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Abstract: Crumb rubber could form the active groups on the surface by interrupting the crosslinking
bond to improve the compatibility with asphalt. While styrene-butadiene-styrene block copolymer
(SBS)-modified asphalt has excellent comprehensive properties, it has poor anti-aging performance
and a high cost. To explore the influence of composite modification of activated crumb rubber powder
(ACR) and SBS on asphalt, modified asphalt samples with different modifiers and SBS contents
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were prepared. Conventional physical properties tests, a dynamic shear rheometer (DSR), and the
thin-film oven test (TFOT) were used to study the conventional physical properties, high-temperature
rheological properties, and aging resistance of asphalt. In addition, the action forms and distribution
of modifiers in asphalt were observed by an optical microscope to characterize the micro-morphology
of ACR/SBS composite-modified asphalt. Test results showed that after adding SBS, the softening
point, ductility, and elastic recovery of ACR/SBS asphalt could be significantly improved, but the
viscosity and softening point difference were also larger. At the same time, according to the complex
shear modulus, phase angle, and rutting factor, SBS can effectively improve the high-temperature
deformation resistance of ACR/SBS asphalt. The modified asphalt (ACR/SBS-2) had good high-
and low- temperature performances, as well as an appropriate viscosity and low softening point
difference, as a research object of aging. After short-term aging, the changes in the high- and low-
temperature performances and workability of ACR/SBS asphalt were reduced. Taking the softening
point as the target performance, the softening point of ACR/SBS asphalt was less affected by aging
time and temperature, indicating that ACR/SBS asphalt was not sensitive to aging temperature and
had good stability and aging resistance. From the micrograph by microscope, it was found that
ACR/SBS asphalt could maintain a relatively stable polyphase structure for aging resistance.
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1. Introduction

With the rapid development of new solid waste utilization technology in the road in-
dustry, renewable materials-modified asphalts represented by waste crumb rubber powder
have been widely used in the field of civil engineering [1-3]. Scholars have systematically
studied the modification process, road performance, and application of waste crumb rubber
powder-modified asphalt in hot mix asphalt mixtures [4-8]. In order to further improve the
utilization efficiency of waste crumb rubber and improve the road performance of crumb
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rubber-modified asphalt, many scholars have studied the activation process of crumb
rubber powder.

The commonly used crumb rubber powder activation methods include physical ac-
tivation methods such as the microwave method based on the thermal environment and
ultrasonic method [9], chemical activation methods using chemical adjuvants [9], and
biological methods [10]. In addition to the above activation methods, the mechanochemical
methods using chemical adjuvants combined with mechanical force are also applied to
the activation of crumb rubber powder [11]. The mechanochemical method can effectively
play the role of desulfurization activation of additives through rubber broken to increase
the surface roughness and activity of rubber powder. The mechanochemical method has
the advantages of simple equipment, high production efficiency, low cost, and weak smell,
and is very suitable for large factory production, which was chosen in this study. Many
researchers believe that the storage stability and workability of crumb rubber-modified
asphalt prepared from rubber powder significantly improve after desulfurization activa-
tion [12,13]. Juganaru et al. observed that according to the micro-morphology of activated
crumb rubber powder (ACR)-modified asphalt, the ACR was more evenly distributed in as-
phalt, and the viscosity of ACR-modified asphalt was significantly reduced [14]. Shatanawi
et al. pointed out that the water stability and rutting resistance of the ACR-modified asphalt
mixture were better than those of the ordinary crumb rubber-modified asphalt mixture [15].
Liu et al. used a wet process to prepare crumb rubber-modified asphalt with different ACR
contents and optimized the preparation parameters of ACR based on viscosity and the
softening point difference. The asphalt mixture containing a 60% content of ACR possessed
optimal comprehensive properties in terms of high-temperature rutting resistance, cracking
resistance, and moisture resistance [16]. Chen et al. studied a new treatment method
of crumb rubber impact on the high-temperature rheological performances and found
that ACR-modified asphalt had better rheological performances at high temperatures and
short-term aging performances [17]. The above studies showed that ACR can improve
some properties of crumb rubber-modified asphalt, but ACR-modified asphalt still has
problems such as difficult construction and poor aging resistance.

