stabilization and adsorption effects on the
bitumen, and the reason lies in its smooth surface with
lubrication, which can reduce the immersion effect.””**

2.4. Cone Sink Experiment Results. According to the
force balance, the shear stress 7 (kPa) of different fiber—
bitumen binders in the direction tangential to the cone surface
was calculated using eq 1,”” which was used to evaluate the
resistance of different fiber—bitumen binders to the flow and
shear force.

7 = [G-cos*(a/2)]/[n-h*-tan(a/2)] (1)

Here, G is the gravity of the cone (1.025 kN), a is the cone
angle (30°), and h is the sink depth (m). Three duplicated
samples were tested for different fiber—bitumen binders. Table
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2 shows the sink depth h and the shear stress 7 of different
fiber—bitumen binders, and the results indicated that all fibers

Table 2. Cone Sink Depth h and Shear Stress 7 of Different
Fiber—Bitumen Binders

blank carbon mineral lignin

items bitumen fiber fiber fiber

fiber fraction (wt %) 0 0.4 0.4 0.4
h (mm) 2.90 2.10 2.70 2.30
 (MPa) 135.17 257.78 155.94 214.90

can decrease the sink depth h to different extents but increase
the shear stress 7. The cone sink depth h of different fiber—
bitumen binders is ranked in descending order as follows: the
mineral fiber—bitumen binder, the lignin fiber—bitumen
binder, and the carbon fiber—bitumen binder.

Two reasons are found to account for the above results.
First, the three-dimensional spatial network of fiber can wrap
the bitumen tightly. Second, the fiber in the fiber—bitumen
binder absorbs the light components in asphalt, resulting in a
viscosity increase of the asphalt binder. Consequently, the
addition of fiber improves the shear strength of the asphalt
binder. Among these fibers, the carbon fiber has the most
profound effect on decreasing the cone sink depth h and
increasing the shear stress 7 of the fiber—bitumen binder,
which is owing to its strong internetworking effect. Although
the carbon fiber is thick and possesses a smaller surface area, it
still shows a better stabilization effect on the bitumen and a
stronger interface adhesion. The phenomenon can be
interpreted as the solubility law, since the carbon fiber used
in this paper originates from the bitumen. In addition, the fiber
provides bridging cracking and toughening effects to reinforce
the spatial framework; usually, the fiber with a higher tensile
strength accommodates the bitumen more efficiently and
prevents them from flowing and propagation of cracking.’”*!
Finally, the lignin fiber—bitumen binder possesses a smaller
cone sink depth h than that of the mineral fiber—bitumen
binder, and the reason lies in its bigger surface area and more
adsorption of the bitumen, which can increase the stiffness and
viscosity of the fiber—bitumen binder.

2.5. Viscosity Results. The viscosity of the fiber—bitumen
binder increases with the lignin fiber content increasing, as
shown in Figure 4. With the lignin fiber content of 0.1 wt %,
only a slight increase is found in viscosity, which is due to the
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Figure 4. Viscosities of the lignin fiber—bitumen binders with
different fiber contents.

dispersing material of the lignin fiber. However, as the lignin
fiber content increases to 0.3 wt %, the viscosity of the fiber—
bitumen binder increases sharply, about 2 to 3 times. The
reason is at this content the lignin fiber starts to produce a
partial framework structure.’ As the lignin fiber content
continues to increase to 0.4 wt %, the partial framework slowly
interacts to form a consecutive framework through the
bitumen, leading to a great increase in the viscosity of the
fiber—bitumen binder. The consecutive framework plays the
part of a supporting structure, which strengthens the fiber—
bitumen binder and resists potential deformation.

The viscosities of different fiber—bitumen binders are
presented in Figure S. At the fiber content of 0.4 wt %, the
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Figure 5. Viscosities of different fiber—bitumen binders at 165 °C.

viscosity of the fiber—bitumen binder begins to present a
significant increase. Therefore, the fiber content of 0.4 wt % is
the desirable content for the fiber—bitumen binder in view of
the reinforcement criterion. Remarkably, the reinforcement
effect is one of the most important factors in the determination
of the optimal fiber content, and other factors including the
fiber—fiber interaction and the construction cost also should be
considered. The fiber—bitumen binder containing more fibers
than the optimal content brings about not only economic
infeasibility but also poor pavement performance. The reason
is that the excessive reinforcement of the fiber can produce
brittle fiber—bitumen binders, which can deteriorate the
pavement performance.”> Considering that the fiber size has
an effect on the viscosity of the fiber—bitumen binder and the
longer fiber results in more increase in viscosity, we selected
the longer fiber in this paper to obtain the expected viscosity
increase. However, the longer fiber may result in mixing
problems, which should be paid special attention to.

