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Abstract: The objective of this study is to develop a modified asphalt with excellent rheology
and workability. Buton rock asphalt (BRA) composite modified warm mix asphalt (BCMWMA)
was prepared, and its rheological properties and micromechanisms were investigated. Initially,
warm mix asphalt (WMA) was prepared using 3 wt% Sasobit, and then four BCMWMA samples
were prepared by blending 5 wt% to 20 wt% of BRA (with 5 wt% intervals). Subsequently, the
microscopic morphology and modification mechanism of BCMWMA were analysed by scanning
electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) tests. Finally, the
rheological properties of BCMWMA were examined through conventional properties tests, rotational
viscosity tests (RV), dynamic shear rheological tests (DSR) and bending beam rheometer tests (BBR).
The results indicate that the BRA and Sasobit composite modifications primarily involve physical
modification. BRA improves the high-temperature performance of the modified asphalt but reduces
its low-temperature performance. Overall, the BCMWMA exhibits excellent high-temperature
performance and workability, contributing to the green and sustainable development of asphalt
pavement engineering.
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1. Introduction

Roads play a vital role in modern society, connecting cities and villages and promoting
economic development and social communication [1]. Asphalt binder, one of the most
commonly used materials in road construction, is widely employed to create road surface
layers. Asphalt possesses good plasticity and viscosity, enabling it to firmly bond aggregate
particles together and form a solid pavement structure [2]. However, with the growth in
road usage, asphalt pavements are subjected to various harsh environmental conditions,
such as high and low temperatures, the impact of moisture and chemicals, and frequent
vehicle loading [3-8]. These factors can lead to the aging, deformation, cracking and
spalling of asphalt, ultimately resulting in the development of pavement distresses such as
cracks, potholes and rutting [5,9,10]. These pavement issues not only cause inconvenience
and safety hazards for drivers but also increase the cost of maintenance and rehabilitation
while reducing the road’s service life. Therefore, enhancing the performance and durability
of asphalt becomes crucial for improving road quality and extending its service life.

In order to address the issues of matrix asphalt pavements, researchers have been
working on enhancing the performance and durability of asphalt [11,12]. Modified asphalt
serves as an effective solution widely employed in road projects. Through the addition of
modifiers, the physical and chemical properties of asphalt can be adjusted to enhance its
performance in terms of aging resistance, weatherability, adhesiveness and strength [13-17].
Various modifiers, including polymers, rubber and natural minerals, have been utilized
in asphalt [18-21]. However, current modified asphalts still encounter certain challenges
during the actual construction process.
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As a natural modifier, rock asphalt (RA) plays a crucial role in asphalt modification.
RA is a composite material consisting of asphalt and natural minerals, and its unique
physical and chemical properties contribute to good bonding, stability and anti-aging
properties [22-24]. Research has revealed that the asphalt content in RA is associated with
the deposition process and typically contains 20-99.4 wt% asphalt [25], characterized by a
fluffy and rough surface morphology [26]. This morphology enhances compatibility and
adhesion with the matrix asphalt, as the asphalt component envelops the ash, forming
numerous pore structures. The results of the four-component test have indicated that the
increased asphaltene and gum components in RA modified asphalt (RAMA) enhance its
performance at high temperatures [27]. These findings suggest that RA holds significant
potential as a modifier in asphalt pavement, and RAMA can provide superior performance
and durability. Lv et al. [28] conducted a study on the aging resistance of bio-asphalt
with different doping levels of BRA, recommending an optimal doping level of 15-20 wt%
BRA. Lapian et al. [29] utilized response surface methodology (RSM) to determine the
optimal incorporation ratio of BRA and PET waste plastics. Ren et al. [30] conducted
60 sets of rutting tests on BRA mixtures to investigate their rutting resistance under high
temperatures and the water coupling effect, establishing a Bayesian prediction model based
on their findings. The model indicated that soaking time was the primary influencing
factor on dynamic stability, while the amount of BRA had the least effect. Chang et al. [31]
prepared BRA modified asphalt concrete using both wet and dry processes, finding that
the wet process yielded better road performance. They recommended a maximum BRA
additive content of 15 weight percent for the wet process and 30 weight percent for the dry
process. To examine the impact of RA on the self-healing capabilities and fatigue resistance
of the fine aggregate matrix, Li et al. [32] conducted fracture and fatigue healing tests,
demonstrating that BRA’s self-healing performance was inferior to that of Qingchuan rock
asphalt. Overall, the results of these studies show the potential of rock bitumen and its
modified bitumen in road materials and provide some guidance and recommendations for
optimizing their road performance and durability.

To sum up, RA offers sustainability and environmental advantages compared to tra-
ditional modifiers. However, it does present certain challenges in terms of workability,
the mixing temperature of SBS modified asphalt with 25% added lake asphalt is up to
200 °C. [33]. The high construction temperature of RA requires a significant amount of
energy for heating and mixing the asphalt mixture. Moreover, the high construction temper-
atures contribute to substantial harmful emissions, which can have adverse environmental
impacts [34]. Additionally, RA has relatively poor workability, and its high viscosity can
lead to difficulties in mixing and compaction, thereby, affecting the construction quality
and efficiency [25].