As a widely used asphalt modifier, styrene-butadiene-styrene block copolymer (SBS)
can be used with crumb rubber powder to combine the advantages of two kinds of asphalt
modifier through composite modification to meet the higher performance requirements
of asphalt pavement [18-21]. Zhang et al. found that adding SBS with the content of
3% (mass fraction) into crumb rubber-modified asphalt with a rubber content of 15% can
improve the high- and low-temperature performance, and the toughness of composite-
modified asphalt could be enhanced. Adding sulfur with the content of 0.2% to moderate
the vulcanization of composite-modified asphalt can further improve its storage stability
and flexibility [19]. Huang et al. studied the low-temperature properties of soluble rubber
powder/SBS composite-modified asphalt by the low-temperature ductility test and bending
beam rheological test. The results showed that when the SBS content is 2%, the low-
temperature plastic deformation capacity and low-temperature rheological properties
of composite-modified asphalt are improved. However, the higher addition of SBS or
crumb rubber may weaken the improvement effect of low-temperature properties of crumb
rubber-modified asphalt. When the SBS content is too high, the aromatic content in
asphalt is excessively reduced, resulting in the decline in the low-temperature rheological
properties of composite-modified asphalt [22,23]. Liang et al. prepared crumb rubber
powder/SBS composite-modified asphalt by the high-speed shear process, and studied its
linear viscoelasticity and storage stability. The results showed that compared with base
asphalt, adding SBS and crumb rubber powder to asphalt can significantly improve its
viscoelasticity and viscosity. When the SBS content exceeds 1%, it is feasible to use crumb
rubber powder instead of some SBS as a modifier, and its modulus and viscoelasticity are
significantly improved. However, the phase separation of composite-modified asphalt
will occur during storage, and the storage stability still needs to be further improved [16].
Therefore, under the compound modification of crumb rubber powder and SBS, the high-
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temperature stability and aging resistance of composite-modified asphalt are significantly
improved compared with SBS-modified asphalt. The relevant indexes of low-temperature
crack resistance, viscosity toughness, and storage stability of composite-modified asphalt
are higher than those of ordinary crumb rubber asphalt.

Crumb rubber powder/SBS composite-modified asphalt has been proven to improve
the road performance of crumb rubber-modified asphalt and have good aging resistance.
However, due to the change in physical and chemical properties before and after rub-
ber powder activation, it is different from original crumb-rubber modified asphalt in the
modification system, which will have an impact on the composite modification technol-
ogy. Therefore, using ACR prepared by the mechanochemical method instead of original
crumb rubber powder as a modifier, this study prepared modified asphalt samples with
different modifiers and SBS contents. Conventional physical properties tests, a dynamic
shear rheometer (DSR), and the thin-film oven test (TFOT) were used to study the conven-
tional physical properties, high-temperature rheological properties, and aging resistance
of asphalt. In addition, the action forms and distribution of modifiers in asphalt were
observed by an optical microscope to characterize the micro-morphology of ACR/SBS
composite-modified asphalt. The innovation of this study was to compare and analyze
the influence of crumb rubber powder activation and the effect of SBS on crumb rubber
powder-modified asphalt.

2. Materials and Methods
2.1. Experimental Raw Materials

The raw materials in this study included Maoming 70# road petroleum asphalt, ACR,
and SBS, in which the ACR was obtained from crumb rubber powder with a size of 30
mesh by the mechanochemical method using a chemical adjuvant (organic disulfide, i.e.,
OD) combined with the mechanical force to accelerate the chemical reaction. Based on
the previous studies [11,24,25], the activation process parameters of the mechanochemical
method using the OD adjuvant (3% of crumb rubber powder by mass) were optimized as
follows: the OD adjuvant content was 3%, the mixing temperature was 160 °C, and the
mixing time was 30 min. A commercially available linear SBS was selected, and its main
physical indexes are shown in Table 1.

Table 1. The basic physical properties of SBS.

. . o Tensile Strength Melt Index Density
Structure Type Block Ratio Tensile Rate (%) (MPa) (g/10 min) (g/em®)
Linear 30/70 800 25 0.6 0.93

2.2. Preparation of ACR/SBS Composite-Modified Asphalt

Based on the existing literature [11], the asphalt modified by untreated or activated
crumb rubber powder (25% of base asphalt by mass) could be prepared, which are labeled
as UCR asphalt or ACR asphalt, respectively. According to the previous process exploration,
the following steps were adopted to prepare ACR/SBS composite-modified asphalt (as
shown in Figure 1):

1. Place the base asphalt in an oven at 140 °C and heat it to the flowing state, and slowly
add the weighed SBS (1%, 2%, 3%, and 3.5% of base asphalt by mass) with a mixing
speed of 300 r/min. During the addition process, raise the temperature to 170 °C and
maintain it for 20 min.

2. Put the mixed asphalt in an oven at 175 °C and swell for 30 min.

3. Place the swelled SBS asphalt into high-speed shear equipment, gradually increase
the shear rate to about 4500 r/min, control the temperature at 170-180 °C, and then
take it out after shearing for 1 h.