2.6. Viscoelastic Behavior. To find the effect of the fiber
on the rheological properties of the asphalt binder at high
temperatures, the dynamic shear rheometer (DSR) experiment
was performed with the fiber fraction of 0.4 wt %, and the
results are presented in Figure 6. It can be seen that all phase
angles 6 of both blank bitumen and fiber—bitumen binder are
higher than 78° at temperatures of 64—82 °C, indicating the
dominance of the viscous composition in both of them.
Compared with the phase angles 6 of the bitumen, those of the
fiber—bitumen binder decreases with the introduction of the
fiber, indicating a decrease of the viscous composition but an
increase of the elastic composition, which is mainly due to the
increase of the modulus brought by the fiber. Meanwhile, the
phase angle 6 of the fiber—bitumen binder increases linearly
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Figure 6. Complex shear modulus (G*) and phase angle (5) of
different fiber—bitumen binders.

with the increase of temperature, indicating that the viscous
composition increases while the elastic composition decreases
with the increase of temperature. After the introduction of the
fiber, the phase angles ¢ of all of the fiber—bitumen binders
show a similar tendency.

In view of the reasonable ratio of viscous composition and
elastic composition, the temperature of the fiber—bitumen
binder should not be too low, otherwise, the phase angle & will
decrease. If it is lower than 45° it easily causes insufficient
viscous composition and results in poor fluidity of the bitumen,
which may weaken the adhesion of the bitumen to the
aggregate. In this paper, at the lowest temperature of 64 °C,
the phase angles 0 of all of the fiber—bitumen binders are
higher than 45° indicating a reasonable ratio of the viscous
composition and the elastic composition and strong adhesion
of asphalt to aggregate in these fiber—bitumen binders.

The physical properties of fiber—bitumen binders are
different due to the different surface microstructures of fibers.
The fiber—bitumen binder is regarded as an organic—inorganic
composite, and the difference can also be found in rheology.
Figure 7 shows the effect of different fibers on the rheological
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Figure 7. Rutting factors of different fiber—bitumen binders.

properties of fiber—bitumen binders. Compared with those of
the blank bitumen (no fiber), Figures 6 and 7 show that rutting
factors increase while the phase angles 6 decrease of different
fiber—bitumen binders, indicating the improvement of high-
temperature stability with the addition of the fiber. However,
different fibers present different improvements in the
rheological properties at high temperatures. For example, at
the temperature of 64 °C, the rutting factors of the fiber—

bitumen binders with the lignin fiber, the carbon fiber, and the
mineral fiber increase by 8.14, 5.14, and 2.41 kPa, respectively,
compared with that of the blank bitumen. The results indicate
that the lignin fiber—bitumen binder shows the most obvious
improvement in the high-temperature rutting resistance,
followed by the carbon fiber—bitumen binder and the mineral
fiber—bitumen binder. Meanwhile, with the addition of the
fibers, the phase angles 6 of the fiber—bitumen binders
decrease by 4.5, 2.1, and 0.9° for that with the lignin fiber, the
carbon fiber, and the mineral fiber, respectively. The result
suggests that the lignin fiber has the most evident effect on the
increase of elastic components in the fiber—bitumen binder,
while the mineral fiber enhances the rheological property of
the fiber—bitumen binder at a high temperature via its
tackifying effect to some extent.

3. CONCLUSIONS

Fibers can form a spatial framework in the fiber—bitumen
binder, and they can reinforce the fiber—bitumen binder by
their function of the spatial framework, adsorption, and
adhesion of the bitumen. In addition, the microstructure of
the fiber can also play an important part in the reinforcement
effect. The lignin fiber possesses higher bitumen adsorption
than the carbon fiber and the mineral fiber because of the
higher surface area. Considering the performance of the fiber—
bitumen binder, we selected the optimal fiber content of 0.4 wt
% by bitumen concrete weight. The DSR tests showed that
fiber—bitumen binders present a greater complex shear
modulus G*, rutting factor G*/sind, and a smaller phase
angle 6 compared with the blank bitumen used in the
manuscript. Consequently, it is noted that fibers can sharply
improve the fiber—bitumen binder flowing resistance and
rutting resistance, and the lignin fiber is more suitable for
bitumen modification. In view of the engineering practice,
mechanical properties including the freeze—thaw split test,
immersed Marshall test, and high-temperature rutting test will
be performed in the next paper.

