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Direct coal liquefaction residue (DCLR), a byproduct of the coal-to-oil process,
poses a significant challenge for resource recycling and high-value utilization.
Research has found that DCLR performs well in high temperature performance,
but its shortcomings in low temperature performance remain a key issue limiting
its widespread application. This research employs a composite modification
approach, using DCLR as the primary material and incorporating SBS, rubber
powder, aromatics oil, plasticizers, and stabilizers to prepare DCLR high-
viscosity modified bitumen. The optimal formula was determined as 6% Styrene-
Butadiene Styrene block copolymer (SBS) + 5% DCLR + 3% Dibutyl phthalate
(DBP) + 10% rubber powder + 4% aromatics oil + 0.15% stabilizer. Performance
tests showed that the rutting factor of the DCLR high-viscosity asphalt was 59.8%
higher than that of the LT high-viscosity asphalt, and the G*/sind value after
Rolling Thin Film Oven Test (RTFOT) aging had the smallest increase, confirming
its excellent high-temperature rut resistance and resistance to short-term aging.
The zero-shear viscosity (ZSV) values obtained by fitting the Carreau model
indicated that within the temperature range of 46°C-64°C, the ZSV values of
the DCLR modified asphalt were 1-2 orders of magnitude higher than those
of the control samples, and the asphalt still maintained stable viscoelasticity
at high temperatures (64°C), demonstrating its outstanding interfacial bonding
performance. The bending beam rheometer (BBR) test results showed that the
creep stiffness modulus of the three asphalts decreased while the creep rate
increased, and the creep stiffness and creep rate had an approximate exponential
relationship with temperature. Under the same temperature conditions, the
stiffness modulus and creep rate of the DCLR high-viscosity asphalt were
not significantly different from those of the Lutai (LT) high-viscosity asphalt,
indicating its relatively good low-temperature crack resistance. Fluorescence
microscopy results revealed that the DCLR system formed a stable three
dimensional colloidal skeleton structure between the modifier molecules and
the asphaltenes, which is the fundamental reason for its superior performance
and low-temperature properties compared to the LT high-viscosity asphalt.

DCLR high-viscosity asphalt, optimal formula, rutting factor, zero-shear viscosity,
fluorescence microscopy
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1 Introduction

Under the background of implementing the “Transportation
Power” strategy, China’s high-grade highway construction is facing
the dual challenges of a large proportion of heavy-duty traffic
and a significant increase in traffic volume. The demand for
high-viscosity asphalt with excellent temperature stability in road
engineering construction is growing. However, traditional modified
asphalt faces a contradiction between performance improvement
and cost control, and this technological predicament forms a
strategic coupling point with the problem of coal chemical solid
waste disposal: direct coal liquefaction residue (DCLR), as a typical
coal-based solid waste, has significant synergistic potential with
the upgrade of road asphalt materials in terms of its solid waste
disposal needs.

The solid-liquid separation process of direct coal liquefaction
technology generates substantial by-products, accounting for
approximately 30% of the original coal mass, which are referred
to as DCLR (Sun et al., 2017). Conventional disposal methods pose
significant environmental risks: open-pit storage can result in the
migration of polycyclic aromatic hydrocarbons and heavy metals
via leaching, while incineration treatment generates persistent
pollutants such as dioxins. With the increasing global demand
for clean energy and sustainable materials, DCLR has garnered
significant attention due to its high carbon content and modification
potential (Ji et al, 2023a; Zhang et al., 2016). DCLR exhibits
a high content of asphaltenes and resins, coupled with a low
content of saturated and aromatic components, enabling it to
effectively enhance the high-temperature performance of asphalt.
Furthermore, it can increase the viscosity of modified asphalt to
a degree that meets the requirements for high-viscosity asphalt
preparation. Remarkably, the nitrogen- and sulfur-containing
(N/S) polar functional groups in DCLR significantly enhance
the interfacial bonding strength between asphalt and silicate
aggregates. This dual attribute of “solid waste-resources” represents
an innovative breakthrough in addressing both the performance
limitations of road materials and the challenge of coal-based solid
waste disposal, and has emerged as a prominent research focus in
the field of asphalt pavement materials.