4. Put the modified asphalt in an oven at 175 °C and develop for 40 min.
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Maoming 70#
base asphalt

5. Heat the developed SBS asphalt to the flowing state and slowly add the weighed ACR
(25% of base asphalt by mass) with a mixing speed of 300 r/min. During the addition
process, raise the temperature to 175 °C and maintain it for 30 min.

6.  Place the blended asphalt into high-speed shear equipment, gradually increase the
shear rate to about 4500 r/min, control the temperature at 185 °C, and then take it out
after shearing for 1 h.

7. Put the prepared ACR/SBS asphalt into an oven at 175 °C for 30 min.

SBS (1, 2, 3, 3.5%) High-speed shear

Heat to 140 °C

Mixing: 170 °C, 300 r/m, 20 mirq 170-180 °C, 4500 r/m, 60 min ¢

High-speed shear ACR (25%) .
Blended asphalt <
185 °C, 4500 r/m, 60 min Mixing: 175 °C, 300 r/m, 30 min

ACR/SBS asphalt
Figure 1. The preparation process of ACR/SBS-modified asphalt.
2.3. Experimental Scheme and Methods
The asphalt samples were first prepared including seven asphalt codes, i.e., base,
UCR, ACR, and ACR/SBS-1/2/3/3.5. Then, the asphalt samples could be used for the
conventional physical properties test, high-temperature rheological test, thin-film oven test,
and micro-characterization test including a stereoscopic microscope and Fourier infrared
spectroscopy. The flow chart of this study is shown in Figure 2.
i Asphalt codes:
hg::em;:fhz(llt# £5% L 5 > Comparison analysis —»I 7 Short-tegl aging |
ase TFOT
Modification
UCR . :
U?R L Conventional properties Conventional properties
(5%) ACR Penetration, softening point, ductility, viscosity
elastic recovery, softening point difference . .
ACR ACR/SBS-1 Softening point as target ‘
(25%) ACR/SBS-2 Rheological property |
ACR/SBS-3 Temperature scanning test Micro characterization I
SBS ACR/SBS-3.5 Frequency scanning test

(1,2, 3,35%)

Figure 2. The flow chart of this study.

2.3.1. Conventional Physical Properties Test

In this study, according to the Chinese standard “Standard Test Methods of Bitumen
and Bituminous Mixtures for Highway Engineering” (JTG E20-2011) and previous stud-
ies [26,27], the penetration, softening point, ductility at 5 °C, viscosity, elastic recovery, and
softening point difference (A) were tested for base asphalt, UCR asphalt, ACR asphalt, and
ACR/SBS-1/2/3/3.5 asphalt.

2.3.2. High-Temperature Rheological Test

The high-temperature rheological test of base asphalt, UCR asphalt, ACR asphalt,
and ACR/SBS-1/2/3/3.5 asphalt was carried out by using a dynamic shear rheome-
ter (DSR) [28]. In this study, the temperature scanning test in the temperature range of
52-82 °C was performed under the strain control mode with the strain value of v = 12%
and frequency of w = 10 rad /s, and the frequency scanning test in the frequency range of
0.1 rad/s~100 rad/s was carried out under the strain control mode with the strain value of
¥ = 2% and temperature of 60 °C. By comparing and analyzing the rutting factor, complex
shear modulus, and phase angle, the high-temperature properties of composite-modified
asphalt could be characterized for different asphalt samples. Temperature scanning at the
same frequency and different temperatures, and frequency scanning at the same tempera-
ture and different frequencies were conducted to explore the changes in asphalt viscoelastic
parameters under two modes for the high-temperature performance from the perspective
of temperature dependence and time dependence, respectively.
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2.3.3. Thin-Film Oven Test

In this study, the thin-film oven test (TFOT) was used to simulate the short-term
aging behavior of asphalt in the process of storage, transportation, mixing, and paving.
The prepared UCR asphalt, ACR asphalt, and ACR/SBS-2 asphalt were insulated for 5 h
in a film oven at 163 °C for the short-term aging test. Then, the physical properties of
asphalt samples before and after aging were tested to characterize the corresponding aging
resistance by comparison and analysis.

In addition, the prepared UCR asphalt, ACR asphalt, and ACR/SBS-2 asphalt were
insulated for different aging durations (5 h, 10 h, 15 h, and 20 h) in a film oven at different
aging temperatures (150 °C, 163 °C, and 180 °C) for the short-term aging test. By comparing
the variation in softening point of modified asphalt before and after aging, the effects of
short-term aging factors (i.e., aging time and temperature) on the aging resistance of asphalt
were studied with the softening point as the target performance.