In order to address these issues in the asphalt modification process, WMA technology
was developed. According to studies, WMA has become a prominent area of research
in recent years due to its advantages in terms of economy, environment, and workability.
WMA technology can be categorized into three classes based on its production process:
foaming technology, chemical additives, and organic additives [35,36]. Sasobit, an organic
wax-based warm mix agent, is known for reducing the viscosity and bonding temperature
of asphalt binders, allowing for a reduction in mixing and compaction temperatures by
20 °C to 40 °C [37]. Chen et al. [38] investigated the impact of Sasobit on the rheological and
physical characteristics of high-viscosity modified asphalt and found that Sasobit decreased
the construction temperature of it. Liu et al. [39] examined how Sasobit influenced construc-
tion workability. Xu et al. [40] employed Sasobit and non-edible oil as viscosity-reducing
additives to enhance the construction workability of rubber asphalt mixes while studying
the acoustic performance of porous rubber asphalt mixes. Ramesh et al. [41] developed
a new WMA mixture using 70 wt% reclaimed asphalt pavement (RAP) aggregate and
determined that the optimal admixture of Sasobit, acting as a viscosity modifier, was 3 wt%.
Abdollahi et al. [42] reported that Sasobit increased the workability of crumb rubber (CR)
modified asphalt, and the combination of 1.5 wt% Sasobit, 15 wt% CR, and 30 wt% RAP
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exhibited the best overall performance. In the study conducted by Luo et al. [43], 4% Sasobit
warm mix by weight of asphalt was used to enhance workability in poured asphalt mix
design. Sobhi et al. [44] employed 3 wt% Sasobit in combination with different doses of
Gilsonite and found that the compound modifier reduced mixing and compaction tempera-
tures while mitigating the negative effects of moisture sensitivity caused by Sasobit alone.
To summarize, the results of these studies show the potential of Sasobit in modified asphalt
to reduce construction temperatures, improve workability, and improve mix properties.
These studies provide useful information and recommendations for the use of Sasobit as an
additive to improve the performance and process of asphalt mixes.

Given the insulfficient research on the composite modified asphalt of Sasobit and BRA,
this study aims to thoroughly investigate the rheological properties and micromechanisms
of this composite modified asphalt. A systematic examination of its rheological proper-
ties will enable the evaluation of its potential in enhancing the serviceability of matrix
asphalt and provide a comprehensive understanding of the interaction mechanisms be-
tween the different additives. The objective of this study is to develop a modified asphalt
with outstanding rheological properties and workability, offering novel solutions for road
construction and improving pavement quality and sustainability. A well-planned research
roadmap as shown in Figure 1 was followed.

< -
7
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o .
3 % Sasobit 3500 rpm~ 30 min

155+£5°C

4000 rpm. 1h. 30 min 5 %~ 10 %~ 15 %- 20 % rock asphalt
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Figure 1. Research Roadmap.
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2. Materials and Methods
2.1. Materials

The base asphalt utilized in this investigation was A-grade 90 road petroleum asphalt
made by Panjin North Asphalt Fuel Co., Ltd., Liaoning, China. Table 1 provides a list of its
physical attributes. Sasobit was provided by Henan Lu Peng Transportation Technology
Co., Ltd., Zhengzhou, China, whose physical characteristics are presented in Table 2.
BRA was sourced from Indonesia and provided by Hubei Zhengkang Technology and
Innovation Co., Wuhan, China. According to AASHTO T315-09, the maximum size of solid
modifier particles is required to be 0.25 mm. To ensure better and more uniform dispersion
of the BRA in the asphalt, it was sieved through a standard sieve of 0.15 mm. The results
of the BRA property tests are shown in Table 3. The chemical composition of BRA was
analyzed using an X-ray fluorescence spectrometer (XRF, model Axios, Malvern Panako,
The Netherlands) and the results are presented in Table 4.

Table 1. Basic properties of No. 90 asphalt.

Asphalt Properties JTG E20-2011 Test Results Specification Limits
Penetration at 25 °C (0.1 mm) T0604-2011 93 80-90
Ductility at 15 °C (5 cm/min, cm) T0605-2011 166.8 >100
Softenting point (°C) T0606-2011 44.7/48.13 >42
Mass loss (%) T0610 0.5 <+0.8
Residual penetration ratio (%) T0604 62 >57
Residual ductility (%) T0605 29 >8

Table 2. Basic performance of Sasobit.

Sasobit Properties Test Results
Appearance Milky white particles
Chemical composition Long-chain aliphatic alkanes
Density at 25 °C (g/ cm®) 0.96
Melting point (°C) 115
Flash point (°C) 290
Solubility Water immiscible

Table 3. BRA performance indicators.