DCLR can significantly enhance the high-temperature rutting
resistance of asphalt mixtures through physical or chemical
modification. Numerical simulations and dynamic creep tests
reveal that DCLR modified asphalt mixtures exhibit markedly
reduced rut depth compared to conventional mixtures, indicating
superior deformation resistance (Ji et al., 2021a). Furthermore,
composite modification techniques (e.g., synergistic use of SBS
and aromatic oil) substantially improve the high-temperature
rheological properties of DCLR modified asphalt, with an optimal
composition of 9% DCLR + 4% SBS + 2% aromatic oil delivering
the best rutting resistance (Li et al., 2022). The high-temperature
deformation characteristics of DCLR-modified asphalt were
successfully simulated and experimentally validated using a
second-order corrected Burgers rheological model, with prediction
deviations confined to less than 5% (Ji et al., 2021b).

Studies also demonstrate that fly ash and DCLR increase the
viscosity, rutting resistance, elasticity, and permanent deformation
resistance of asphalt mastic while reducing its temperature
sensitivity (Jianming et al., 2020). However, these additives may
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adversely affect the low-temperature and fatigue performance of
the mastic (Zhechao et al., 2024). Incorporating modifiers such
as benzaldehyde and DOP during compounding can elevate the
asphalt’s solubility parameter, thereby minimizing the solubility
parameter difference between asphalt and the DCLR system. This
enhances their compatibility and improves the overall performance
of DCLR modified asphalt (Ji et al., 2023b). Additionally, DCLR
improves the bonding capacity of asphalt mastic when used as a
fine aggregate, strengthening load transfer. In asphalt mixtures,
DCLR functions dually as both a skeleton and a filler (Jie et al.,
2021). Thermal loading dominates over mechanical stress in
governing rutting resistance, while DCLR-modified asphalt
demonstrates negligible sensitivity to both temperature fluctuations
and loading variations, highlighting its superior thermomechanical
stability (Ji et al., 2024b).

Although DCLR excels in high-temperature performance,
its shortcomings in low-temperature performance remain a key
issue limiting its widespread application. Studies have found that
increasing the DCLR content can lead to an increase in the low-
temperature creep compliance of asphalt and a decrease in crack
resistance (Li et al., 2022). Researchers have attempted to enhance
low-temperature performance through composite modification.
For instance, adding 3% dioctyl maleate or a combination of
2% SBS and 15% rubber powder can approximately double the
low-temperature ductility of DCLR modified asphalt. It meets
the technical requirements of SBS modified asphalt (Ji et al.,
2019). Furthermore, physical hardening effect analysis reveals that
under low-temperature conditions, the number and morphology
of the “beehive structure” of DCLR modified asphalt decrease.
However, silane coupling agents and other expansion agents can
effectively inhibit the deterioration of the microstructure (Ji et al.,
2021c). Molecular dynamics simulations further demonstrate that
expansion agents can significantly enhance the compatibility
between asphalt components and DCLR by reducing the solubility
parameter difference between the two. Among these, the synergistic
effect of benzyl alcohol (BA) and DOP proves to be the most
effective (Ji et al., 2024a). Beyond traditional asphalt mixtures, the
application potential of DCLR in recycled materials and innovative
pavement systems has gradually emerged. For example, when DCLR
replaces mineral powder or serves as a geopolymer filler, it can
enhance the dynamic stability and shear resistance of emulsified
asphalt mixtures (Yang et al., 2024).