3. Results and Discussion
3.1. Effect of ACR/SBS on the Conventional Physical Properties of Asphalt

According to the above experimental scheme, the prepared base asphalt, UCR asphalt,
ACR asphalt, and ACR/SBS-1/2/3/3.5 asphalt were tested to obtain the conventional
physical properties, and the comparison results are shown in Figure 3.

From Figure 3a, it can be seen that the penetration of asphalt decreases by adding
crumb rubber powder and SBS, and the penetration of ACR/SBS asphalt decreases with the
increase in SBS content. Except for the SBS content being 3.5% (i.e., ACR/SBS-3.5 asphalt),
the penetration of ACR/SBS asphalt is greater than that of UCR asphalt. In Figure 3b,
the values of the softening point of asphalt modified by crumb rubber powder and SBS
increase in comparison with base asphalt. It could also be found that with the increase in
SBS content, the softening point of ACR/SBS asphalt gradually increases, and the softening
point of ACR/SBS asphalt is higher than that of crumb rubber-modified asphalt.

In Figure 3¢, it can be seen that with the addition of crumb rubber and SBS, the ductility
of modified asphalt gradually increases, and the ductility of ACR/SBS asphalt increases
with the SBS content. When the SBS content is 3.5%, the ductility of ACR/SBS-3.5 asphalt
reaches more than 15 cm. As shown in Figure 3d, with the increase in SBS content, the
viscosity of ACR/SBS asphalt increases gradually. When the SBS content is 2.0%, the
viscosity of ACR/SBS-2 asphalt is basically the same as that of UCR asphallt.

It can be seen from Figure 3e that with the increase in SBS content, the elastic recovery
rate of ACR/SBS asphalt gradually increases. When the SBS content is 3.5%, the elastic
recovery rate of ACR/SBS-3.5 asphalt can reach 96%. At the same time, in Figure 3f, with
the increase in SBS content, the softening point difference (A) of ACR/SBS asphalt also
increases gradually, but it still meets the specification requirements. When the SBS content
is less than 3%, the softening point difference (A) of ACR/SBS asphalt is less than that of
UCR asphalt. According to the softening point difference (A) of UCR, it can be seen that
one of the risks of using crumb rubber is the poor storage stability. Compared with UCR,
the storage stability of ACR or ACR/SBS composite-modified asphalt improves due to the
smaller softening point difference (A). However, when the SBS content is too high, the
storage stability of ACR/SBS asphalt becomes worse.

The reason for the above phenomena is that the modification process of asphalt
containing crumb rubber powder and SBS is mainly physical blending, which is also
consistent with previous studies [13,29,30]. The addition of crumb rubber powder or SBS
is equivalent to the increase in the reinforcing phase in the modified asphalt system. The
performance variation trend of ACR/SBS asphalt is equivalent to the superposition of the
performance trends of ACR-modified asphalt and SBS-modified asphalt. Thus, when the
SBS content is less than 3%, the softening point and ductility of ACR/SBS asphalt improve
at the same time, and the viscosity and penetration are more appropriate, enhancing the
high-temperature performance. In addition, the elastic recovery performance of modified
asphalt is also enhanced. However, when the SBS content is too high, the storage stability
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of modified asphalt becomes worse. Therefore, it is necessary to control the contents of
ACR and SBS to reduce the segregation of modified asphalt.
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Figure 3. The conventional physical properties of different asphalt types: (a) penetration; (b) softening
point; (c) ductility at 5 °C; (d) viscosity at 135 °C; (e) elastic recovery; (f) softening point A.

3.2. Effect of ACR/SBS on the High-Temperature Rheological Properties of Asphalt
3.2.1. Temperature Scanning Test

The temperature scanning test was performed in the temperature range of 52-82 °C un-
der the strain control mode with the strain value of 7y = 12% and frequency of w = 10 rad/s,
and the comparison results of complex shear modulus and phase angle are shown in
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Figure 4. The complex shear modulus G* is used to characterize the deformation resistance,
and the phase angle ¢ indicates the proportion and corresponding influence degree of
elastic and viscous components of materials.

80
80 = Base asphalt
==Base asphalt 75 | = UCR asphalt
& 504 ———UCR asphall e ACR asphalt
= e ACR asphalt - ACR/SBS-1 asphalt
& 40 e ACR/SBS-1 asphalt ~ ACR/SBS-2 asphalt
ER ACR/SBS-2 asphalt o ACR/SBS-3 asphall
£ ACR/SBS-3 asphalt 2 654 ACR/SBS-3.5 asphalt
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G 101 50 - —
\ ————
0 r . ; - - —_— | 45 T . T T T T T
50 55 60 65 70 75 80 85 50 %5 60 65 o 75 80 85
Temperature (°C) Tempcerature (°C)
(a) (b)
Figure 4. The temperature scanning test results of different asphalt types: (a) complex shear modulus;
(b) phase angle.