BRA Properties Specification Limits Test Results
Asphalt content (%) >20 30.5
Ash (%) <80 69.3
Water content (%) <2 0.76
Solubility of TCE (%) >18 28.53
Density (g/cm3) <19 1.76
Flash point (°C) >230 314
Heat loss (%) <2 0.23
Appearance Brown powder Brown powder

Table 4. Chemical composition of BRA samples.

Ingredient MgO AlLO; SiO, P,05 SO3 K,O CaO TiO, MnO Fe, O3 SrO ZrO,
Percent 1.199 2.268 8.317 0.068 4.179 0.379 33.391 0.328 0.207 6.488 0.221 0.048

2.2. Preparation of BCMWMA

To prepare the WMA, the substrate bitumen was first heated to 145 4 5 °C to restore
its fluidity. Next, Sasobit was added to the matrix asphalt in three parts at 3 wt% [45],
which was produced via high-speed shearing at 3500 rpm for 30 min.
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Prior research has demonstrated that the wet modification of BRA has a better effect
than the dry method [31,46], and the recommended dosage generally does not exceed
20 wt% [28,32]. Based on this, the wet process for the preparation of BCMWMA was used
and controlled the BRA admixture within 20 wt%. The dried BRA was then added to the
WMA at 5 wt%, 10 wt%, 15 wt%, and 20 wt% at 155 £ 5 °C and sheared at 4000 rpm for 1 h
to obtain BCMWMA.

To label the specimens, the substrate asphalt was referred to as “Base asphalt”, the
WMA as “35”, and the BRA modified warm mix asphalt as “355B”, “3510B”, “3515B”, and
“3520B”, according to the amount of rock asphalt added.

2.3. Methods
2.3.1. Fourier Transform Infrared Spectroscopy

Thermo Fisher Scientific, Waltham, MA, USA, Nicolet 6700 FTIR was used to exam-
ine the test specimens’ altered chemical structure. The sampled sweep ranged between
4000 cm~! and 400 cm ™!, with a sweep period of 64 times and a sweep precision set at
4emt,

2.3.2. Scanning Electron Microscope

The surface morphological characteristics of the modified asphalt were observed
using a JSM-7500 cold-field emission scanning electron microscope (JEOL, Tokyo, Japan).
The samples were obtained through the thermal agitation of the modified bitumen to a
fluid condition and then dropping it onto clean tin foil. The tin foil with BCMWMA was
subsequently warmed in an incubator for 2 h at 60 °C to promote the uniform spreading of
the samples on the tin foil and remove moisture.

2.3.3. Conventional Properties Test

Three major indicators were used to test the BCMWMA: needle penetration (25 °C)
(ASTM D5) [47], softening point (ASTM D36) [48], and ductility (15 °C) (ASTM D113) [49].
The softening point, needle penetration and ductility tests were repeated three times.

2.3.4. Rotational Viscosity Test

Rotational viscosity test was run with a Brookfield viscometer (DV2T, Brookfield,
Massachusetts, USA) (ASTM D 4402) [50]. Using Rotor No. 27 and controlling the torque
percentage between 10% and 90%, the viscosity values of the BCMWMA were tested at
temperatures between 105 °C and 175 °C. The test was repeated twice for each sample.

2.3.5. Storage Stability Test

The phase separation of samples was evaluated using the softening point difference
method (ASTM D7173-14) [51]. To prepare the samples, the BCMWMA was sieved through
a 0.3 mm sieve, heated to a flowing state, slightly stirred, and injected into a vertical
aluminum tube weighing approximately 50 g. The tubes were then placed vertically at
163 £ 5 °C over 48 h. Afterwards, the tube was kept vertical at —18 °C for not less than
4 h. After that, the top and bottom one-third portions of each sample were taken for the
softening point test and the difference value was calculated. The test was repeated twice
for each sample.

2.3.6. Rheological Performance Test

The dynamic shear rheometer (DSR, MCR-101, Anton Paar, Graz, Austria) was uesd
to evaluate the rheological characteristics of asphalt specimens at moderate to high temper-
atures. The strain controlled mode was used as the loading mode and the test conditions
are presented in Table 5. The low-temperature rheological characteristics were evaluated
using the BBR test. Each test was repeated twice for each sample.
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Table 5. Dynamic rheological performance test conditions of BRA modified warm mix asphalt.

Test Items Temperature Range Loaded Strain/Stress Rotor Diameter Parallel Plate Clearance
High temperature scan test 30~80 °C 12% 25 mm 1 mm =+ 0.05 mm
Medium temperature scan test —10~30°C 0.5% 8 mm 2 mm =+ 0.05 mm
Frequency scan test 46 °C,52°C,58°C,64°C,70°C 0.5% 25 mm 1 mm =+ 0.05 mm
MSCR test 58 °C 0.1 kPa/3.2 kPa 25 mm 1 mm =+ 0.05 mm

2.3.7. Multi-Stress Creep Recovery (MSCR) Test

The resistance of BCMWMA to high temperature deformation was determined using
MSCR according to ASTM D7405-10A [52]. The test conditions are shown in Table 5. The
test consisted of a 30-cycle creep and recovery process, with the initial ten cycles occurring
during a 0.1 kPa loading phase to accommodate the sample. The test was repeated twice
for each sample.