Building on previous research findings, a systematic
investigation of the performance optimization paths of DCLR
modified asphalt at multiple scales is required, with a focus on
addressing its low-temperature performance deficiencies and
insufficient adaptability to complex environments. While research
on the application of DCLR in high-viscosity modified bitumen
is relatively limited, this study aims to fill this gap. By leveraging
the high-viscosity characteristics of DCLR, this research employs
a composite modification approach, using DCLR as the primary
material and incorporating SBS, rubber powder, aromatics oil,
plasticizers, and stabilizers to prepare DCLR high-viscosity modified
bitumen. Through comprehensive basic performance tests, the
optimal formulation was identified. Furthermore, advanced testing
techniques such as dynamic shear rheometry (DSR), BBR and
fluorescence microscopy were utilized to evaluate the high- and low-
temperature rheological properties, as well as the microstructural
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characteristics of the DCLR high-viscosity bitumen. These findings
provide valuable theoretical support for enhancing the resource
utilization of coal-based solid waste and advancing the green
transformation of road engineering.

2 Materials and methods
2.1 Materials

2.1.1 DCLR

The chemical composition of DCLR comprises 34%~37%
heavy oil, 17%~22% asphaltenes, and a combined fraction of
43%~46% pre-asphaltenes and tetrahydrofuran insoluble (THFI),
with corresponding thermomechanical performance parameters
quantitatively summarized in Table 1.

2.1.2 Other additives

During the preparation process of DCLR high-viscosity asphalt,
a star-shaped SBS modifier (YH-602T) produced by Sinopec Baling
Petrochemical Company was adopted, which conforms to the
specifications of “Thermoplastic elastomer styrene butadiene block
copolymer (SBS)” (SH/T 1610). SBS technical indicators are shown
in Table 2. Furthermore, 40-mesh rubber powder has been chosen
to enhance the high-temperature performance, elastic recovery,
and aging resistance of modified asphalt. The primary technical
specifications are outlined in Table 3. The critical physicochemical
parameters of 4# Aromatic Oil are systematically detailed in
Table 4. This specific aromatic oil promotes the development of
stable colloidal microstructures, ultimately enhancing the low-
temperature flexibility of asphalt binders. Plasticizers do not
chemically react with polymers and can improve the flexibility and
tensile strength of modified asphalt without altering its fundamental
chemical properties. This study did not employ benzaldehyde or
DOP additives utilized in prior research due to their high costs
and adverse environmental impacts. Instead, a more stable, cost-
effective, and eco-friendly material combination of dibutyl phthalate
(DBP) and aromatic oil was adopted. DBP, a plasticizer with its key
physicochemical properties summarized in Table 5, was employed
to tailor the rheological behavior of the asphalt binder. In the
preparation of high viscosity modified asphalt, benzaldehyde is
usually added to improve the compatibility between the modifier
and the asphalt, and to enhance the low-temperature performance of

TABLE 1 Performance of DCLR.

10.3389/fbuil.2025.1619524

high viscosity modified asphalt. In addition, stabilizers (provided by
Fuhua Chemical Co., Ltd.) were used to improve the storage stability
of DCLR modified asphalt.

2.1.3 Control group matrix asphalt and LT
high-viscosity asphalt

Haiyun 90# matrix asphalt and Lutai (LT) high-viscosity asphalt
(produced by Erdos Lutai highway engineering Co., Ltd. and
its main components include matrix asphalt, viscosity-enhancing
additives, plasticizers, rubber powder, etc.) were used as control
groups for performance evaluation. LT high-viscosity asphalt was
selected as the control material because it represents the industry
benchmark for drainage pavement applications. Its balanced
performance in high-temperature stability and low-temperature
crack resistance provides a critical reference for evaluating whether
DCLR-modified asphalt meets practical engineering requirements.
Furthermore, LT asphalt’s commercial availability and standardized
formulation ensure data comparability, unlike lab-blended or
region-specific high-viscosity alternatives. Their basic technical
parameters are shown in Table 6.

2.2 Preparation of DCLR high-viscosity
asphalt

The DCLR high-viscosity modified asphalt was fabricated
following the optimized synthesis procedure depicted in Figure 1,
involving controlled thermal conditioning and high-shear mixing to
ensure homogeneous dispersion of coal liquefaction residue within
the asphalt matrix.