Figure 4a shows the relationship between the complex shear modulus of asphalt and
temperature. It can be seen from Figure 4a that for the same asphalt type, the higher the
test temperature, the smaller the complex shear modulus of asphalt. The complex shear
modulus of asphalt modified by ACR or ACR/SBS is significantly higher than that of base
asphalt, but lower than that of UCR asphalt. At the same temperature, with the increase in
SBS content, the complex shear modulus of ACR/SBS asphalt gradually increases, but the
difference between the complex shear modulus gradually decreases with the temperature.
When the temperature is too high, the complex shear modulus of ACR/SBS asphalt is close
to or higher than that of UCR asphalt. The addition of SBS greatly improves the complex
shear modulus of ACR/SBS asphalt.

The relationship between the phase angle of asphalt and temperature is shown in
Figure 4b. It can be seen that with the increase in temperature, the phase angle of ACR/SBS-
2/3/3.5 asphalt decreases first and then increases. When the temperature is about 63 °C,
the phase angle of these three ACR/SBS asphalt samples appears with the lowest value.
However, the phase angle of other asphalt samples increases with the temperature. At the
same temperature, the greater the SBS content, the smaller the phase angle of the corre-
sponding ACR/SBS asphalt, and the better the high-temperature deformation resistance of
ACR/SBS asphalt. When the test temperature reaches 80 °C, the phase angle of ACR/SBS
asphalt is still less than 65°, which shows that the three types of asphalt have excellent
high-temperature performance, and the presence of SBS has a significant effect on the phase
angle of modified asphalt.

In general, the rheological properties of asphalt cannot be fully reflected only by a
single basic index of rheological properties (i.e., G* or §). The rutting factor (G*/sin ¢) is a
new index derived from the basic index of rheological properties, which can characterize the
ability of asphalt materials to resist permanent deformation at high temperature. Figure 5
shows the relationship between the rutting factor and temperature for asphalt samples. It
can be seen from Figure 5 that the variation trends of the rutting factor with temperature
and SBS content are consistent with the complex shear modulus for different asphalt
types. Compared with ACR asphalt, the addition of SBS greatly improves the rutting
factor of ACR/SBS asphalt. As an elastomer, SBS will form a network structure in asphalt,
limiting the movement of crumb rubber powder particles. Thus, SBS plays the role of fixing
crumb rubber powder particles, to significantly improve the high-temperature stability of
modified asphalt.
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Figure 5. The rutting factor results of different asphalt types in the temperature scanning test.

3.2.2. Frequency Scanning Test

The frequency scanning test was carried out in the frequency range of 0.1 rad /s~100 rad/s
under the strain control mode with the strain value of v = 2% and temperature of 60 °C.
The comparison results of complex shear modulus and phase angle for different asphalt
samples in the frequency scanning test are shown in Figure 6.
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Figure 6. The frequency scanning test results of different asphalt types: (a) complex shear modulus;
(b) phase angle.

In Figure 6a, there are linear relationships between the complex shear modulus and
frequency for different asphalt samples in double logarithmic coordinates. It can be seen
from Figure 6a that compared with ACR asphalt, the complex shear modulus of ACR/SBS
asphalt is greatly improved, and the complex shear modulus of ACR/SBS asphalt increases
with the frequency. At the same frequency, with the increase in SBS content, the complex
shear modulus of ACR/SBS asphalt gradually increases. The complex shear modulus of
asphalt modified by ACR or ACR/SBS is also significantly higher than that of base asphalt.
When the SBS content increases, the complex shear modulus of ACR/SBS asphalt is close
to or higher than that of UCR asphalt.

The relationship between the phase angle and frequency for different asphalt samples
in single-logarithmic coordinates is shown in Figure 6b. It can be seen that when the
temperature is 60 °C, the phase angle of different asphalt samples presents a certain plateau
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period under low-frequency loading. With the increase in frequency, the phase angle of base
asphalt and asphalt-modified crumb rubber particles decreases; however, the phase angle
of ACR/SBS composite-modified asphalt first decreases and then increases. At the same
frequency, the greater the SBS content, the smaller the phase angle of the corresponding
ACR/SBS asphalt, and the better the high-temperature deformation resistance of ACR/SBS
asphalt. When the test frequency reaches 10 Hz, the phase angle of ACR/SBS asphalt is less
than 60°, which shows that ACR/SBS asphalt has excellent high-temperature performance.
As a typical elastomer, SBS can effectively fill the lack of elastic components caused by
desulfurization activation, and the phase angle of ACR/SBS composite-modified asphalt is
greatly reduced. Thus, the presence of SBS has a significant effect on the phase angle of
modified asphalt.