A section of the strain response of 3515B to 0.1 kPa stress at 58 °C is shown in Figure 2.
And the creep recovery rate for a single cycle was determined using Equations (1) and (2).
The amount of non-recoverable creep flexibility ], was calculated based on Equations (3)—(6)
for differing stress grades (0.1 and 3.2 kPa), as well as the average scores of R and Jy;.
Additionally, Equation (7) was utilized to determine the stress sensitivity index J;;,_giff.

Jur(0,N) = Z—=2 M
R(o,N) = Z :E; x 100 v
Ios = Y11 ];6(0-1/1\[ ) 3)
Ro1 = ENzn ROLN) 1120(0.1,N) (4)
Jura2 = LN ]{16(3'2' N) ©)
R3p = EN-n RG2N) 1120(3'2' N) (6)
Jur—diff = % x 100 7)

where: ¢ is the shear strain at the beginning of the creep. ¢, is the shear strain at the
end of creep. ¢, is the shear at the end of the recovery phase. ¢ is the stress applied by
the test, kPa. N refers to the amount of cycles of creep recovery, J,» is the amount of
non-recoverable creep flexibility, kPa~!, and R is the creep recovery rate, %. g4 7 is the
stress sensitivity index.
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Figure 2. Strain response of a 3515B binder measured at 0.1 kPa, 58 °C (N = 13, 14, 15).

2.3.8. Bending Beam Rheometer (BBR) Test

The BBR test was conducted at —6 °C to —24 °C (interval 6 °C). And according to
ASTM D 6648 [53], when loaded for 60 s, the creep rate should be above 0.3 and the creep
rigidity should be below 300 MPa. The test was repeated three times for each sample.

3. Results and Discussions
3.1. Physicochemical Properties of BCMWMA

SEM images of the BRA modifier at different magnifications are shown in Figure 3. It
can be seen that the surface morphology of the BRA is complex and full of grooves and
folds. Combined with the SEM images of the test samples (as in Figure 4), it is obvious
that the BRA's intricate surface morphology benefits the combination of BRA and asphalt.
Figure 4a,b are the SEM images of matrix asphalt and WMA, respectively. Their surfaces
are flat and smooth, and some areas show a regular texture caused by the tinfoil backing.
The surface morphological characteristics of the bitumen samples after incorporation of the
BRA, in ascending order of incorporation ratio, are shown in Figure 4c—f. From which it can
be seen that the transition at the interface between rock asphalt and WMA is smooth; no
obvious boundary is produced; and the asphalt is well wrapped with rock asphalt particles,
which further suggests that the BRA and WMA are compatible. On the other hand, there
were obvious bumps on the surface, which might be caused by the agglomeration of the
ash component of the BRA particles. As the BRA content increased, the agglomeration
phenomenon gradually intensified. The ash in 3S5B (Figure 4c) and 3510B (Figure 4d)
samples showed a small range agglomeration with overall uniform dispersion, but the
ash in 3515B (Figure 4e) sample showed a larger scope agglomeration with large bumps,
and the ash in 3520B (Figure 4f) sample showed a stronger agglomeration with two large-
scale agglomerates of ash are not favorable. The extensive agglomeration of ash is not
conducive to the compatibility of the three-phase system of BCMWMA and weakness the
storage stability.
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Figure 3. BRA scanning electron microscope (SEM) images: (a) x 100, (b) x300, (c) x500, (d) x1000.

(d) (e) (H

Figure 4. Scanning electron microscope images of the test specimens (x800): (a) Base asphalt (b) 35
(c) 3S5B (d) 3510B (e) 3515B (f) 3520B.
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Utilizing BRA and Sasobit to examine how composite alteration affects the chemical
make-up of specimens, FTIR testing was performed. Figure 5 shows that the main absorp-
tion peaks of the tested samples include the sulfoxide group’s stretching vibration (5=0) at
1033 cm ™!, the umbrella vibration of methylene (—CH?2) at 1375 cm ™!, the shear vibration
of methylene (—CH2) at 1459 cm ™!, the stretching vibration of the benzene ring skeleton
(C=C) at 1602 cm~!, the stretching vibration of the carbonyl group (C=0) in the aldehyde
group at 1730 cm~!, the symmetric stretching vibration of C-H in methylene at 2855 cm ™!,
the asymmetric stretching vibration of C—H in methylene at 2925 cm ! and the asymmetric
stretching vibration of C—H in methylene at 2954 cm~!. Notably, the spectra of the base
asphalt remained unchanged after adding warm agent and BRA, and no new peaks were
generated; this is consistent with the findings of the literature [54]. Therefore, it is evident
that the inclusion of a warm agent and BRA primarily results in a physical co-blending
process and does not significantly impact the chemical structure of the asphalt.

|

5 i ' |
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59 2054 i | i |
= ol Cob |
fs I 1 1 I 1
£ e A\l |
72} | 1 v 1
g I I I 1
< | | | 1
— I I | 1
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4000 3500 3000 2500 2000 1500 1000 500

Wave number / cm™!