2.3 Test methods

2.3.1 DSR test

The high-temperature rheological characteristics of DCLR high-
viscosity asphalt were characterized through DSR measurements
performed on a Discovery HR-1 rotational rheometer (TA
Instruments, New Castle, DE) equipped with 25-mm parallel-plate
geometry. A standardized testing configuration was maintained with
a plate gap distance of 1 mm throughout the experimental protocol,
consistent with ASTM specifications for asphalt material analysis.
The temperature range was set from 46°C to 100°C, with intervals

Technical indicators ‘ Density/(g/cm®)  25°C penetration/(0.1 mm) ‘ 10°C ductility/cm  Softening point/°C

Test Results ‘ 1.24

TABLE 2 Basic properties of SBS.

Grade | Structure Volatile Ash content/%

matter/%

‘ 4,303 ‘ Star-shaped ‘ 0.07 0.10

Tensile
elongation
rate/%

300% stress at a
given
elongation/MPa

Bound styrene
content/%

30.20 3.40 650
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TABLE 3 Chemical properties of rubber powder.

Acetone extract

Chemical composition

Rubber hydrocarbon

10.3389/fbuil.2025.1619524

Carbon black Ash content

Measured Mass Fraction/% 12.05

56.12 29.51 3.82

Specified Mass Fraction/% <16

248 228 <8

TABLE 4 Technical indexes of 4# aromatic oil.

Technical indicators Kinematic

viscosity/(m?/s)

Open cup flash
point/°C

Density/(kg/m?) Aromatic content/%

Test Results 23

210 1.08 85

TABLE 5 Basic properties of plasticizer DBP.

Technical indicators Purity (%) Flash point (°C) Density (g/cm?) Moisture (%)
Test Results 99.2 160 1.0464 0.024
TABLE 6 Basic technical parameters of control group asphalt.
Technical indicators ‘ Matix asphalt LT high-viscosity asphalt
25°C Penetration/(0.1 mm) 89.7 65.1
Softening Point/°C 45.2 95
5°C Ductility/cm 11.9 42.8
Dynamic viscosity/pa-s - 284,109
Softening spreads/°C -- 1.9

of 6°C, and the loading frequency was varied from 0.1 to 100 rad/s.
The rutting factor (G*/sind) was used as an evaluation index for the
high-temperature performance of the asphalt; the temperature at
which G*/sind reaches or exceeds 1 kPa was defined as the critical
temperature.

Asphalt viscosity exhibits stabilization at extreme shear rates.
Zero shear viscosity (ZSV') describes the steady-state viscosity value
of a material at extremely low shear rates (shear rates approaching
zero). It reflects the flow characteristics of materials in a static
or near static state, and is a key parameter for characterizing the
entanglement of long-term relaxation behavior of polymer fluids.
For asphalt polymer materials, a higher ZSV value indicates a more
stable material structure. Research indicates that an elevation in the
ZSV value is associated with an improvement in rutting resistance
(Lihan etal., 2010). Among rheological models, the Carreau-derived
ZSV demonstrates optimal correlation with field performance,
establishing it as a reliable evaluation metric (Meng et al., 2008).
This study employed a simplified Carreau equation (Equation 1) to
quantify ZSV across asphalt formulations. Additionally, the ZSV was

Frontiers in Built Environment

utilized to characterize the high-temperature rheological behavior
of DCLR high-viscosity asphalt.

= —n (1)
[1+(DY]T

In the equation, 7 is the viscosity, 7, is the zero shear viscosity,
A is the characteristic time of the material, and ¢ is a constant used
to describe the law of viscosity change of asphalt fluid at different
shear rates.

2.3.2 BBR test

The SYD-0627 asphalt bending beam rheometer was used to
conduct the tests at temperatures of —12°C, —18°C, and —24°C.
The creep stiffness modulus S was obtained to evaluate the ability
of DCLR high-viscosity asphalt to resist permanent deformation,
while the creep rate m was used to assess its stress relaxation
properties. Additionally, the control criteria recommended by the
SHRP program, which are a creep stiffness S < 300 MPa and a creep
rate m > 0.3, were applied as evaluation standards.
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2.3.3 Fluorescence microscopy

A Nexcope NE910-FL fluorescent microscope was used to
analyze the micro-morphological characteristics of DCLR high-
viscosity asphalt, focusing on the uniformity of the high-viscosity
modifier distribution and the phase separation state.