The relationship results between the rutting factor and frequency for asphalt samples
in the frequency scanning test are shown in Figure 7. As seen in Figure 7, similar to the
complex shear modulus, the variation trend of the rutting factor with frequency and SBS
content is consistent with that of the complex shear modulus for various asphalt types,
and the variation relationship between the complex shear modulus and frequency is also
linear in double logarithmic coordinates. The rutting factor of different asphalt samples
increases with the frequency. The addition of SBS greatly improves the rutting factor of
ACR/SBS asphalt compared with ACR asphalt, which could be beneficial to improve its
high-temperature performance.

10° -

10* 5

—_

[==]
T
I

e Base asphalt
UCR asphalt

ACR asphalt
ACR/5BS-1 asphalt
ACR/5BS-2 asphalt
ACR/SB5-3 asphalt
ACR/SB5-3.5 asphalt

1

=]

Rutting factor G*/sind ([a)

10"

T T
0% 10" 10 10!
Frequency (Hz)

Figure 7. The rutting factor results of different asphalt types in the frequency scanning test.

3.3. Effect of ACR/SBS on the Aging Resistance of Asphalt

According to the comparison results including penetration, softening point, ductility
at5 °C, viscosity at 135 °C, elastic recovery, softening point A, and rutting factor in the radar
chart (Figure 8), the addition of SBS improves the high- and low-temperature performances
and elastic recovery performance of modified asphalt. However, when the SBS content is
higher, the viscosity and storage stability of ACR/SBS asphalt become worse. Consider-
ing the indexes of high- and low-temperature performances, viscosity, and construction
workability, ACR/SBS-2 asphalt has the best comprehensive performance, which not only
has good high- and low-temperature performance, but also appropriate viscosity and low
softening point difference. Then, the ACR (25% of base asphalt by mass) and SBS (2% of
base asphalt by mass) composite-modified asphalt was selected as the research object used
for the follow-up study.
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Figure 8. Radar chart based on conventional physical properties and high-temperature rheological
properties of different asphalt types.

3.3.1. Conventional Physical Properties of Modified Asphalt under Short-Term Aging

According to the penetration test of modified asphalt (i.e., UCR asphalt, ACR asphalt,
and ACR/SBS-2 asphalt) before and after short-term aging, the effect of short-term aging
on the viscosity of modified asphalt was analyzed, as shown in Figure 9a. It can be seen
from Figure 9a that the penetration of the three modified asphalt samples after the TFOT
decreases, among which the penetration reduction of ACR/SBS-2 asphalt is the least, and
the penetration reduction of ACR asphalt is the most. This may be because under the action
of thermal oxygen aging, the light components in asphalt volatilize, oxidize, and harden
the intermolecular structure, which leads to the hardening of asphalt. Thus, the addition of
SBS can reduce the hardening degree of modified asphalt.

The softening point variation of modified asphalt before and after short-term aging is
used to analyze the effect of short-term aging on the high-temperature stability of modified
asphalt, and Figure 9b shows the softening point test results. It can be seen that the
softening point of the three modified asphalt samples increases in varying degrees after
the TFOT, among which the softening point of ACR asphalt increases the most, and the
softening point of ACR/SBS asphalt increases the least. After thermal oxygen aging, the
light components in asphalt volatilize, oxidize, and harden the intermolecular structure,
leading to a larger softening point value of asphalt. However, the aging process of crumb
rubber-modified asphalt is more complex, in which, in addition to the aging of asphalt
and crumb rubber powder, the interaction between crumb rubber powder and asphalt in
the process of thermal oxygen aging should also be considered. The particle structure of
ordinary crumb rubber powder is complete, so the light components that enter the internal
network structure are not easy to volatilize, indicating that the thermal stability of ordinary
crumb rubber-modified asphalt (i.e., UCR asphalt) is good. After desulfurization and
activation of crumb rubber powder, the internal network structure of crumb rubber powder
is destroyed. In the process of short-term aging, the light components of asphalt are easier
to volatilize, resulting in a large increase in the softening point of ACR asphalt. On the other
hand, the addition of SBS into ACR asphalt can more fully absorb the light components
and reconstruct the network structure. Therefore, the thermal stability of ACR/SBS asphalt
significantly improves.
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Figure 9. The conventional physical properties of different asphalt types: (a) penetration; (b) softening
point; (c) viscosity; (d) elastic recovery; (e) peak force; (f) tensile length.

