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Although numerous studies have evaluated asphalt modifiers, systematic comparisons of multiple micro-
scale additives under an identical experimental framework remain limited. To address this gap, this study
analyzed the rheological performance and microstructural characteristics of asphalt binders modified with
four micro-material additives: fly ash (FA), cement (Ce), crumb rubber (Cr), and silica (Si). Particle size
reduction was carried out by milling, producing micro-scale particles, which were then blended with pure
asphalt pen 60/70 (PG-64) at dosages of 1–3%. Performance was evaluated using conventional physical tests,
rotational viscosity, Scanning Electron Microscope (SEM), and Dynamic Shear Rheometer (DSR) tests, including
temperature sweeps under three aging conditions: original, RTFO and PAV. Results showed that the micro-
material modifiers significantly affected the physical and rheological characteristics of asphalt binders, reducing
penetration values, raising softening points and enhancing viscoelastic performance across aging conditions.
Temperature strongly influences binder viscosity, with higher temperatures producing lower viscosity and
varying levels of temperature sensitivity among binders. The modified binders, including Cement (VCe), Fly
Ash (VFA), Crumb Rubber (VCr) and Silica (VSi) exhibited increased complex modulus (G∗) and reduced
phase angle (δ), indicating improved stiffness, structural stability, and elastic behavior. Rheological evaluation
further revealed that increasing temperature reduced rutting and fatigue performance, while modified binders
generally exhibited lower fatigue parameter (G∗ sin δ) values than the virgin binder, indicating enhanced fatigue
cracking resistance. The VCr mixture, particularly VCr-3, demonstrated the most effective improvement in
long-term fatigue resistance and elastic performance.
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1. Introduction

Permanent deformation is one of the most critical forms of
damage in flexible pavements. It occurs due to the accumu-
lation of plastic strain in the asphalt layer under repeated
traffic loads and high operating temperatures [1, 2]. This
condition causes decreased driving comfort, reduced road
user safety, and increased pavement maintenance costs
throughout its service life [3, 4]. The rutting phenomenon

is a primary indicator of structural fatigue in the surface
layer, where the viscoelastic behavior of the binder plays an
equally important role as the gradation and mixture struc-
ture characteristics [5, 6]. Microstructurally, the behavior
of the asphalt binder, which functions as a binding matrix
between aggregates, greatly influences permanent defor-
mation [7]. A binder with a good viscoelastic balance can
withstand strain at high temperatures and recover its shape
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after the load is released, whereas a binder with excessive
stiffness or low elasticity tends to exhibit irreversible plas-
tic flow [8, 9]. Several previous studies have shown that
the resistance of pavements to permanent deformation de-
pends not only on the aggregate gradation and mixture
density but is also greatly influenced by the binder’s basic
properties [10, 11].

Binder rheological characteristics and aggregate size dis-
tribution play a major role in determining rutting resistance
in asphalt layers [12]. Variations in binder type and stiff-
ness contribute significantly to the mixture’s ability to with-
stand plastic deformation [13]. A balanced viscoelasticity
enables it to withstand deformation at high temperatures
while maintaining elastic properties, enabling recovery af-
ter the load is removed [14]. For decades, asphalt quality
assessments across various specifications have relied on
conventional parameters such as penetration tests, soft-
ening point, and ductility [15, 16]. Therefore, analyzing
the relationship between binder rheology and permanent
deformation resistance is crucial for developing modern
pavement materials that are adaptive to extreme thermal
conditions and traffic loads [17].

Adding nanomaterials to modified asphalt can enhance
its performance at high temperatures and rutting resis-
tance [18]. Extensive research has been conducted on the
development of nanomaterial technology as additives in
asphalt mixtures. Haroon et al. (2024) conducted a study
incorporating silica nanomaterials at five doses (1–5% by
weight of bitumen) into 10% crumb-rubber (CR) modified
bitumen using a wet-mixing technique. The asphalt test re-
sults showed that this modification improved performance
against rutting and fatigue damage as the nanomaterial
content increased [19]. A higher percentage of nanomateri-
als increased the recovery rate and, at different stress levels,
could reduce non-recoverable creep compliance [20, 21].
Other studies have shown that adding nanomaterials to
asphalt mixtures can improve performance against perma-
nent deformation [22–24]. The incorporation of modified
crumb rubber and surfactants was reported to improve the
mechanical properties of asphalt binders [25]. In addition,
modifying rubberized asphalt with 3-triethoxysilyl propy-
lamine (3-tri) showed that the addition of 0.5% additive
enhanced its rutting resistance [26]. Increasing the crumb
rubber content increased viscosity while reducing pene-
tration and ductility. Based on the rutting resistance and
non-recoverable creep compliance (Jnr) results, a crumb
rubber content of 10% was identified as the optimum pro-
portion [27]. Crumb rubber-modified binders with higher
rubber proportions exhibited increased viscosity and a
lower risk of cracking damage under low-temperature con-

