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Abstract: To investigate the effect of pre-shredding as a replacement for high-speed shearing in the
preparation process of SBS-modified asphalt, the particle size and mixing time of pre-shredded SBS
modifier were studied. Laser confocal microscopy was used to observe the morphological changes
and dispersion state of the SBS modifier during the mixing process, and process parameters were
determined through rheological performance tests. FTIR tests were conducted on the original asphalt
and PAV-aged modified asphalt to assess the impact of the pre-shredding process on the chemical
composition and aging resistance of the modified asphalt. The specific conclusions were as follows.
During the preparation process of the SBS modifier using low-speed mixing, the morphological
changes of the SBS modifier can be summarized as follows: It cycles through edge networking, mesh
fiberization, and filamentous granulation, and eventually presents a granular atomization form after
multiple cycles. It is recommended that the mixing time be maintained between 30 and 60 min,
which results in the microstructure of the modified asphalt consisting of filamentous and point-like
combinations. This asphalt exhibited excellent performance in high-temperature rut resistance,
fatigue resistance, and low-temperature crack resistance. When the mixing time was too long, the
SBS modifier formed small granules in an atomized state, which weakened the strength of the mesh
structure and led to a decrease in overall performance. It is recommended that the SBS be shredded
into particles sized between 18 and 30 mesh or 30 and 100 mesh. SBS-modified asphalt with SBS
particles sized between 18 and 30 mesh exhibited greater hardness in the mesh structure, resulting
in better high-temperature rut resistance. SBS-modified asphalt with SBS particles sized between
30 and 100 mesh had better extensibility in the mesh structure, leading to superior performance
in medium-temperature fatigue resistance and low-temperature crack resistance. Compared to the
conventional process, the pre-shredding process for preparing SBS-modified asphalt improved aging
resistance by 10% to 13%. Additionally, SBS-modified asphalt prepared using the pre-shredding
process saved 1 to 3 h of processing time compared to the traditional preparation method, reducing
energy consumption. Furthermore, the asphalt produced through the new process exhibited better

performance, reducing road wear and saving maintenance costs.

Keywords: SBS-modified asphalt preparation process; pre-cutting; microstructure; rheological properties

1. Introduction

In recent years, SBS-modified asphalt has attracted significant attention as an important
road material [1,2]. Its unique properties enable roads to maintain excellent elasticity and
durability under different climate and load conditions [3,4]. However, the preparation
process of SBS-modified asphalt plays a crucial role in achieving these advantages [5-7]. In
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previous studies, scholars have extensively explored various preparation factors to ensure
optimal performance, as shown in Table 1 [8-12].

Table 1. Recommended preparation methods from the relevant literature [13].

Author Evaluation Indicators Shear Rate Shear Temp.  Shear Time Dev:}li;l:;nent
Softening point, o
Yan Wang penetration, ductility o 180°C th 3h
Yanming Hou Softening point, 3000 r/min 175 °C 1h 1h
penetration, ductility
. Softening point, . o
Fugiang Dong penetration, ductility 3000 r/min 200 °C 1h —
Softening point, . o
Yufeng Cong penetration, ductility 8000 r/min 180 °C 2h 1h
Mojtaba Mortezaei Softemn.g.pomt, 150.0 — — —
ductility r/min

Optimization of process parameters is one of the key factors in enhancing the perfor-
mance of SBS-modified asphalt [14,15]. Variations in SBS dosage, addition time, and mixing
speed directly impact the performance of SBS-modified asphalt [16-19]. By optimizing the
SBS dosage, it is possible to increase the material’s elastic modulus without affecting the
fundamental properties of the asphalt, thus improving the road’s resistance to deformation
and extending its lifespan [20]. Precise adjustment of the modifier addition time and mixing
speed parameters ensures the even dispersion of SBS in the asphalt, thereby enhancing the
asphalt’s crack resistance, elasticity, and deformation capabilities [21].

Furthermore, control over the mixing temperature is also crucial for the success of
the modification process [22,23]. During preparation, an appropriate mixing temperature
can facilitate a thorough blending of SBS and asphalt, ensuring the effectiveness of their
interaction [24]. Too low a temperature can result in incomplete dispersion of the SBS
polymer in the asphalt, impacting material performance [25]. Conversely, excessively
high temperatures can lead to polymer degradation, thereby reducing the modification’s
effectiveness [26]. Therefore, researchers must accurately control the mixing temperature
during the process to ensure optimal modification effects.

The optimization of polymer dispersion in the preparation process directly influences
the overall performance of SBS-modified asphalt [27,28]. Therefore, polymer dispersion
is a critically important consideration. By using suitable dispersing agents and mixing
processes, it is possible to minimize the formation of polymer aggregates, thus enhancing
the material’s uniformity. Similarly, optimizing the dispersion process ensures the even
distribution of SBS polymers within the asphalt matrix, significantly boosting the material’s
stability and performance. By selecting appropriate dispersing agents and optimizing the
mixing process, it is possible to effectively reduce the formation of polymer aggregates,
greatly enhancing the material’s uniformity [29,30].

In conclusion, the performance advantages of SBS-modified asphalt largely depend on
the optimization of its preparation process. Adjustments to process parameters, polymer
dispersion, and the control of mixing temperatures all play crucial roles in ensuring the
exceptional performance of the final product. In-depth research into these key factors can
support the continuous optimization of SBS-modified asphalt materials, providing more
durable and reliable materials for road construction.

Building upon the extensive work of previous researchers, this paper proposes the
pre-shredding of the SBS modifier as a replacement for the high-speed shearing step,
focusing on the pre-shredded particle size and mixing time parameters of the SBS. In order
to compare the microstructural and rheological properties of pre-shredded SBS-modified
asphalt with those of asphalt prepared using conventional methods and to optimize the pre-
shredded particle size and mixing time parameters, laser confocal microscopy experiments
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and dynamic shear rheometer (DSR) tests were conducted. Ultimately, the recommended
preparation parameters are those that exhibited strong dispersion uniformity, excellent
resistance to rutting at high temperatures, resistance to fatigue at intermediate temperatures,
and optimal resistance to cracking at low temperatures.