The rotary viscosity test of modified asphalt before and after short-term aging was
carried out to analyze the effect of short-term aging on the construction workability of
modified asphalt, as shown in Figure 9c. As seen in Figure 9¢, the viscosity of the three
modified asphalts increases in varying degrees after the TFOT, in which the increase
variation in viscosity of ACR asphalt is the least, and the increase variation in viscosity of
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ACR/SBS asphalt is larger. The viscosity values of three kinds of modified asphalt after the
TFOT are still less than 3.5 Pa-s, which meets the specification requirements. Similarly, the
light components in asphalt volatilize, oxidize, and harden the intermolecular structure,
leading to the viscosity increasing of modified asphalt. Through the viscosity between
UCR asphalt and ACR asphalt, the internal network structure of crumb rubber powder is
damaged after activation treatment, resulting in the viscosity of ACR asphalt being lower
than that of UCR asphalt. With the progression of short-term aging, the viscosity of ACR
asphalt still increases slightly. In addition, due to the larger average particle size of the SBS
modifier and smaller average particle size of ACR, the viscosity of ACR asphalt before and
after aging is smaller, while the viscosity of ACR/SBS asphalt is larger.

The elastic recovery test of modified asphalt before and after short-term aging was
conducted to analyze the effect of short-term aging on the elastic recovery performance
of modified asphalt, as shown in Figure 9d. The elastic recovery rate of ACR asphalt
is lower than that of UCR asphalt, but the addition of SBS greatly improves the elastic
recovery rate of modified asphalt. After short-term aging, the elastic recovery rate of
modified asphalt decreases in varying degrees, among which the elastic recovery rate
of ACR asphalt decreases the most, and the elastic recovery rate of ACR/SBS asphalt
decreases the least. The elastic recovery ability of crumb rubber-modified asphalt mainly
depends on the elasticity of crumb rubber powder particles. Therefore, the swelling and
degradation degree of crumb rubber powder in asphalt play a major role in its elastic
recovery ability. After desulfurization and activation, the internal network structure of
crumb rubber powder is damaged and becomes smaller, and crumb rubber powder further
loses elasticity and reduces its elastic recovery rate. After adding SBS, the internal network
structure of modified asphalt is reconstructed, and the elastic recovery performance of
ACR/SBS asphalt improves.

The force ductility test of modified asphalt before and after short-term aging was
performed to analyze the effect of short-term aging on the low-temperature crack resistance
of modified asphalt, as shown in Figure 9¢,f. The peak force of the three modified asphalts
increases after short-term aging. The light components in crumb rubber-modified asphalt
volatilize, resulting in the hardening of modified asphalt and the increase in peak force.
The tensile length of UCR asphalt and ACR asphalt decreases, and the tensile length of
ACR/SBS asphalt increases slightly. During short-term aging, asphalt hardens by oxidation,
and the modifier continues to swell and crack slowly. The pyrolysis products of crumb
rubber powder and SBS can effectively make up for the adverse effects caused by the
volatilization and oxidation of light components in asphalt. Therefore, the tensile length
and toughness of ACR/SBS asphalt improve.

3.3.2. Short-Term Aging Factors with Softening Point as Target Performance

The short-term aging test was carried out under different aging durations (5 h, 10 h,
15 h, and 20 h) in a film oven at different aging temperatures (150 °C, 163 °C, and 180 °C)
for UCR asphalt, ACR asphalt, and ACR/SBS-2 asphalt. By comparing the variation in
softening point of modified asphalt under different aging conditions, the effect of aging
time and temperature on the aging resistance of modified asphalt was studied with the
softening point as the target performance, as shown in Figure 10.

It can be seen that the softening points of modified asphalt increase linearly with
aging time at different aging temperatures. Meanwhile, at the same aging temperature, the
growth range of the softening point of different modified asphalt samples is significantly
different. When the aging temperature is 150 °C, the linear curve slope of the softening
point versus aging time for ACR/SBS-2 asphalt is the smallest, and the slope of ACR
asphalt is the largest, indicating that ACR/SBS-2 asphalt has the best aging resistance at
the aging temperature of 150 °C. At the same time, there is a small difference between the
curve slopes of these three modified asphalts at the aging temperature of 150 °C.
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Figure 10. The softening point results of different asphalt types under different aging conditions:
(@) 150 °C; (b) 163 °C; (c) 180 °C.
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For the same modified asphalt, the growth range of the softening point versus aging
time is different at different aging temperatures. The linear curve slope of the softening
point versus aging time for ACR/SBS-2 asphalt changes little with the aging temperature,
while the slope of ACR asphalt changes the most, indicating that ACR/SBS-2 asphalt is
not sensitive to the aging temperature and has good short-term aging resistance. When the
aging temperature is lower, crumb rubber powder and SBS in modified asphalt basically
do not change, while the light components in base asphalt volatilize and oxidize. Therefore,
the softening point of modified asphalt increases with the aging time, and the growth range
difference of the softening point is less for these three kinds of modified asphalt. When the
aging temperature is higher, the modifier in modified asphalt degrades and desulfurizes.
These depolymerized and desulfurized components can make up for the adverse effects of
asphalt aging, and the degradation of SBS is more obvious. Therefore, the softening point
of ACR/SBS-2 asphalt increases slightly with aging time, and its aging resistance is better.