4. EXPERIMENTAL SECTION

4.1. Experimental Materials. 4.1.1. Bitumen. The
modified bitumen with high viscosity produced by China
Petroleum was used in this paper. To find the basic physical
properties of the modified bitumen, some traditional tests such
as ductility, softening point, and penetration experiments were
performed, and the results are presented in Table 3. Among

Table 3. Physical Properties of Bitumen

items unit result specification
penetration at 25 °C 0.1 mm 62 T0604-2011
ductility at 5 °C cm 37 T0605-2011
ductility at 10 °C cm S8 T0605-2011
Tep °C 84.5 T0606-2011
viscosity at 60 °C Pa-s 90,900 T0620-2000
viscosity at 135 °C Pas 1.963 T0625-2011

these tests, the penetration experiment has been performed at
25 °C according to the Specification T0604-2011. The T,,y, has
been tested according to the Specification T0606-2011, and
the ductility has been tested at 5 °C/10 °C according to the
Specification T0605-2011.

4.1.2. Fibers. Three different fibers including the wool-like
carbon fiber, the loose lignin fiber, and the smooth mineral
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fiber acted as stabilizers and were introduced to the modified
bitumen. These fibers were predominantly adopted to prevent
the fiber—bitumen binder from draindown, especially for the
stone matrix bitumen and the porous bitumen in the process of
blending, transportation, and compaction. The physical
properties of the three fibers were tested and the results are
presented in Table 4.

Table 4. Physical Properties of Fibers (Provided by
Manufactures)

carbon
items fiber mineral fiber lignin fiber specification
diameter (ym) 12—14 13—16 12—1§ ASTM
D2130
length (mm) 20-25 60 1.5-20  ASTM
D204
tensile strength 765—980 2500—3500 100—-300 ASTM
(MPa) D2256
surface area 0.19 0.13 1.8 N/A
(m*/g)
density (g/cm®) 13-20  2.65-305  11-13  ASTM
D3800
melting 700 1600 <250 ASTM
temperature D276
(°c
elongation at break  2.1-2.5 32 N/A ASTM
(% D2343

4.2. Experimental Methods. 4.2.1. Preparation of
Fiber—Bitumen Binders. Both modified bitumen and fibers
were preheated in an oven at 165 °C for 120 min before
blending. To find the stabilization and reinforcement effect of
different fibers on the fiber—bitumen binder, 0, 0.1, 0.2, 0.3,
0.4, and 0.5 wt % of fibers were added to the bitumen and
mixed homogeneously to prepare fiber—bitumen binders. The
concentration of 0 wt % represents the blank bitumen.

During the preparation of samples, 500 g of preheated
modified bitumen was added to a 1000 mL barrel and then
transferred into an oven. The fiber was added to the modified
bitumen slowly with continuous stirring at 600 rpm to avoid
the possible agglomeration of the fiber. The mixture was
heated and mixed at 170 °C for 120 min to generate a uniform
fiber—bitumen binder.

4.2.2. Softening Point T,,, and Penetration Test. The T,,,
and the penetration experimental methods have been
introduced in our previous manuscripts.”””*

The T,,;, of the fiber—bitumen binder, in other words, the
temperature at which the fiber—bitumen binder changes from
solid to liquid, was tested via a WSY-025E fiber—bitumen
softening point instrument produced by Wuxi Petroleum
Bitumen Apparatus Co. Ltd. according to the Specification
ASTM D 36. In this test, a 3.5 g steel ball and a 20 mm steel
ring were used. The fiber—bitumen binder was cooled at 5 °C
for 15 min and then heated at a rate of 5 °C/min to soften the
fiber—bitumen binder until it can allow the ball accommodated
in the fiber—bitumen binder with a depth of 25.4 mm.

The penetration is to determine the hardness and viscosity
of the fiber—bitumen binder, and it was tested via a WSY-026
penetration instrument produced by Wuxi Petroleum Bitumen
Apparatus Co. Ltd. In this test, a container of the fiber—
bitumen binder stored at 25 °C was penetrated by a standard
100 g needle with the loading time of S s according to the
Specification ASTM DS. Penetration is defined as the depth of

the needle penetrated in the fiber—bitumen binder, which is
expressed in the unit of 0.1 mm.