2. Materials and Methods
2.1. Materials

This study employed ES70# as the base asphalt, with performance parameters as
shown in Table 2. SBS-161B is produced by PetroChina Kunlun Dushanzi Petrochemi-
cal Company in China, with an average molecular weight of 200,000 g/mol and other
performance parameters as shown in Table 3. A sulfur-based stabilizer was used as the
stabilizer.

Table 2. Main technical indicators of E70# asphalt.

Requirement of

Performance Unit ES70# Asphalt Result
Penetration (25 °C, 5, 100 g) 0.1 mm 60-80 68
Ductility 10°C cm >15 16.8

(5 cm/min) 15°C cm >100 >100
Softening point °C >46 46.2
Density (15 °C) g/cm3 Measured 1.030
Brookfield viscosity (135 °C) Pa-s - 0.65
Table 3. Performance parameters of the SBS modifiers.
Block Tensile Elongation Shore Melt Flow

Structural

Grade Tvpe Copolymer Strength at Break Hardness Rate
M Ratio (>MPa) (>%) (A) (g/10 min)
T-161B star 30/70 17.7 700 82 0.5

2.2. Pre-Cutting Process for SBS

The SBS modifier cutting process is illustrated in Figure 1. After undergoing shredding
in a grinder, the shredded SBS was classified into three grades using a vibrating sieve: 18 to
10 mesh (1 to 2 mm), 30 to 18 mesh (0.6 to 1 mm), and 100 to 30 mesh (0.15 to 0.6 mm).

1

10 mesh f
R

18mesh | |
B —
100 mesh W S
— ——— =
4

|
A

SBS raw Shredding with a Sieving with a

. L . Shredded SBS
material milling machine mesh screen

Figure 1. Pre-cutting process of SBS modifier.

2.3. Modified Asphalt Preparation Process

Heat the base asphalt to 160 °C. Gradually add the pre-cut SBS powder into the asphalt
in batches until a loading rate of 4.5% is reached. Stir slowly using a glass rod to ensure
uniform dispersion. Afterward, add a sulfur-based stabilizer with a loading rate of 0.2%.
When the temperature reaches 180 °C, continue stirring at a low speed of 600 r/min.
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2.4. Measurement
2.4.1. Laser Confocal Microscopy (LSCM) Test

Microscopic specimens were prepared using the droplet method. A Nikon A1R+ laser
(Tokyo, Japan) confocal microscopy system was employed, with the numerical aperture
(NA) value set at 1.3 to achieve a resolution of 250 nm. The principle of laser confocal
microscopy involves exciting the sample with light of a specific wavelength, inducing fluo-
rescence of a corresponding wavelength. This fluorescence is then observed via conjugate
(confocal) detection using illumination pinholes and detection pinholes. The confocal point
corresponds to the detected point, and the plane in which the detected point lies is the
confocal plane [31].

2.4.2. Conventional Asphalt Tests

The SBS-modified asphalts underwent several standard asphalt tests, including the
determination of softening point, penetration, and ductility. The softening points were
measured using the ring and ball test method as outlined in GB/T 4507. Penetration
tests were conducted at a temperature of 25 °C in accordance with GB/T 4509. Ductility
measurements were performed at 5 °C, following the guidelines of GB/T 4508.

2.4.3. Temperature Sweep Test

Temperature sweep testing was conducted following the guidelines of the AASHTO
M320 test procedure, with an angular frequency of 10 rad /s and the strain control set at
1%. The temperature range was set at 40 °C to 120 °C, with 10 °C intervals. The rheometer
used for these tests was the DHR-3 manufactured by TA Instruments. A 25 mm rotor with
a 1 mm gap was chosen for the measurements. At least two parallel tests were performed,
and the average value was recorded as the result [32,33].

2.4.4. MSCR Test

The MSCR test is primarily designed to evaluate the performance of modified asphalt
at high temperatures [34-36]. In this research, a DHR-3 dynamic shear rheometer from
TA Instruments (New Castle, DE, USA) was used and the test was conducted according
to AASHTOM 332. Each cycle consisted of 1 s of creep and 9 s of recovery. To mimic
high-stress and high-temperature field conditions, only the data obtained at 3.2 kPa and
at temperatures ranging from 76 °C to 82 °C were analyzed. R and |, were calculated,
respectively, using Formulas (1) and (2):

€,—¢
R% = - % 100% 1)
87’
€
Jnr = 7;: (2)

where &) is the peak strain at 1 s in each cycle; £, is the unrecovered strain at 10 s in each
cycle; and o is the creep stress.

2.4.5. LAS Test

The LAS test can be used to evaluate the fatigue performance of asphalt [37]. This
research used a DHR-3 dynamic shear rheometer from TA Instruments, and tests were
conducted in accordance with the AASHTO TP 101-12-UL specifications. The LAS test pro-
tocol consists of two steps. In the first step, the intact rheological properties are measured,
and in the second step, the damaged properties of the asphalt are measured. Fatigue life
(Ny) at 5% and 15% strain levels can be calculated using Formula (3).

Nt = A (Ymax) " 3)
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where the coefficients A and B depend on the material properties calculated using the simple
viscoelastic continuous loss theory (S-VECD). 7y is the maximum binding deformation
expected for a given packaging structure.

2.4.6. BBR Test

This study employed the TE-BBR bending beam rheometer produced by Cannon,
a U.S.-based company. The bending creep test for asphalt materials was conducted in
accordance with the requirements outlined in the AASHTO T313 specifications. The test
temperatures were set at —12 °C and —18 °C. Within the Superpave design system and
its specifications, the stiffness modulus (S) and creep rate (m) values at 60 s from the test
results were used as evaluation criteria to assess the low-temperature cracking performance
of the asphalt binders [38,39].

2.4.7. Fourier-Transform Infrared (FTIR) Spectroscopy

In the process of swelling and thermal aging, the chemical bonds and molecular
structure of modified asphalt change, leading to changes in the peak absorbance and trans-
mission intensity level in the infrared spectrum. This property can be used to determine
the degree of aging and the modification effect of modified asphalt.