ditions [28]. Increasing the crumb rubber content in virgin
asphalt binders was found to raise the binder failure tem-
perature [29]. Asphalt mixtures modified with 1% and 2%
nano-silica (NS) and 1% nano-fly ash (NFA) were evalu-
ated and the results showed that the addition of 1% NS
increased the complex modulus (G∗) of the asphalt binder
and improved its rutting resistance compared with the con-
trol asphalt [30]. Most prior studies, however examined a
single modifier in isolation and under a limited range of
aging conditions, leaving little comparative evidence on
how chemically distinct materials perform under an iden-
tical protocol. Moreover, the literature rarely combines a
pozzolanic material, a hydraulic binder, an elastomeric ma-
terial and a mineral filler within one controlled framework,
despite each representing a distinct modification mecha-
nism. This gap limits evidence-based modifier selection
for specific climatic or traffic conditions and leaves open
whether micro-scale, rather than nanoscale, particle reduc-
tion can still yield meaningful performance gains at lower
processing cost. This study addresses this gap by systemat-
ically comparing four micro-scale materials FA, Ce, Cr and
Si produced via uniform ball-milling and evaluated under
identical physical, rheological (DSR) and microstructural
(SEM) testing across three aging states (Unaged, RTFO,
PAV). The objectives of this study were, first, to analyze the
effect of adding micro-particles on changes in the physical
properties of the binder. Second, to identify the morphol-
ogy of microparticles and their contribution to changes in
the microstructure of the binder and thirdly, to analyze the
rheological behavior under three aging conditions (orig-
inal, RTFO, PAV) through the parameters G∗, δ, rutting
parameter (G∗/ sin δ) and fatigue parameter (G∗ sin δ).

2. Materials and methods

2.1. Materials

The pure asphalt used in this study was of penetration
grade 60/70 or PG-64 (Table 1). The powder materials used
in this study included silica (Si), crumb rubber (CR), cement
(Ce) and fly ash (FA) (Fig. 1). These powder materials were
obtained from commercial suppliers that generally offer
similar products.

Fig. 1. Powder material (a) Si; (b) Cr; (c) Ce and (d) FA
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Table 1. Basic properties of virgin binder

No.
Type of
Testing

Testing
Method

Result Unit

1
Penetration

at 25 ◦C
ASTM

D-5
68.7 0.1 mm

2
Softening

Point
ASTM-

D36
48.5 ◦C

3
Flash
Point

ASTM
D-92

328 ◦C

4
Ductility
at 25 ◦C

ASTM-
D113

165+ cm

5
Viscosity
at 135 ◦C

AASHTO
T-316

0.522 Pa·S

6
Density
at 25 ◦C

AASHTO
T-228

1.03 gr/cc

2.2. Preparation of micromaterials

The powder was first sieved to ≤ 0.075 mm as the starting
material for the size-reduction process. This dry sieving
step was performed without the addition of any surfactant
or anti-agglomeration agent. After the screening process
was completed, the next step was grinding using a simple
ball mill equipped with two types of steel balls: 15 mm
(42.04 grams) and 8 mm (20.88 grams), each with a total of
six pieces (Fig. 2). Grinding was carried out continuously
under dry-milling conditions for ±20 hours at a rotational
speed of 80 rpm, without any anti-agglomeration agents or
process control additives yielding the particle sizes shown
in Table 2. The resulting average particle sizes confirm that
this dry, low-speed protocol was suffient to achieve the
target micro-scale particle range.