4.2.3. Mesh-Basket Draindown Experiment. To check the
adsorption and stabilization effect of different fibers on the
fiber—bitumen binder, the mesh-basket draindown experiment
was performed, and the method has been introduced in our
previous paper.””** Ten weight percentage of the fiber in the
fiber—bitumen binder (approximately 0.3 wt % fiber in the
bitumen concrete) was selected based on the pavement
engineering practice. Then, 40 g of the above sample was
put in a steel mesh basket with a sieve size of 0.25 mm
uniformly and kept at room temperature for 120 min. The
mesh basket with the sample was transferred to an oven at a
higher temperature; as a result, some fiber—bitumen binders
melted, flowed, and dropped out. Typically, we set two
different temperatures for all the fiber—bitumen binders: 130
°C and 140 °C. It is noted that due to no evident bitumen
drainage found at these two temperatures, an extra test
temperature at 170 °C was performed for these fiber—bitumen
binders. Finally, the weight of the specimen was measured with
an interval of 30 min to calculate the loss of the bitumen, and a
smaller loss of the bitumen indicates a higher capacity to
stabilize and adsorb the bitumen.

4.2.4. Cone Penetration and the Viscosity Test. Cone
penetration and viscosity test methods have been introduced in
our previous manuscript.33’34

Cone penetration of the fiber—bitumen binder was
performed to find the fiber—bitumen binder’s resistance to
flow and shear, and it was carried out via a WSY-026
penetration instrument produced by Wuxi Petroleum Bitumen
Apparatus Co. Ltd. Similar to the penetration test introduced
in Section 4.2.2, the unit of cone penetration is 0.1 mm as well.
The difference is that the cone penetration is the depth of a
standard cone with a load of 200 g penetrated into the fiber—
bitumen binder. Prior to the test, the fiber—bitumen binder
was fully cooled and solidified at room temperature and then
placed at room temperature for no less than 60 min in a water
bath. Then, the binder was taken out of the water bath and an
iron cone was put on its surface. The standard cone slowly
penetrated into the fiber—bitumen binder until it stopped
sinking. Finally, the penetration depth was recorded. It is
noteworthy that the standard cone cannot pierce through the
fiber—bitumen binder completely. The viscosity of the fiber—
bitumen binder was measured via a DV2TLV rotational
viscometer produced by Brookfield Engineering Inc.

4.2.5. Scanning Electron Microscopy (SEM). SEM instru-
ment makes use of a very fine electron beam to detect the
surface of the observed specimen. During the scanning process,
the electron beam will interact with the sample, and then
generate physical information on the sample surface. By
collecting, converting, and enlarging the physical information,
we can gather information on the surface microstructure and
other information on the sample. SEM is an important tool for
studying the surface structure of materials. The surface
morphology of fiber materials is one of the important factors
that affect its function in the fiber—bitumen binder. Hence,
three fiber (lignin fiber, carbon fiber, and mineral fiber)
microstructures were observed via a Hitachi S-4800 SEM
device with an accelerating voltage of 5.0 kV. It is noted that
the specimen should be sprayed with gold as a result of the
weak conductivity. Several fields were checked at different
magnifications to get more information on the prevalent
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features to find the surface morphology difference among these
fibers.

4.2.6. Rheological Test. In the study, the dynamic
rheological properties of the fiber—bitumen binder under a
certain temperature and loading frequency were evaluated via a
DSR. During the test, a strain-controlling mode is used, and
the strain and frequency are 10% and 1.59 Hz, respectively.
While measuring the high-temperature performance of the
fiber—bitumen binders at 64, 70, 76, and 82 °C, a parallel-plate
mold with a diameter of 25 mm is used and the thickness of
the fiber—bitumen binder is 1 mm, which in accordance with
the Specification AASHTO-TPS. Phase angle 6 measured via
the DSR experiment reflects the proportion of viscous and
elastic components in the fiber—bitumen binder, and a higher
0 means a greater proportion of the viscous component in the
fiber—bitumen binder, indicating the preference for a
permanent deformation at high temperature. Meanwhile,
G*/sind refers to the rutting factor, which is used as an
indicator of the permanent deformation performance of
bitumen materials.”> The higher the rutting factor, the smaller
the flow deformation of the fiber—bitumen binder at a high
temperature, in other words, the stronger the resistance to
rutting deformation.
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