For this study, a Thermo Scientific™ (Waltham, MA, USA) Nicolet™ iS20 FTIR spec-
trometer was selected and ATR spectroscopy was used for testing. The wave number range
was 4000~600 cm ™! for semi-quantitative analysis. 4, was used to semi-quantitatively
analyze the aromatic content of asphalt. Ipp and Ips were used to semi-quantitatively
analyze the peak areas of polystyrene and polybutadiene, respectively. Ic_o was used to
characterize the degree of thermal oxygen aging of the modified asphalt. The characteristic
parameters of the semi-quantitative analyses were calculated as shown in Formula (4) to
Formula (7)

A

Ips = ZLTZ x 10000 @)
A

Ipg = % x 10000 (5)
A

Iy, = 2163{) x 10000 (6)

Ie_o = ‘g”ff x 10000 ?)

where Agog, Ages, A1600, and Ajzgg = areas of the 699, 966, 1600, and 1700 cm ! spectral
bands, respectively; Z.A = sum of the areas between the 600 and 2000 cm ™! spectral bands.

2.4.8. Laboratory Binder Aging

According to the rolling thin-film oven test (RTFOT) method (ASTM D2872), short-
term aging was performed on the SBS-modified asphalt. A 50 g measure of asphalt was
placed in an aging bottle and heated continuously at 163 °C for 85 min.

3. Results and Discussion

3.1. Effect of Mixing Time on the Morphology and Performance of Pre-Cut SBS-Modified Asphalt
For a lateral comparison of the effect of mixing time on the morphology and perfor-

mance of asphalt prepared with a shredded modifier, this section of the study employed

SBS-modified asphalt prepared with an SBS particle size of 30 to 18 mesh (0.6~1 mm). The

mixing times were set at 15, 30, 60, and 120 min.
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3.1.1. LSCM Test

Laser confocal microscopy experiments were conducted on pre-cut SBS-modified
asphalt samples mixed for different amounts of time. The microscopic morphology was
observed, and the experimental results are presented in Figure 2.

15 min 30 min

60 min 120 min

Figure 2. Laser confocal micrographs of pre-cut SBS-modified asphalt mixed for different amounts of
time.

The process of morphological change of the SBS modifier in asphalt after mixing
was observed. After 15 min of mixing, the particle size of the SBS-modified asphalt was
still large, exceeding the display range of the laser confocal microscope. The areas in
which SBS came into contact with the asphalt exhibited reticular, filamentous, and punctate
patterns. After 30 min of mixing, the particle size of the SBS significantly decreased, and the
morphology of the SBS appeared filamentous and punctate within the observation range of
the laser confocal microscope. As the mixing continued, at 60 min, the SBS morphology
remained filamentous and punctate. However, compared to the 30 min mark, the filaments
were narrower and the punctate particles were smaller. Additionally, some filamentous
SBS particles exhibited a trend towards becoming punctate. After 120 min of mixing, the
SBS morphology had transformed completely into a punctate form.

The glass transition temperature of polystyrene ranges from 80 °C to 105 °C, while the
glass transition temperature of polybutadiene is around —15 °C. In star-shaped SBS, the
polystyrene phase is dispersed as spherical domains within the continuous polybutadiene
phase and the polystyrene domains are interconnected directly [40]. It can be assumed
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that during the heat absorption process of SBS, a phase transition will occur first in the
portions with higher contents of polybutadiene, while the parts with higher contents of
polystyrene will not undergo a phase transition at this point. Based on these considerations
and the morphological changes of the SBS during the mixing process, this study produced
speculations about the changes in SBS during the preparation process, as illustrated in
Figure 3.

(@ Reticulation of ) Ret1cu!ar
SBS edges filamentation

.

@ Granular
atomization

() Filamentous
granulation

Figure 3. Morphological transformation process of shredded modifier during mixing.

@

@)

®)

@)

Reticulation of SBS edges: After coming into contact with asphalt, the edges of the
SBS, being the first parts to make contact with the high-temperature asphalt, absorb
heat initially. When a certain amount of heat has been absorbed, the portions with
higher contents of polybutadiene undergo a phase transition, leading to the formation
of voids along the edges of the SBS. However, the parts with higher contents of
polystyrene do not yet undergo a phase transition, resulting in the formation of a
reticular structure.

Reticular filamentation: The reticular structure continues to absorb heat from the
high-temperature asphalt. In the connecting region between two areas with higher
polystyrene contents, the glass transition temperature is lower than that of the high-
polystyrene-content part. This causes a phase transition in the connecting regions,
leading to the disruption of the reticular structure and its transformation into a
filamentous one.

Filamentous granulation: The filamentous structure absorbs heat from the high-
temperature asphalt. In the edges and some internal areas of the filamentous structure,
where the polystyrene content is relatively lower, phase transitions are more likely
to occur. As a result, filaments break off from the edges or interior, forming granules
with relatively higher polystyrene contents.

Granular atomization: The granular SBS structure continues to absorb heat, repeat-
ing the aforementioned morphological changes. With each iteration of the reticular,
filamentous, and granular transformations, the particle size of the SBS significantly
reduces. After undergoing several cycles of these changes, the diameter of the SBS par-
ticles approaches the resolution of the laser confocal microscope, visually presenting
an atomization effect.
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3.1.2. Conventional Asphalt Tests

Conventional asphalt tests were conducted on pre-cut SBS-modified asphalt mixed for
varying amounts of time, and the results of these tests are presented in Figure 4.

60
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Figure 4. Results of the conventional asphalt tests of pre-cut SBS-modified asphalt mixed for different
amounts of time. (a) Penetration; (b) softening point; (c) ductility.

Penetration increased initially and then decreased as mixing time increased. After
15 min of mixing, the SBS morphology displayed larger particles, leading to higher asphalt
hardness. After 30 and 60 min of mixing, the SBS morphology transformed into filamentous
and aggregated particles, resulting in reduced asphalt hardness. After 60 min, the narrower
filaments and smaller particle diameters led to even lower asphalt hardness, hence the
increase in penetration. However, after 120 min, the SBS morphology displayed foggy
particles, increasing the hardness and decreasing the penetration.

The softening point showed an initial increase and subsequent decrease with mixing
time. After 15 min of mixing, the SBS morphology with larger particles formed a weaker
network structure, resulting in the lowest softening point. After 30 min of mixing, the
SBS morphology transformed into filamentous and aggregated particles, enhancing the
network structure’s strength and causing the softening point to rise. After 60 min of mixing,
the reduction in filament width and particle diameter weakened the network structure,
leading to a decrease in softening point. After 120 min of mixing, the foggy particles in
the SBS further weakened the network structure, leading to a continued decrease in the
softening point.