Figure 5. FTIR spectra of asphalt samples.

3.2. Basic Properties of BCMWMA

The results for the three major indexes of the BCMWMA are presented in Figure 6.
From the results, as compared to raw asphalt, the utilization of a warm agent decreased the
ductility by 19.8%, raised the softening point by 0.47%, and reduced the needle penetra-
tion by 3.1%. Furthermore, the ductility and needle penetration of BCMWMA gradually
declined, whereas the softening point gradually raised with increasing BRA content, as
compared to the warm mix asphalt [55]. For instance, when the BRA content was 5 wt%,
10 wt%, 15 wt%, and 20 wt%, the needle penetration decreased by 2.4%, 11.2%, 13.7%, and
16.6%, respectively. And the softening point increased by 1.29%, 3.02%, 5.29%, and 6.57%,
respectively. However, the ductility decreased by 39.4%, 58.4%, 75.2%, and 81.3%, respec-
tively. This suggests that the incorporation of BRA into WMA can enhance the asphalt’s
stiffness, reduce its low temperature anti-cracking performance and temperature sensitivity.
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Figure 6. The three major indexes test results.

The softening point difference method was used to evaluate the storage stability
of BCMWMA. Figure 7 displays the findings and errors, showing that the warm-mixed
additive’s impact on the difference in softening point with base asphalt was negligible,
as it only increased by 0.1 °C. Furthermore, with rising BRA content, the softening point
difference gradually increased. This could be due to the fact that the BRA has a density
about 1.8 times that of matrix bitumen. While the complex morphology of BRA and other
factors promote its compatibility with the base asphalt, a softening point difference value
greater than the allowed specification value (2.5 °C) was obtained when blended with
20 wt% BRA, rendering it unsuitable for use. Therefore, the maximum amount of BRA
blending obtained from the storage stability test was 15 wt%.
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o
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1 |
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Figure 7. Softening Point Difference test results.
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3.3. Viscosity-Temperature Properties of BCMWMA
3.3.1. Brookfield Viscosity

Viscosity is a crucial parameter that reflects the temperature sensitivity of asphalt
samples and their construction workability. Figure 8 shows the viscosities of the matrix
bitumen, WMA, and BCMWMA at eight test temperatures between 105 °C and 175 °C
(with a 10 °C temperature interval). The findings demonstrate that the viscosity of the
BCMWMA increases with increasing BRA admixture, indicating that the BRA has potential
to enhance the elevated temperature performance of asphalt. Yet, the viscosity of the asphalt
specimens tended to decrease as the temperature increased. WMA has a viscosity that is
10.5% more than base asphalt at 105 °C. When the temperature reaches 115 °C and above,
WMA has a lower viscosity than base asphalt, while the viscosity value of 355B begins to
be slightly greater than warm mix asphalt but slightly lower than base asphalt. This is due
to the fact that the melting temperature of Sasobit is about 115 °C. Sasobit increases the
viscosity when the temperature falls below the melting point [56]. Based on these results,
the rotary viscosity values at 115 °C and above were chosen for subsequent analysis of the
flow activation energy and mixing-compaction temperature of the test samples.

4.8

4.4 ] —&— Base asphalt
] —o— 38

4.0 —4A—355B

164 —v—3S10B
1 ——3515B

3.2 1 3520B

!\J
oo
1

Viscosity / Pa's
[S*)
N
1

v I v I v I N I v 1 ’ I I
100 110 120 130 140 150 160 170 180
Temperature / °C
Figure 8. Viscosity-temperature curves of asphalt.

3.3.2. Flow Activation Energy

The flow activation energy (E;) represents the energy required to overcome the action
of surrounding molecules when the macromolecule leaps to the cavity. The larger the
energy, the more sensitive the viscosity is to changes in temperature. Furthermore, as E;
decreases, the fluidity of the fluid becomes better. In other words, a greater E, suggests
that viscosity is more temperature-dependent. Equation (8) shows how to derive the flow
activation energy from the Arrhenius equation [57].

n=A-eb/f 8)

)

~l =

Iny = InA E’?x
ny = In +f
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where, the viscosity of rotation (in Pa-s) is denoted by 7, while T (in Kelvin) represents
the temperature, and R (8.314 ] /(mol-K)) represents the molar gas constant. Asphalt flow
activation energy (kJ/mol) is represented by E, and A denotes the regression coefficient.