3 Results and discussion

3.1 Development of high-viscosity asphalt
formula utilizing DCLR

Based on a large number of preliminary basic experimental
research, the additions of SBS modifier, DCLR modifier, and
plasticizer DBP (all as a percentage of asphalt mass) were
determined. The dosage of SBS, DBP plasticizer, and other
plasticizers was fixed, while the optimization of aromatic oil
and stabilizers required fine-tuning on the established main
framework. This approach avoids the coupling effects of multiple
variables and ensures comparability with the control group.
Considering the low-temperature performance and storage stability
of high-viscosity asphalt, different amounts of aromatic oil and
stabilizer were incorporated into the formulation, resulting in
the development of four formulations, as illustrated in Figure 2.
Furthermore, optimization was achieved through basic asphalt
performance tests, 60°C dynamic viscosity measurements, and
storage stability assessments, ultimately establishing the optimal
DCLR high-viscosity asphalt formulation. The experimental results
are summarized in Table 7.

Frontiers in Built Environment
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Through comparative analysis of key parameters, it was found
that the F3 group modified asphalt met the specification limits in
core indicators, including 60°C dynamic viscosity (107,824 Pa-s),
and softening point (95.3°C). The
group achieved a peak ductility of 31.0 cm, with a softening

penetration (46.20 mm),

point difference of 1.6°C, significantly lower than the standard
threshold of <2.5°C. Experimental data indicate that the modifier-
asphalt system of this formulation exhibits good compatibility,
characterized by a stable blend phase and outstanding anti-
2022). Based on these
performance advantages, the optimal formulation for DCLR high-
viscosity asphalt was finalized as: SBS 6%, DCLR 5%, DBP 3%,
rubber powder 10%, aromatic oil 4%, and stabilizer 0.15% (by mass).

segregation performance (Yang et al,

3.2 DCLR high-viscosity asphalt DSR test
results

3.2.1 Rutting factor (G*/Sind)
Figure 3 the
resistance (G*/sind) of asphalt samples before and after aging. The

illustrates temperature-dependent  rutting
data reveal a rapid decrease in rutting factor at low temperatures
(<50°C), followed by a pronounced decline above 60°C, eventually
stabilizing at elevated temperatures. This behavior stems from
thermally weakened intermolecular interactions in asphalt,
where increased viscous component dominance reduces elastic
modulus, culminating in a viscoelastic flow state. Notably, DCLR
modified high-viscosity asphalt consistently exhibited the highest
rutting resistance, with a 42.6% average enhancement in G*/sind
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FIGURE 2
DCLR high-viscosity asphalt formula.
TABLE 7 Test results of fundamental performance properties for DCLR high-viscosity asphalt.
Test Index F1 F2 F3 F4 Technical Indicators
25°C Penetration/0.1 mm 49.5 42.5 46.2 55.6 40-80
Softening Point/°C 88.1 91.5 95.3 98.6 >85
5°C Ductility/cm 30.4 25.8 31.2 234 >30
60°C Dynamic Viscosity/pa-s 78,336 88,302 107,824 150,832 >20,000
48h Softening Point Difference/°C 5.0 2.0 1.6 3.1 <2.5

over matrix asphalt, highlighting its superior high-temperature
performance retention after aging.