Ductility increased initially and then decreased with mixing time. After 15 min of
mixing, the SBS morphology with larger particles formed a weaker network structure,
resulting in the lowest ductility. After 30 min of mixing, the SBS morphology transformed
into filamentous and aggregated particles, enhancing the asphalt’s extensibility and lead-
ing to increased ductility. After 60 min, the SBS morphology remained filamentous and
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aggregated, and the narrower filaments and smaller particle diameters further enhanced
the asphalt’s extensibility, causing ductility to further increase. However, after 120 min, the
foggy particles in the SBS weakened the network structure further, causing a decrease in
ductility.

3.1.3. Temperature Sweep Test

Temperature sweep tests were conducted on pre-cut SBS-modified asphalt samples
mixed for different amounts of time. The experimental results are presented in Figure 5.

10° 66

64
624
& o' 60
” >
e 2 58+
2 2
g S 564
” o
s & 54
£ 10° 4
S
© —=— 15min 52 4 |—=— 15min
+— 30min - +— 30min
—+— 60min N 50 4 |—+— 60min
—— 120min AN —— 120min
Conventional process \ 48 o |—+— Conventional process
10° T T T T T T T T T T
40 60 80 100 120 40 60 80 100 120
(a) Temperature (°C) (b) Temperature (°C)

Figure 5. Temperature sweep test of pre-cut SBS-modified asphalt mixed for different amounts of
time. (a) Complex modulus, (b) phase angle.

When mixed for 15 min, the complex modulus of the pre-cut SBS-modified asphalt
was lower than that of the conventional-process asphalt and the phase angle was greater,
indicating that the modification effect at this point was not significant and the proportion of
viscosity in the modified asphalt was higher. This can be attributed to insufficient blending
of the SBS modifier agent and the asphalt due to the larger particle size of the SBS in this
state and the short mixing time.

After 30 min of mixing, the complex modulus of the pre-cut SBS-modified asphalt
significantly increased and surpassed that of the conventional-process asphalt. The phase
angle was also notably smaller, indicating a substantial enhancement in the modification
effect. A higher complex modulus and a smaller phase angle led to a larger rutting factor
and better resistance to rutting deformation. This can be attributed to the filamentous and
granular structure of the SBS in this state, which increased the interlocking effect of the SBS
and enhanced the strength of the spatial network structure.

After 60 min of mixing, the complex modulus of the pre-cut SBS-modified asphalt
slightly decreased compared to that assessed at the 30 min mark and the phase angle
increased, suggesting a minor reduction in the resistance to rutting and an increase in the
proportion of viscosity. This was due to the narrower filamentous structure and smaller
particle diameter, which weakened the strength of the network structure.

After 120 min of mixing, the complex modulus of the pre-cut SBS-modified asphalt de-
creased further and the phase angle continued to increase, indicating a further weakening of
the high-temperature performance, though it remained better than that of the conventional-
process asphalt. This was due to the atomized particle form of SBS at this stage, which
weakened the strength of the network structure. This implies that an excessively long
mixing time is not advisable.

3.1.4. MSCR Test

MSCR tests were conducted on pre-cut SBS-modified asphalt samples mixed for
different amounts of time. The experimental results are presented in Figure 6.
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Figure 6. MSCR test of pre-cut SBS-modified asphalt mixed for different amounts of time.
(a) Recovery rate, (b) Jnr.

The rutting recovery rate is related to deformation recovery capability. In Figure 6a, it
can be observed that the rutting recovery rate of the pre-cut SBS-modified asphalt mixed
for 15 min was weaker than that of the conventionally prepared SBS-modified asphalt. This
was attributed to the inadequate mixing of the modifier with the asphalt, resulting in a
poor modification effect. However, after mixing for more than 30 min, the rutting recovery
rate of the pre-cut SBS-modified asphalt exceeded that of the conventional-process asphalt.
This suggests that after mixing for 30 min, the elastic recovery performance of pre-cut
SBS-modified asphalt can replace that of conventionally prepared SBS-modified asphalt.
When mixed for 30-60 min, longer mixing times resulted in higher rutting recovery rates
and stronger deformation recovery capability. This was due to the filamentous structure
of the SBS, which increased the interlocking effect and strengthened the spatial network
structure. After mixing for 120 min, the rutting recovery rate decreased due to the atomized
particle form of the SBS, which weakened the strength of the network structure.

Non-recoverable creep compliance reflects resistance to deformation. In Figure 6b, it
can be seen that the non-recoverable creep compliance of the pre-cut SBS-modified asphalt
mixed for 15 min was greater than that of the conventional-process asphalt. This indicates
that at this stage, SBS was unevenly dispersed with a large particle size, resulting in a poor
modification effect due to inadequate mixing with the asphalt. However, after mixing for
30 min, the non-recoverable creep compliance of the pre-cut SBS-modified asphalt was
lower than that of the conventional-process asphalt, demonstrating an improved resistance
to deformation which surpassed that of the conventional SBS asphalt. However, after
60 min of mixing, the deformation resistance was weaker than that at 30 min, indicating
that when SBS is in a filamentous state, smaller filament width and granular diameter lead
to poorer deformation resistance. After mixing for 120 min, the deformation resistance was
further weakened due to the atomized particle form of SBS.

3.1.5. LAS Test

LAS tests were conducted on pre-cut SBS-modified asphalt samples mixed for different
amounts of time. The stress—strain curves are presented in Figure 7.
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Figure 7. Stress—strain curves of pre-cut SBS-modified asphalt mixed for different amounts of time.

The critical strain is defined at the point at which the stress starts to decrease. Beyond
this point, a material’s behavior changes, entering the failure stage. It was observed that
the critical strain points of the pre-cut SBS-modified asphalt samples were all greater than
those of the conventional-process asphalt samples, indicating that pre-cut SBS-modified
asphalt can withstand larger strains before fatigue failure. The width of the peak is related
to pressure sensitivity, with a wider peak indicating lower pressure sensitivity. It can
be seen that the peaks of pre-cut SBS-modified asphalt were wider than those of the
conventional-process asphalt. The stress peak values were ordered as follows: conventional
process > 15 min > 120 min > 30 min > 60 min. The stress peak represents the hardness of
asphalt. The stress peaks of the pre-cut SBS-modified asphalt were lower than those of
the conventional-process asphalt. This is because pre-cutting increased the surface area of
the SBS, resulting in larger contact area with the base asphalt. This increased contact area
facilitated swelling, leading to reduced hardness and enhanced flexibility of the modified
asphalt. Within the mixing time range of 15 to 60 min, longer mixing times resulted in
smaller stress peaks and greater flexibility of the modified asphalt, indicating that a 60 min
mixing time yielded the best swelling effect of the pre-cut SBS modifier. However, after
mixing for 120 min, the stress peak increased, which may be attributable to prolonged
mixing causing changes in the asphalt components.