Considering the Arrhenius equation’s logarithm on both sides, we can obtain Equation (9),
which is then fitted to the data (as shown in Figure 9). The resulting slope can be used to
calculate E;. Table 6 displays the fitted variables. According to the findings of the fitting,
the Arrhenius equation can well characterize the link between the rheological characteristics
and energy (temperature) of the BCMWMA, as evidenced by the correlation coefficient (R?)
of about 0.997. Furthermore, Sasobit reduces E; by 2.85% relative to matrix asphalt. This
means that Sasobit can lower the flow energy threshold of BCMWMA, so that the asphalt
molecules in warm mix asphalt require less energy to leap to cavities and are more likely to
leap, resulting in better flowability and lower viscosity on a macroscopic scale. Conversely,
the E;, of BCMWMA is larger than that of WMA.. This indicates that the addition of BRA
raises the energy threshold for the flow behavior of warm mix asphalt, resulting in poorer
flow and higher viscosity on a macroscopic scale. From the analysis of colloid theory, it
appears that BRA increases the dispersion medium and reduces the dispersed phase by
absorbing some lighter components while increasing the asphaltene content, which in turn
leads to an increase in BCMWMA viscosity and a decrease in asphalt fluidity.

B Base asphalt
14 ® 38
A 3S5B
V¥ 3S10B
¢ 3S15B
3S20B
0 -
©n
<
A
~ -1
—
£
=
-2
-3
T T T T T T T T
0.00220 0.00231 0.00242 0.00253 0.00264

1/T/K™

Figure 9. Fitting results of Arrhenius equation.

Table 6. Fitting parameters of Arrhenius equation.

Asphalt Fitting Line R? Slope (E;/R) E; (kJ/mol)
Base asphalt Y =7247.31x — 18.73 0.998 7247 .31 60.25
35 Y =7040.45x — 18.76 0.997 7040.45 58.53
3S5B Y = 7354.69x — 19.08 0.997 7354.69 61.15
3510B Y =7554.68x — 19.36 0.997 7554.68 62.81
35S15B Y =7689x — 19.52 0.997 7689 63.93

3520B Y =7866.74x — 19.5 0.997 7866.74 65.4
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3.3.3. Effect of Warm Mixing

To better compare the impact of BRA on the WMA, the manufacturing temperatures
of samples were calculated in this study. This was accomplished by fitting the rotational
viscosity of the measured samples using Saal’s equation (shown in Equation (10)) in ASTM
D2493 [58]. Figure 10 displays the fitting curves, while Table 7 displays the fitted values.
Subsequently, using rotational viscosities of 0.17 £ 0.02 Pa-s for mixing and 0.28 & 0.03 Pa-s,
for compaction. Table 8 presents the outcomes.
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Figure 10. The fitting results of Saal’s equation.

Table 7. The fitting result of viscosity temperature curves via Saal’s equation.

Asphalt Equation Slope R?
Base asphalt Y =8.64 — 3.15x 3.15 0.986
3S Y =9.2 — 3.38x 3.38 0.983
3S5B Y =8.88 — 3.25x 3.25 0.989
3510B Y =8.83 — 3.22x 3.22 0.981
3515B Y =878 — 3.2x 3.2 0.984
3520B Y =8.37 — 3.03x 3.03 0.999

Table 8. Mixing and compaction temperature of the asphalt specimens (°C).

Types Base Asphalt 3S 3S5B 3510B 3S15B 3S20B
Mixing temperature 150.6-156.9 137.7-143.3 148.1-154.1 153-159.1 156.6-162.8 168.3-175
Compaction temperature 138.8-143.8 127-131.5 136.6-141.5 141.3-146.3 144.8-149.8 155.5-160.9

The fitting findings demonstrate that Saal’s formula accurately describes the viscosity
temperature relationship, as evidenced by the high correlation coefficients (greater than
0.98) for all asphalt samples. Related literature [59,60] pointed out that the absolute slope
value of the fitting formula could assess the temperature susceptibility of the test samples.
As indicated in Table 7, the slope of WMA is the highest among all test temperatures,
with the slope of 35 being 7.3% more than the basic asphalt’s slope. This is due to the
full melting of the warm agent at the test temperature and the increase of the lightweight
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component. Meanwhile, the slope of BCMWMA decreased by 3.85%, 4.73%, 5.33%, and
10.36%, respectively, with an increasing BRA admixture compared to 35, indicating that the
sensitivity of WMA to temperature is greatly decreased by the BRA. This is due to the fact
that the addition of BRA requires higher energy for the movement of asphalt molecules,
which enhances the BCMWMA's thermal stability. This is in accordance with the softening
point test’s findings.