Using 46°C as a representative evaluation temperature, all
asphalt samples exhibited a marked enhancement in rutting
resistance (G*/sind) after RTFOT aging, with an average increase of
66.7%. This hardening behavior correlates with the compositional
evolution occurring during aging: light components (saturates and
aromatics) progressively transform into heavy fractions (resins
and asphaltenes), thereby restructuring the viscoelastic network.
Significantly, although aging modified the absolute G*/sind
values, the characteristic exponential thermal decay behavior
maintained structural congruence with pristine counterparts,
thereby validating the retention of intrinsic temperature-rheological
coupling mechanisms. Compared with the corresponding original
asphalt, the G*/sind of LT high-viscosity asphalt and DCLR high-
viscosity asphalt increased by 104.5% and 62.6% respectively after

Frontiers in Built Environment

Pressure Aging Vessel (PAV, according to AASHTO R 28) aging.
DCLR high-viscosity asphalt exhibits superior aging resistance
compared to LT high-viscosity asphalt, attributed to the enhanced
anti-aging performance derived from DCLR’s high aromaticity and
colloidal stability.

3.2.2 Zero shear viscosity (ZSV)

Frequency sweep analyses were performed on matrix asphalt,
DCLR modified high-viscosity asphalt, and LT-modified asphalt to
quantify their viscoelastic responses. Nonlinear regression using the
simplified Carreau model (Equation 1) enabled determination of
zero shear viscosity (n,) and model fidelity (R?) across temperature
regimes. The derived rheological parameters, systematically
compared in Table 8, reveal distinct temperature-dependent viscous
behaviors among the formulations.
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Rutting factor of different asphalt before and after aging.

Temperature/°C

TABLE 8 Carreau models fitting results of different asphalt.

Temperature/°C Matrix asphalt DCLR high-viscosity asphalt LT high-viscosity asphalt
Zero shear viscosity Zero shear viscosity R? Zero shear viscosity R?
(no)/Pa-s (10)/Pa-s (no)/Pa-s
46 3,420.8 0.9873 3,442,104,408.2 0.9998 875,385,055.9 0.9997
52 1,401.2 0.9729 1,252,585,496.1 0.9999 463,383,545.0 0.9999
58 1750.1 0.9871 168,004,796.7 0.9999 14,014.6 0.9999
64 501.9 0.9782 18,417.2 0.9998 5,695.1 0.9995
70 2175 0.9881 8,164.1 0.9997 2,677.4 0.9996
76 147.7 0.9249 4,192.4 0.9994 1,623.6 0.9993
82 453 0.7301 2,381.2 0.9994 707.4 0.9994
88 243 0.8547 360,670.6 0.9967 346.7 0.9962
94 322 0.8905 649.7 0.9977 159.8 0.9950
100 13.4 0.6339 3357 0.9956 77.8 0.9917
As evidenced by Table 8, matrix asphalt exhibits marked thermal =~ demonstrating superior thermo-rheological stability ~despite

thinning of ZSV with rising temperatures. A critical viscosity
collapse occurs beyond 82 °C (R* < 0.95), signaling transition to
Newtonian flow dominance. In contrast, both DCLR- and LT-
modified high-viscosity asphalts maintain robust temperature
ZSV correlations (R*> > 0.99) across the 46°C-100°C spectrum,

Frontiers in Built Environment

progressive viscosity reduction.

The ZSV-temperature profiles (Figure 4) demonstrate distinct
rheological hierarchies among asphalt formulations. DCLR
modified high-viscosity asphalt displays the highest ZSV at
low temperatures (<52°C), correlating with superior rutting
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Variation law of ZSV of different asphalt.

resistance. While all systems exhibit viscosity reduction with rising
temperature, matrix asphalt shows minimal thermal sensitivity
compared to modified counterparts. This thermally driven
softening arises from molecular chain mobilization and weakened
intermolecular forces, as described by the Arrhenius-type flow
activation mechanism. Notably, when temperature exceeds a critical
transition temperature (approximately 70°C), the ZSV values of
the three asphalts stabilize, indicating that the asphalt enters a
Newtonian fluid state. In this state, viscosity is primarily governed
by the free volume theory, and the temperature’s effect on viscosity
diminishes, explaining the slowing down of viscosity changes in
the high-temperature region. The ZSV value of DCLR modified
asphalt is significantly higher than that of the control group, which
may be related to the multi-level ordered structure formed by the
stacking of polycyclic aromatic hydrocarbons, polar group bonding,
and entanglement of polymer chains in DCLR high viscosity
modified asphalt. Its essence is the synergistic enhancement effect
of molecular scale interactions.