A steeper slope of the stress peak decrease during the failure stage indicates greater
brittleness and susceptibility to damage of the specimen. Similarly, the slopes of peak
decrease for pre-cut SBS-modified asphalt were gentler than those of the conventional-
process asphalt, indicating that the strain limit during the failure stage was larger for the
pre-cut modified asphalt. The steeper slope of the peak decrease for the 60 min mixing
group indicates that faster deformation occurred during failure, which was attributed to
the narrower filament width and granular diameter.

From the stress—strain curve characteristics, it can be deduced that the fatigue fail-
ure characteristics of the pre-cut SBS-modified asphalt were superior to those of the
conventional-process asphalt. Furthermore, the calculated fatigue life N¢ values for pre-cut
SBS-modified asphalt samples prepared with different mixing times are shown in Figure 8.
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Figure 8. Fatigue life (N¢) values of pre-cut SBS-modified asphalt mixed for different amounts of
time.

At both 5% and 15% strain levels, the fatigue life (Nf) values of the pre-cut SBS-
modified asphalt were greater than those of the conventional-process asphalt. Under both
5% and 15% strain levels, the fatigue life of the pre-cut SBS-modified asphalt initially
increased and then decreased with increasing mixing time. This suggests that when the
SBS structure is filamentous and granular, the fatigue life is greater compared to when the
SBS structure is particulate or atomized. This is due to the stronger interlocking effect and
higher strength of the network structure when SBS is in a filamentous and granular state.

At a 5% strain level, the pre-cut SBS-modified asphalt mixed for 60 min exhibited
the maximum fatigue life. This implies that when the strain level is much lower than the
critical strain, the fatigue life is related to the characteristics of the asphalt’s stress—strain
curve in the first half. In this scenario, greater asphalt ductility corresponds to a longer
fatigue life.

At a 15% strain level, the pre-cut SBS-modified asphalt mixed for 30 min showed the
highest fatigue life. This suggests that when the strain level is close to the critical strain, the
fatigue life is related to the characteristics of the asphalt’s stress—strain curve in the latter
half. In this case, a stronger network structure and larger strain limit during the failure
stage lead to a greater fatigue life.

3.1.6. BBR Test

BBR tests were conducted on pre-cut SBS-modified asphalt samples mixed for different
amounts of time. The stiffness modulus (S) and m-value results are shown in Figure 9.
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Figure 9. BBR test results of pre-cut SBS-modified asphalt mixed for different amounts of time.
(a) Stiffness modulus, (b) m-value.

The stiffness modulus (S) of the pre-cut SBS-modified asphalt was lower than that of
the SBS-modified asphalt prepared through the conventional process, and the m-value was
larger. This indicates that the pre-cut SBS-modified asphalt, after being shredded, was softer
at low temperatures, had greater ductility, and exhibited better stress relaxation capacity. At
the testing temperature, when the SBS structure was filamentous and granular, the stiffness
modulus was smaller compared to when the SBS structure was particulate or atomized,
while the m-value showed the opposite trend. This suggests that low-temperature crack
resistance is better when the SBS structure is filamentous and granular. The lower stiffness
modulus after 60 min of mixing compared to 30 min indicates that a narrower filament
width and smaller granular diameter resulted in greater asphalt ductility. The larger m-
value at 30 min of mixing compared to 60 min indicates that a wider filament width and
larger granular diameter led to stronger stress relaxation capacity.

3.2. Effect of Shredded Particle Size on Microscopic Morphology and Performance of Pre-Cut
SBS-Modified Asphalt

In the aforementioned study, it was observed that pre-cut SBS-modified asphalt with
a mixing time of over 30 min exhibited superior rheological performance compared to
conventionally prepared SBS-modified asphalt. Therefore, to investigate the effects of shred-
ded particle size on the physicochemical characteristics, morphology, and performance
of pre-cut SBS-modified asphalt, samples were prepared by low-speed mixing for 30 min
using three different particle sizes of pre-cut SBS (10-18 mesh, 18-30 mesh, 30-100 mesh).

3.2.1. LSCM Test

Laser confocal microscopy experiments were conducted on SBS-modified asphalt
samples with different pre-cut particle sizes to observe their microscopic morphology. The
test results are presented in Figure 10.

In the pre-cut SBS-modified asphalt with a particle size of 18-10 mesh, the morphol-
ogy of the SBS modifier was similar to that in the conventional-process asphalt. Clear
SBS particles were observed, but the maximum particle size was smaller than that of the
conventional-process asphalt. In the 18-10 mesh SBS-modified asphalt, the SBS particles
mostly exhibited a granular distribution with varying sizes, and some smaller particles
showed a tendency toward filamentous distribution. In the pre-cut SBS-modified asphalt
with a particle size of 30-18 mesh, the SBS particles mostly exhibited a filamentous dis-
tribution, with a few appearing as small granular shapes. In the case of the 100-30 mesh
SBS-modified asphalt, the SBS morphology included partially filamentous distribution, but
with shorter lengths; some particles were in the form of small granules, and there were
even extremely small particles that visually resembled a hazy mist.
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Figure 10. Laser confocal microscopic images of modified asphalt with different shredded particle
sizes.

According to the morphological transformation process of SBS described in Section 3.1,
the conventional process produces SBS-modified asphalt with the fewest cycles of morpho-
logical changes, which is why larger SBS particles were still present. The 18-10 mesh SBS
underwent a slightly higher number of morphological change cycles, resulting in noticeable
SBS particles. The 30-18 mesh and 100-30 mesh SBS underwent even more cycles. This
suggests that when preparing modified asphalt through the mixing process, smaller pre-cut
SBS particle sizes undergo more cycles of morphological changes. The higher number of
cycles for pre-cut SBS-modified asphalt indicates increased contact area with the asphalt,
higher heat absorption, and an enhanced blending effect with the asphalt. Based on the
microscopic morphology of the SBS-modified asphalt, it can be inferred that pre-cut SBS
effectively replaced the high-shear mixing process.