Based on the “Asphalt Mixture Modification Additives Part 5 Natural Asphalt”
(JTT_860.5-2014) standard [61], an indoor test with natural asphalt modified with No.
70 or No. 90 asphalt preparation mix specifies a mixing temperature of 170-180 °C and a
compaction molding temperature of 160-165 °C. All asphalt specimens in this study meet
these specification requirements, with the warm mix effect decreasing as the BRA dosage
increases. Specifically, the mixing temperature of the 35 sample was reduced by approxi-
mately 13 °C and the compaction temperature was reduced by about 12 °C, relative to the
base asphalt. The mixing temperature of the BCMWMA was reduced by about 21.9 °C,
17 °C, 13.4 °C, and 1.7 °C with increasing blending quantity compared to the parameters
stated in the specification (all taken as the lower limit of temperature), and the compaction
temperature was reduced by 23.4 °C, 18.7 °C, 15.2 °C, and 4.5 °C, respectively. These
findings reveal that the BCMWMA has a significant warm mix effect when the amount of
BRA does not exceed 15 wt%.

Iglg (17(T) x 1000) = n — m x 1g(T 4 273.13) (10)

where, 1 denotes the intercept; 17(T) denotes the viscosity at T degrees Celsius, Pa-s; T is
the temperature, °C; and m denotes the slope.

3.4. Rheology Properties of BCMWMA
BBR Test Results

Figures 11 and 12 display the S and m values of the different asphalt samples. The
rigidity modulus of warm mix asphalt increases and the creep rate decreases compared
to the base asphalt. Moreover, as the amount of BRA admixture increases, the stiffness
modulus of the BCMWMA tends to increase, while the creep rate has the opposite trend,
compared to warm mix asphalt. Another trend observed across all test samples is the
reduction in creep rate and the rise in stiffness modulus as the test temperature decreases.

600
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a
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3 ==
E
83004 - - —— - mm e —m—— o — 8 By
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-6 -12 -18 —24

Temperature (°C)

Figure 11. Stiffness modulus of asphalt samples.
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Figure 12. M-value of asphalt samples.

At temperatures of —12 °C and above, all asphalt stiffness modulus and creep rates
meet the specification requirements, with stiffness modulus values below 300 MPa and
creep rates greater than 0.3. However, at —18 °C, only the stiffness modulus of sample
3520B did not meet the requirement, while all other samples had a stiffness modulus below
300 mPa, but none of them had the required m value. At —24 °C, all tested samples failed.
These results indicate that BRA reduces the cold resistance of WMA and the higher the
doping amount the worse the low temperature performance, which aligns with the ductility
test findings. The BBR test results show that the lowest temperature at which BRA meets
the requirement is —12 °C.

3.5. Temperature Sweep Test Results

Two quantitative measured values of the temperature-dependent rheological proper-
ties of asphalt are the G* and J, which are computed using DSR. More asphalt rigidity is
indicated by a larger G* value, and the proportion of resilience to stickiness is shown by 6,
with smaller phase angles indicating a larger proportion of elastic components.

Figures 13 and 14 depict the samples’ G* and ¢ tested at different temperatures. The
results reveal that the values indicate a tendency in the opposite direction: the samples’
G* decrease significantly with rising temperature. The addition of warm agent raises
complex modulus while lowering phase angle relative to the base asphalt. Furthermore,
the G* of the BCMWMA continuously rises, while the § steadily falls, with increasing BRA
content relative to warm mix asphalt. These results imply that the Sasobit increases the
deformation resistance and resilience of the matrix asphalt, while adding the BRA modifier
further strengthens the deformation resistance of WMA.
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Figure 14. Temperature scan results at 30~80 °C.

The rutting factor is a parameter used to evaluate high-temperature anti-distortion,
with larger values indicating stronger deformation resistance. Figure 15 demonstrates
that when the temperature rises, the rutting factor for all of the samples drops noticeably.
However, adding Sasobit raises the rutting factor of the raw asphalt, as confirmed by the
findings of the rotational viscosity test. Additionally, the addition of BRA further improves
the rutting factor due to the higher asphaltene content of the BRA modifier, which absorbs
the lighter components of WMA and improving the rigidity of BCMWMA, thus enhancing
the deformation resistance of the asphalt.
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Figure 15. The result of the rutting factor (30~80 °C).

3.6. Frequency Sweep Test Results

Figures 16 and 17 show, respectively, the results of each test sample’s G* and ¢ at
various temperatures. Figures reveal that the G* of the same test specimen decreases with
temperature increase, whereas the J increases. Furthermore, the G* of the test specimens
increase with BRA doping at the same test temperature, while the § shows the opposite
trend. These observations are consistent with the temperature scan results. Additionally,
the phase angle rises with frequency increase whereas the complex modulus decreases at
the same test sample and the same temperature.
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Figure 17. Results of phase angle of frequency sweep test at different temperatures.

3.7. MISCR Test Results

The strain evolution of asphalt samples was analyzed at various stress levels at 58 °C,
and Figure 18 depicts the outcomes. The study found that the base asphalt accumulated
the most strain, whereas with increasing BRA content, the accumulated strain of the

BCMWMA has fallen steadily. Therefore, the use of BRA increased the WMA's rigidity and
rutting resistance.
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Figure 18. The creep and recovery curves of the asphalt samples at 58 °C: (a) 0.1 kPa, (b) 3.2 kPa.