3.4. Micro-Characterization of ACR/SBS Composite-Modified Asphalt

The asphalt sample sections of ACR asphalt and ACR/SBS-2 asphalt before and after
short-term aging were magnified by 80 times with an optical microscope, and are shown in
Figure 11.
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Figure 11. The 80x micrograph of ACR asphalt and ACR/SBS-12 asphalt before and after TFOT:
(a) ACR asphalt before TFOT; (b) ACR asphalt after TFOT; (¢) ACR/SBS-12 asphalt before TFOT;
(d) ACR/SBS-12 asphalt after TFOT.

It can be seen from Figure 11a that the particle sizes of ACR are different, which
are more evenly dispersed in asphalt, and there is an obvious boundary between ACR
and asphalt. ACR particles with smaller particle size could form a discontinuous network
structure with asphalt, and ACR particles with larger particle size would disperse in asphalt
and play a filling role. It can be seen from Figure 11b that after short-term aging of ACR
asphalt, the boundary between ACR particles and asphalt becomes blurred, and the ACR
particle size becomes smaller, in which their dispersion is more uniform, and discontinuous
network structures would be formed in asphalt. During the short-term aging process, ACR
particles are partially degraded, and the degradation products are distributed in asphalt in
the form close to the original components of asphalt such as resin and asphaltene, making
them easier for ACR and asphalt to form a network structure.

In Figure 11c, after the composite modification of ACR and SBS, SBS particles and
ACR with smaller particle size could form an interpenetrating network, and ACR with
larger particle size are filled in the network. A network filling structure composed of
asphalt, SBS, and ACR with different particle sizes is formed inside ACR/SBS-2 asphalt,
and the existence of the network structure improves the compatibility and stability of the
heterogeneous structure. As can be seen from Figure 11d, the structure of ACR/SBS-2
asphalt remains relatively complete, and the boundary between ACR and asphalt becomes
blurred. However, due to the network structure formed by SBS, some ACR with large
particle size does not undergo desulfurization and degradation, and their dispersion in the
network structure would play a filling role. During the short-term aging process, the light
components in base asphalt undergo condensation reaction to form resin and asphaltene.
The activity of resin and asphaltene obtained by condensation reaction is higher than
that of the original components. Because ACR and SBS will undergo desulfurization and
degradation reaction under heating and oxygen conditions, the desulfurization degradation
products could react with resin and asphaltene with strong activity to produce resin,
asphaltene, and toluene-insoluble substances different from the original components of
asphalt. Therefore, ACR/SBS-2 asphalt has excellent anti-aging properties, and ACR and
SBS could play an anti-aging role.
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4. Conclusions

In this study, the conventional physical properties, high-temperature rheological
properties, and aging resistance of ACR/SBS composite-modified asphalt were investigated
based on conventional physical properties tests, DSR, and TFOT. In addition, the action
forms and distribution of modifiers in asphalt were observed by an optical microscope to
characterize the micro-morphology. From the test results, the following conclusion could
be drawn:

(1) After adding SBS, the softening point, ductility, and elastic recovery of ACR/SBS
asphalt could be significantly improved, but the viscosity and softening point difference
were also larger with the increase in SBS content. The complex shear modulus and
rutting factor of ACR/SBS asphalt were greatly improved, while the phase angle was
significantly reduced, indicating that SBS can effectively improve the high-temperature
deformation resistance.

(2) The changes in high- and low-temperature performances and workability of
ACR/SBS asphalt were reduced after short-term aging, and the addition of SBS could
improve the aging resistance of modified asphalt. The softening point as the target perfor-
mance of ACR/SBS asphalt was less affected by aging time and temperature, indicating
that ACR/SBS asphalt was not sensitive to aging temperature with good stability and
aging resistance.

(3) From the micrograph by microscope, ACR/SBS asphalt could maintain a relatively
stable polyphase structure in the short-term aging process, which helped the degradation
products of crumb rubber powder and SBS supplement the components in asphalt for
aging resistance.
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