3.2.2. Conventional Asphalt Tests

Conventional asphalt tests were conducted on pre-cut SBS-modified asphalt with
different particle sizes, and the results of these tests are presented in Figure 11.
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Figure 11. Conventional asphalt tests of SBS-modified asphalt with different pre-cut particle sizes.
(a) Penetration; (b) softening point; (c) ductility.

As the pre-cut particle size of SBS decreased, the penetration of the modified asphalt
increased and the hardness gradually decreased. In particular, the modified asphalt with
an 18-10 mesh particle size exhibited significantly lower penetration and higher hardness.
This indicates that the transition of SBS morphology from the stage where particles were
clearly observed to the filamentous and aggregated stage led to a substantial reduction
in hardness. Furthermore, in the filamentous and aggregated stage, as the number of
cycles increased, smaller filament widths and particle diameters contributed to lower
asphalt hardness. This is because when SBS is in a state of particle morphology, the three-
dimensional network structure of the polymer provides greater hardness, whereas in the
filamentous and aggregated stage, this network structure’s hardness diminishes.

As the pre-cut particle size of the SBS decreased, the softening point of the modified
asphalt initially increased and then decreased. The modified asphalt with a 30-18 mesh
particle size demonstrated the highest softening point, followed by the modified asphalt
with a 100-30 mesh particle size, and the modified asphalt with an 18-10 mesh particle size
exhibited the lowest softening point. The tests indicated that when the SBS morphology
transitioned from the particle stage to the filamentous and aggregated stage, the softening
point of the modified asphalt increased. This is because in the filamentous and aggregated
stage, the filamentous SBS is more prone to tangling and knotting, resulting in more
significant spatial hindrance. Moreover, excessively small filament widths and particle
diameters can weaken the extent of tangling, leading to a decrease in the softening point.

As the pre-cut particle size of SBS decreased, the ductility of the modified asphalt
gradually increased, indicating improved extensibility. This implies that the transition of
SBS morphology from the stage where particles were clearly observed to the filamentous
and aggregated stage enhanced the extensibility. Additionally, in the filamentous and
aggregated stage, as the number of cycles increased, smaller filament widths and particle
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diameters contributed to stronger asphalt extensibility. In contrast to the softening point,
when the SBS morphology shifted from the particle stage to the filamentous and aggre-
gated stage, the three-dimensional polymer network structure’s hardness was diminished.
However, an enhancement of extensibility arose from the entanglement of filamentous SBS
in this stage.

3.2.3. Temperature Sweep Test

Temperature sweep tests were conducted on pre-cut SBS-modified asphalt with differ-
ent shredded particle sizes. The experimental results are shown in Figure 12.
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Figure 12. Temperature sweep tests of modified asphalt with different shredded particle sizes.
(a) Complex modulus, (b) phase angle.

In Figure 10a, it can be observed that the complex modulus of SBS-modified asphalt
prepared by different shredded particle sizes through mixing was consistently higher
than that of the conventional-process asphalt at each scanning temperature. Among the
samples, the complex modulus of the asphalt with shredded particles sized 30-18 mesh
was the highest, followed by 100-30 mesh, and that for 18-10 mesh was the lowest. The
results indicate that the complex modulus was greater when the SBS was in a fibrous
and particulate combination state as opposed to a predominantly granular state. This
is attributed to the higher intertwining of the fibrous morphology, which led to a more
intricate spatial network structure that enhanced its load-bearing capacity at elevated
temperatures. Furthermore, in the fibrous and particulate combination state, as the width
of the fibrous elements and the diameter of the particulates decreased, the strength of the
interwoven spatial network structure diminished.

In Figure 10b, it is evident that the phase angle of the SBS-modified asphalt prepared
with different shredded particle sizes was generally lower than that of the conventional-
process asphalt, indicating a higher elastic proportion in the pre-cut SBS-modified asphalt.
Among the three different shredded particle sizes prepared through mixing, the asphalt
with shredded particles sized 30-18 mesh exhibited the smallest phase angle, followed by
100-30 mesh, and the 18-10 mesh exhibited the largest phase angle. This trend can also be
attributed to the fibrous morphology of the SBS. The interlocking nature of the fibrous SBS
enhanced the elasticity of the network structure. Additionally, the wider fibrous elements
contributed to a stronger network structure, resulting in greater elasticity.

3.2.4. MSCR Test

The experimental results of the MSCR tests conducted on pre-cut SBS-modified asphalt
with different shredded particle sizes are shown in Figure 13.
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Figure 13. MSCR tests on modified asphalt mixed with different shredded particle sizes. (a) Recovery
rate, (b) Jnr.

In Figure 13a, it can be observed that the creep recovery rates of SBS-modified asphalt
samples prepared by mixing with different shredded particle sizes were all greater than
those of the conventional-process asphalt samples. This indicates that the pre-cut SBS-
modified asphalt had a stronger elastic recovery capability. Among the three different
shredded particle sizes, the rates of the 30-18 mesh and 100-30 mesh samples were greater
than those of the 18-10 mesh samples. The test showed that SBS-modified asphalt containing
fibrous morphology had a stronger elastic deformation recovery capability, which was
attributed to the easier intertwining of fibrous SBS-modified asphalt, which enhanced the
elastic deformation recovery capability of the modified asphalt.

In Figure 13b, it can be seen that the non-recoverable creep stiffness of the SBS-modified
asphalt prepared by mixing with different shredded particle sizes was smaller than that of
the conventional-process asphalt. This indicates that the pre-cut SBS-modified asphalt had
a stronger resistance to deformation. Among the three different shredded particle sizes,
the non-recoverable creep stiffness of the 18-10 mesh was the smallest, followed by the
100-30 mesh, and that of the 30-18 mesh was the largest. The test showed that SBS-modified
asphalt with obvious granular morphology had a stronger resistance to deformation. This
is because the advantages of the network structure formed by granular structures of SBS
are reflected in terms of strength. When the SBS morphology is a combination of fibrous
and granular shapes, the larger the width of the fibrous structure and the diameter of
the granular structure, the stronger the network structure strength and the stronger the
resistance to deformation.