3.3 DCLR high-viscosity asphalt BBR test
results

The trends of S and m values for various asphalts at different
temperatures are presented in Figure 5. Based on the low-temperature
rheological performance analysis, there exists a significant correlation
between the stiffness modulus S and the creep rate m of the
three asphalts under temperature changes: as temperature decreases,
the S value shows a monotonically increasing trend, while the m
value decreases. The base asphalt demonstrated non-compliant creep
stiffness (S = 378 MPa) at —18°C, exceeding the Strategic Highway
Research Program performance grading (PG) threshold (S<300 MPa)
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and exhibiting brittle fracture at —24°C, which demonstrates its failure
to satisfy the dual SHRP PG specifications (AASHTO M 320) requiring
concurrent fulfillment of S < 300 MPa and m > 0.3. In contrast, LT
high viscosity asphalt meets PG requirements (S = 275 MPa, m =
0.3339) at —24°C, and its low-temperature performance is superior to
DCLR modified asphalt. But the DCLR modified asphalt also meets
the relevant requirements at this temperature.

It can be observed that the low-temperature performance of DCLR
high viscosity asphalt before and after PAV aging is slightly lower
than that of LT high viscosity asphalt. Taking the stiffness modulus at
—18°C as an example, after PAV aging, the values for LT and DCLR
high-viscosity asphalts increased by 18.4% and 13.5%, respectively,
compared to the unaged original asphalt. Although DCLR high-
viscosity asphalt exhibits lower initial low-temperature performance
than LT high-viscosity asphalts, its performance degradation after
PAV aging is less pronounced. This divergence stems primarily from
two factors: (1) the aromatic oil modifier stabilizes the colloidal
structure via high-speed shear dispersion, ensuring homogeneous
DCLR distribution within the asphalt matrix; (2) such treatment
enhances asphalt’s stress relaxation capability, notably reducing
storage modulus. Meanwhile, SBS modifier forms a three-dimensional
network structure by absorbing soft components, which interacts with
rubber powder particles at the interface. This interaction creates a sub-
homogeneous composite system, with SBS serving as the dispersed
phase and DCLR as the continuous phase. The interface strengthening
effect between the DCLR modifier and the matrix material asphalt
results in the DCLR high-viscosity asphalt enhencinglow-temperature
and high-temperature performance.

Although the low-temperature performance of DCLR-modified
asphalt is slightly lower than that of LT asphalt, its significant unit
cost advantage and better social benefits. This triple advantage
of “low-cost-high-performance-environmental-friendly” makes
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Low-temperature rheological parameters of different asphalt. (a) Stiffness modulus of differen asphalt (b) Creep rate of differen asphalt.

DCLR have stronger market competitiveness in the application
of high-viscosity asphalt. DCLR high-viscosity asphalt incorporates
DCLR and rubber powder, with both raw materials for the modifier
being solid waste. Specifically, DCLR represents the unreacted
mixture produced during the direct coal liquefaction process,
featuring a relatively low recycling cost. By utilizing these two
types of solid waste materials concurrently, DCLR high-viscosity
asphalt not only mitigates environmental pollution but also
facilitates resource reuse, thereby possessing considerable social
and economic value.