To illustrate the creep recovery properties of test specimens, the parameters R, J,» and
Jur—aifs are calculated. Generally, higher R and ], values indicate better creep recovery
and poorer rutting resistance, respectively. While higher [, _4;¢s values suggest greater
stress level effects on the amount of the J,,.

The study found that the BRA positively affected the asphalt creep recovery rate at
different load levels (0.1 kPa and 3.2 kPa), as depicted in Figures 19 and 20. The creep
recovery rate of the specimens tested at both stress levels increased gradually as the BRA
admixture increased, while the [, decreased. This shows that the BRA modifier enhanced
WMA's resistance to rutting. Specifically, 3520B showed a 133% increase in R3 and a 38.8%
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decrease in Jy32 compared to 3S. The maximum value of [, _4ifs of the samples tested
in this study was 23.92% of that of the 35 sample, which is much less than the maximum
allowable value of 75% of ASTM D7405-15 [62]. The warm agent improved the stress
sensitivity of BCMWMA, and with the increase of BRA doping, the J,;, 4ifs of the test
sample gradually decreased. Moreover, 3520B’s J,,,_4iss showed the largest decreasing
gradient, which was 28.93% lower than 3515B and 35.91% lower than 3S samples. This
indicates that the BRA reduced the stress sensitivity of WMA. This may be because the
incorporation of BRA narrowed the gap of asphalt molecular chains, and at higher stress
levels, external stresses acted more on the asphalt molecular chains, making it easier for
WMA to produce recoverable deformation, which in turn improved the elastic properties
of the tested samples. The improved elasticity and stiffness reduced the stress sensitivity of
WMA. Meanwhile, the study also found that the BRA improved the viscosity and rigidity of
asphalt, as shown by the findings of the temperature scan test. This enhancement ultimately
made modified warm mix asphalt more resistant to rutting at high temperatures.
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0.1 kPa
[3.2kPa 6.8

~
1

=)
1

W
1

w
1

Creep recovery rate (R) / %
[’} ~
1 1

Base asphalt 3S 3S5B 3S10B 3S15B 3S20B
Modified binders

Figure 19. The results of creep recovery rate.
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Figure 20. The results of the non-recoverable creep compliance and the percent difference of it.
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Finally, the AASHTO M332 standard also states that the amount of traffic on the road
should be taken into account when choosing an asphalt binder. Standard traffic load (S),
high traffic load (H), extremely heavy traffic load (V), and extra-heavy traffic load (E) are
the four categories for traffic levels. Table 9 displays traffic volume and J,, — 3.2 kPa
specifications. From Figure 20 and Table 9, it can be observed that the [, — 3.2 values of the
base asphalt, 3S, 3S5B, and 3510B are 2.9 kPa, 2.59 kPa, 2.23 kPa, and 2.01 kPa, respectively.
These values are all below 4.5 kPa but greater than 2 kPa, indicating that they can withstand
the standard traffic load. Furthermore, the J,,, — 3.2 values of 3515B and 3520B are 1.86 kPa
and 1.58 kPa, respectively, which are below 2 kPa but greater than 1 kPa. This suggests that
they are capable of withstanding the heavy traffic load of 58 °C.

Table 9. The traffic levels and J,;» — 3.2 kPa requirements.

Traffic Levels S H A% E

Jnr —3.2KkPa <45 <2 <1 <0.5

4. Conclusions

Investigating the micromechanism and rheological characteristics of BRA and Sasobit
composite modified asphalt was the goal of this research. To achieve this, several exper-
iments were conducted. The physical and chemical properties, conventional properties,
viscosity-temperature properties, rheological properties and storage stability of BCMWMA
were investigated using SEM, FTIR, RV, DSR and BBR. Based on these experiments, the
following conclusions were drawn:

(1) The FTIR spectral test results did not show any new characteristic peaks, indicating
that the composite modification process involves physical co-mingling. The complex
morphological characteristics of BRA particles are favorable for binding with asphalt,
but the increase in BRA doping leads to enhanced ash agglomeration, which is
unfavorable for the stability of the three-phase system in BCMWMA.

(2) BRA reduced the ductility and penetration of WMA while increasing the viscosity and
softening point. Furthermore, it negatively affected the storage stability of BCMWMA.
However, doping amounts below 15 wt% indicate the existence of a suitable dosing
for a multi-phase equilibrium.

(3) BRA can enhance the high-temperature viscosity of WMA and increase the energy
threshold required for to occur, while reducing the temperature sensitivity of WMA.
BCMWMA, with BRA dosing at 15 wt% and below, exhibits a noticeable warm
mixing effect.

(4) The higher the BRA doping, the poorer the low-temperature performance becomes.
The maximum allowed doping of BRA to meet the specification is 15 wt%, with a low
temperature threshold of —12 °C. BRA enhances the stiffness of WMA across a wide
temperature range and frequency domain. BCMWMA meets the requirements for
standard traffic and heavy traffic loading according to the AASHTO M332 standard.
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