3.2.5. LAS Test

The stress—strain curves of pre-cut SBS-modified asphalt with different shredded
particle sizes were assessed using the LAS test. The results are shown in Figure 14.

The stress peak values of SBS-modified asphalt prepared by mixing with different
shredded particle sizes were smaller than those of the conventional-process asphalt, and
the critical strain points and peak width were larger than those of the conventional-process
asphalt. This indicates that the pre-cut SBS-modified asphalt had greater ductility and
lower stress sensitivity at elevated temperatures, and entered the failure stage later. The
experiment showed that when the SBS structure was predominantly granular, the smaller
the particle diameter, the smaller the stress peak value and the lower the asphalt hardness.
When the SBS structure transitioned from predominantly granular to filamentous with
granules, the stress peak value was further reduced, resulting in even lower asphalt
hardness. However, as the filament width and particle diameter decreased, the critical
strain point further increased, enhancing the limit of failure.
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Figure 14. Stress—strain curves of modified asphalt mixed with different shredded particle sizes.

During the failure stage, a steeper slope of the peak decrease indicates greater brit-
tleness of the specimen and easier damage. The conventional process for SBS-modified
asphalt exhibited the steepest peak decrease slope, leading to rapid failure. Although the
structure of asphalt prepared with SBS with a particle size of 18-10 mesh was similar to
that of the conventional-process asphalt, the slope of the peak decrease was significantly
smaller. This implies that when the SBS structure was granular, a smaller particle diameter
resulted in reduced brittleness during the failure stage and longer fatigue life. The modified
asphalt samples with particle sizes of 30-18 mesh and 100-30 mesh had both filamentous
and granular SBS structures. However, the slope of the peak decrease for the 30-18 mesh
asphalt was noticeably smaller, indicating that larger filament width and particle diameter
led to reduced brittleness during the failure stage.

Furthermore, the calculated fatigue life N¢ values of pre-cut SBS-modified asphalt
samples mixed for different mixing times are shown in Figure 15.

At 5% and 15% strain levels, the Nf values of SBS-modified asphalt samples mixed
with different shredded particle sizes were all greater than those of the conventional-process
asphalt samples. This indicates that the pre-cut SBS-modified asphalt prepared through
mixing exhibited excellent intermediate temperature fatigue performance. Under the 5%
strain condition, as the shredded particle size decreased, the fatigue life of the pre-cut
SBS-modified asphalt continued to increase. This phenomenon can be attributed to the fact
that at low strain levels, the critical failure strain is not reached and the modified asphalt
retains its higher ductility, resulting in an extended fatigue life.

Under the 15% strain condition, the fatigue life of the pre-cut SBS-modified asphalt
first increased and then decreased as the shredded particle size decreased. Among the
different shredded particle sizes, the modified asphalt with a shredded particle size of
30-18 mesh had the maximum fatigue life, followed by 18-10 mesh, and the smallest
value was observed for 100-30 mesh. This behavior was observed because the 15% strain
level was close to the critical failure strain, at which point the three-dimensional network
structure strength of a modified asphalt becomes a crucial parameter in determining its
fatigue life. The fatigue life of modified asphalt is jointly determined by its ductility and
the strength of the three-dimensional network structure. The network structure of the
100-30 mesh asphalt, due to the smaller filament width and particle diameter, had a weaker
load-carrying capacity compared to 30-18 mesh, leading to a shorter fatigue life under high
strain levels. On the other hand, the modified asphalt with a shredded particle size of
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30-18 mesh possessed a balanced combination of ductility and three-dimensional network
structure strength, resulting in the highest fatigue life. Although the modified asphalt with
a shredded particle size of 18-10 mesh had a robust network structure, its slightly lower
ductility resulted in a slightly lower fatigue life compared to the 30-18 mesh case.

10° o
: [ 5%
[ 115%
19,757

10* = 1
£
5, 10° 5 711
z

102 3

10" -

18-10 mesh 30-18 mesh 100-30 mesh

Particle size
Figure 15. Fatigue life (N¢) of modified asphalt mixed with different shredded particle sizes.

3.2.6. BBR Test
BBR tests were conducted on pre-cut SBS-modified asphalt with different shredded
particle sizes. The experimental outcomes are depicted in Figure 16.
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Figure 16. BBR tests on modified asphalt mixed with different shredded particle sizes. (a) Stiffness

modulus, (b) m-value.

The stiffness modulus of the SBS-modified asphalt with different shredded particle
sizes was lower than that of the SBS-modified asphalt prepared by conventional methods.
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This indicates that the SBS-modified asphalt that underwent shredding was softer and
more ductile at low temperatures, demonstrating excellent resistance to cracking. At
both test temperatures, smaller shredded particle sizes of SBS resulted in a lower stiffness
modulus and greater ductility. This suggests that SBS with filamentous and punctate
morphology, especially when narrower, exhibits better low-temperature cracking resistance.
This conclusion aligns with the findings of the study on the effect of mixing time.
Similarly, the m-values of the SBS-modified asphalt samples with different shredded
particle sizes were also higher than those of the SBS-modified asphalt samples prepared
conventionally, indicating that the stress relaxation ability of the pre-shredded SBS-modified
asphalt was better. At —12 °C, smaller shredded particle sizes of SBS corresponded to
higher m values, indicating stronger stress relaxation capacity. However, at —18 °C, smaller
shredded particle sizes of SBS resulted in lower m values and weaker stress relaxation
capacity. This implies that at —18 °C, the asphalt had greater hardness and its performance
was mainly determined by the internal network structure. The extensive intertwining in
filamentous SBS morphology weakens the relaxation capability due to reduced topological
freedom. At —12 °C, where molecular motion within the asphalt is less restricted, greater
intertwining leads to stronger network structure and enhanced stress relaxation capacity.