3.4 DCLR high-viscosity asphalt
fluorescence microscope test results

To further investigate modifier distribution characteristics and
interfacial effects, the microstructural evolution of asphalt before
and after aging was characterized using fluorescence microscopy
(x800 magnification), as shown in Figure 6. The results indicate
that the original matrix asphalt exhibits a significant heterogeneous
distribution pattern in the unaged state, with clear phase separation
between fluorescent regions and dark areas (Figure 6A). After short-
term aging, the matrix asphalt system undergoes significant phase
recombination, characterized by an expanded fluorescent region,
an increased number and size of black particles, while maintaining
a discrete distribution pattern overall (Figure 6B). DCLR high-
viscosity asphalt demonstrates a unique structural advantage in
its original state: its micrograph reveals a network cementation
structure, forming a colloidal system dominated by a continuous
phase, as seen in Figure 6C. Notably, although short-term aging
leads to a particle coarsening phenomenon similar to that in the
matrix asphalt, the network skeleton of the DCLR system remains
structurally intact, as shown in Figure 6D. Compared to DCLR
modified asphalt and matrix asphalt, the original LT high-viscosity
asphalt has fewer fluorescent regions, which are more evenly
distributed and exhibit relatively better compatibility (Figure 6E).
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However, after short-term aging, the LT high-viscosity asphalt
shows an increase in fluorescent regions, presenting an overall
even distribution, but with poor structural integrity and worse
compatibility than DCLR modified asphalt.

Through comparison of the microstructural morphologies
of the three asphalt types, it is observed that both DCLR high-
viscosity asphalt and LT high-viscosity asphalt exhibit uniform
distribution and good compatibility. Additionally, the DCLR
high-viscosity asphalt can form a partial colloidal network
structure, demonstrating superior viscoelastic properties compared
to LT high-viscosity asphalt. This three-dimensional network
structure effectively inhibits the formation of microcrack defects,
corresponding to the reduction of “beehive structures” under low-
temperature conditions as described in the Introduction. However,
short-term aging affects the solubility of modifiers, leading to
compromised compatibility.

4 Conclusion

(1) Through comprehensive analysis of basic asphalt properties,
60°C dynamic viscosity, and segregation test results, the
optimal formulation of DCLR high-viscosity asphalt has been
determined as follows: 6% SBS, 5% DCLL, 3% DBP, 10% rubber
powder, 4% aromatic oil, and 0.15% stabilizer.

(2) Dynamic shear rheological tests on the three asphalt types
results demonstrate that DCLR high-viscosity asphalt exhibits
the highest rutting factor (G*/sind), indicating superior high-
temperature rutting resistance. After RTFOT aging, the mean
G*/sind values for matrix asphalt, LT high-viscosity asphalt,
and DCLR high-viscosity asphalt increased significantly by
117.6%, 57.6%, and 52.2%, respectively. These results confirm
that the conversion of light components to heavy components
enhances high-temperature stability and also highlight that
DCLR high-viscosity asphalt demonstrates good resistance
to short-term aging. Within the temperature range of
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FIGURE 6

Fluorescence microscope test results for different asphalt. (A) Original matrix asphalt. (B) Matrix asphalt after short-term aging. (C) DCLR high viscosity
asphalt in its original state. (D) DCLR high viscosity asphalt after short-term aging. (E) the original LT high-viscosity asphalt. (F) LT high viscosity asphalt
after short-term aging.

46°C-100°C, both DCLR high-viscosity asphalt and LT high- establishes a three-dimensional colloidal network skeleton
viscosity asphalt display better high-temperature stability, with structure through interactions between modifier molecules
DCLR high-viscosity asphalt achieving the highest ZSV value, and asphaltene, which fundamentally accounts for its superior
which reflects its superior high-temperature performance. viscoelastic properties and low-temperature performance
(3) With decreasing temperature, the low-temperature creep compared to LT high-viscosity asphalt. Furthermore, under

short-term aging, the modified asphalt systems experience

stiffness of asphalt decreases while the creep rate increases,
component migration and recombination. The DCLR sample

showing an approximate exponential relationship between )
demonstrates superior modifier compatibility, as evidenced by

creep stiffness, creep rate, and temperature. The various o A ) : ;
the minimal increase in rutting factor after aging.

modifiers in DCLR high-viscosity asphalt play different roles,
effectively enhancing the elasticity and plasticity of DCLR
high-viscosity asphalt, thereby significantly improving itslow-  Data availabi [|ty statement

temperature performance to reach a level comparable to that

of LT high-viscosity asphalt. The original contributions presented in the study are included in
(4) Both DCLR and LT high-viscosity asphalt exhibit outstanding  the article/supplementary material, further inquiries can be directed
component uniformity. The DCLR system, particularly, to the corresponding author.
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