3.3. Impact of Pre-Cutting Process on the Chemical Composition and Aging Resistance
Performance of SBS-Modified Asphalt

3.3.1. Impact of Pre-Cutting Process on the Chemical Composition of Modified Asphalt

For the purpose of comparing the impact of the pre-cutting process as a substitute for high-
speed shearing on the chemical composition of SBS-modified asphalt, with conventionally
processed SBS-modified asphalt as the control group, FTIR tests were conducted on SBS-
modified asphalt prepared using the pre-cutting process, with particle sizes of 18-30 mesh
and 30-100 mesh for the SBS, as described in Section 3.2. The results are shown in Figure 17.
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Figure 17. FTIR testing of SBS-modified asphalt prepared via pre-cutting process and conventional
process.
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It was observed that the characteristic peak areas of Ips, Ipg, and 15, were larger in the
SBS-modified asphalt prepared using the pre-cutting process. The peak areas of Ips and Ipg
were especially large, indicating that the pre-cutting process resulted in a higher dispersion
concentration of SBS modifier within the asphalt, leading to better uniformity of dispersion.
The larger peak area of 15, suggests that this might have been due to the longer processing
time in the conventional method, resulting in a reduction in the aromatic content of the
lighter components.

The characteristic peak parameters were calculated as shown in Figure 18. The feature
parameters of the conventionally processed SBS-modified asphalt were consistently the
smallest, consistent with the absorbance curve patterns. Upon comparing the progress
of the two sets of SBS-modified asphalt samples prepared using the pre-cutting process,
it was found that for the SBS pre-cut with a particle size of 30-100 mesh, both Ips and
Ipg were larger. This suggests that the smaller SBS particle size achieved through pre-
cutting facilitated better dispersion within the asphalt, leading to higher concentrations
of the detected characteristic peaks. However, for the SBS pre-cut with a particle size of
30-100 mesh, the I, was smaller. This was due to the finer particle size of the SBS, which
resulted in a larger contact area with the asphalt matrix. As a consequence, during the
swelling process, a greater amount of light components was absorbed.
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Figure 18. FTIR semi-quantitative analysis characteristics. (a) Ips; (b) Ipg; (c) Ia;-

3.3.2. Impact of Pre-Cutting as a Replacement for High-Speed Shearing Process on
Anti-Aging Performance

The FTIR test results for the SBS-modified asphalt prepared with the pre-shredding
process and the conventional process after PAV aging are shown in Figure 19. It can be
observed that after aging, there was a prominent carbonyl peak at 1600 cm~! in both
SBS-modified asphalts, and the carbonyl peak area in the SBS-modified asphalt prepared
via the conventional process was larger.
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The carbonyl index was calculated as shown in Figure 20. After PAV aging, the SBS-
modified asphalt prepared via the conventional process had the highest carbonyl index,
indicating the most severe aging. Compared to the conventional preparation process, when
SBS was pre-shredded with a particle size of 18-30 mesh, the carbonyl index decreased
by approximately 10%, and when the particle size was 30-100 mesh, the carbonyl index
decreased by approximately 13%. This suggests that the new process of pre-shredding SBS
resulted in improved aging resistance of the modified asphalt.
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Figure 20. Carbonyl index after PAV aging.

For SBS with a particle size of 30-100 mesh, the improvement in aging resistance was
more significant. This is because the finer SBS modifier was more evenly dispersed in
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the base asphalt matrix, allowing for better heat and stress distribution. This reduced the
occurrence of local hotspots and thermal stress, which helped to slow down the aging
process.

4. Conclusions

@

@)

®)
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©)

The morphological changes of the SBS modifier in the preparation process through
low-speed mixing can be summarized as follows: SBS edge networking, network
filamentation, filament granulation, and granular atomization. The edge portions of
the SBS particles absorb heat first, forming a network pore structure known as edge
networking. As the network structure continues to absorb heat, it breaks apart to
form a filamentary structure, known as network filamentation. Further heating leads
to the fragmentation of the filamentary structure into multiple granular forms of SBS,
known as filament granulation. This cycle of edge networking, network filamentation,
and filament granulation is repeated multiple times until the SBS particles become
extremely small, visually resembling a misty granular form, in a process known as
granular atomization.

In the process of preparing modified asphalt through low-speed mixing with pre-cut
SBS modifier, the mixing time should be controlled within 30 to 60 min to achieve
uniform dispersion and excellent performance of the modified asphalt. If the mixing
time is too short, the performance of the modified asphalt will be weaker than that of
conventional-process asphalt. Pre-cut SBS-modified asphalt mixed for 30 to 60 min
exhibits a filament-point combined morphology wherein the filamentous SBS en-
hances interlocking, resulting in a stronger network structure. This imparts excellent
high-temperature rutting resistance, fatigue resistance, and low-temperature crack
resistance. Mixing for 120 min results in a morphology with small granular particles
resembling a mist. Interestingly, this morphology weakens the strength of the network
structure and leads to a decrease in overall performance.

In the process of preparing modified asphalt through low-speed mixing with pre-
cut SBS modifier, when the shredded SBS particle size is greater than 18 mesh, the
resulting modified asphalt exhibits uniform dispersion and excellent performance.
The SBS-modified asphalt prepared in this way features a filament—point combined
morphology, leading to outstanding overall performance. When the particle size is in
the range of 30 to 18 mesh, the modified asphalt benefits from larger filament widths
and particle diameters, resulting in a stronger network structure and higher resistance
to high-temperature rutting. On the other hand, at a particle size of 100 to 30 mesh, the
modified asphalt possesses smaller filament widths and particle diameters, leading to
better network structure extensibility and, consequently, improved performance in
terms of mid-temperature fatigue resistance and low-temperature crack resistance.
Compared to the traditional method of preparing SBS-modified asphalt, the new
process of using pre-shredded SBS instead of high-speed shearing reduces the overall
preparation time by 1 to 3 h, resulting in lower energy consumption. Moreover,
it improves aging resistance by 10% to 13%. Additionally, SBS-modified asphalt
prepared using the new process demonstrates superior performance, thus reducing
road wear and saving maintenance costs.

This research investigated the microstructure, three key indicators, rheological prop-
erties, and chemical composition of asphalt for which the pre-cutting process was
used instead of high-speed shearing. It is anticipated that future research will com-
prehensively explore other aspects of performance, such as water damage resistance.
Additionally, the asphalt mixture prepared using this process will be subjected to
performance testing for road applications, including Hamburg wheel tracking test,
semi-circular bend test (SCB), four-point bending fatigue test, and more. Finally, we
hope to apply the pre-cutting process as a replacement for high-speed shearing to a
wider range of modifiers, such as SEBS, EVA, and petroleum resins.
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