Table 2. Particle size

Materials
Particle size (µm)

Min. Max. Average

Silica 0.275 7.340 1.389
Crumb-rubber 0.223 7.640 1.180
Cement 0.296 5.703 1.236
Fly-ash 0.247 4.662 0.953

2.3. Sample of modified binders

Mixing speeds and durations for incorporating micro-scale
additives into asphalt binders have been widely reported in
the literature. Crumb rubber-modified binders prepared us-
ing a high-shear mixer at 2,000 rpm for 60 min exhibited ho-

mogeneous particle dispersion and consistent rheological
improvements [31]. Similarly, mixing micro-silica powder
with asphalt binder at 2,000 rpm, combined with an ade-
quate mixing duration, was reported to produce uniform
dispersion of micro-scale silica particles while reducing ag-
glomeration [32]. Moreover, shear mixing at 2,000 rpm for
75–120 min was found to be applicable to various inorganic
and elastomeric modifiers, including crumb rubber and fly
ash-based geopolymer, indicating the suitability of this mix-
ing speed for additives with different modification mech-
anisms [33]. Modified binders were prepared by adding
micromaterials to pure 60/70 asphalt. The pure asphalt
was heated for approximately 30 minutes to 150 ◦C ± 5 ◦C,
then the micro powder is slowly added at that tempera-
ture. Mixing was carried out at 2,000 rpm for 60 minutes to
ensure homogeneity of the mixture.

Table 3. Sample marks of asphalt modification

Binder composition
Sample marks

1% 2% 3%

Virgin binder + FA VFA-1 VFA-2 VFA-3
Virgin binder + Ce VCe-1 VCe-2 VCe-3
Virgin binder + Cr VCr-1 VCr-2 VCr-3
Virgin binder + Si VSi-1 VSi-2 VSi-3

Fig. 2. Ball-mill

2.4. Scanning electron microscope (SEM) test

Additive measurements were carried out using a Hitachi
SU3500 machine with a magnification of 15,000×. Surface
analysis using SEM will provide visual data obtained from
a surface layer of approximately 20 µm from the observed
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surface [34].

2.5. Rotational viscosity test

The values obtained from viscosity are in accordance with
the AASHTO T316 standard [35]. According to AASHTO
M320, the standard specifications for performance-rated
asphalt binders, the viscosity should not exceed 3 Pa·s at
135 ◦C [36]. The evaluation of temperature susceptibility to
viscosity is shown in the following Eq. (1).

Log(log(η × 103)) = n − m log(T + 273.13) (1)

η is the dynamic viscosity (mPa·S). T is the temperature
(◦Celsius). m and n are the regression coefficients.

2.6. Dynamic shear rheometer (DSR) test

Rheology tests were conducted on samples with a diameter
of 8 mm and a thickness of 2 mm [37]. In this study, temper-
ature sweep tests were conducted with a fixed frequency
of 10 rad/s or 1.59 Hz and a test temperature range from
24 ◦C to 80 ◦C with an 8 ◦C interval difference and were
conducted at three age conditions, namely original (un-
aged), short-term aging (RTFO) and long-term aging (PAV).
The purpose of this analysis was to evaluate the impact of
aging on the viscoelastic characteristics of asphalt binders
and to determine the response of undamaged materials
in various temperature ranges [38]. The relationship be-
tween rutting parameter (G∗/ sin δ) and fatigue parameter
(G∗ sin δ) with temperature and percentage is calculated
using the following power law formula (Eq. (2)):

G∗/ sin δ or G∗ sin δ = a · Tb · Pc (2)

T represents temperature and P represents the addi-
tive content, while a, b and c are regression coefficients
obtained from the model fitting process. The coefficient
(a) represents the initial magnitude or baseline level of the
rheological parameter being modeled. Higher values of (a)
generally indicate greater stiffness or higher resistance of
the asphalt binder under the test conditions. The coefficient
(b) describes the sensitivity of the rheological parameter
to temperature variations, where a smaller value of (b) in-
dicates lower temperature susceptibility of the modified
asphalt binder. Meanwhile, the coefficient (c) represents the
influence of additive content on the rheological response.
A positive value of (c) indicates that increasing the additive
dosage enhances the rheological parameter, whereas a neg-
ative value indicates that increasing the additive dosage
reduces the rheological response.

3. Results and discussions

3.1. Morphology analysis

FA particles (Fig. 3 a) appear relatively smooth on the sur-
face and have hundreds of nanometers. Si particles (Fig. 3 b)
exhibit highly irregular, sharp-angled and rough-textured
particles. Cr (Fig. 3 c) exhibits irregularly geometric particle
clumps with porous surfaces and a fibrous appearance. Ce
(Fig. 3 d) exhibits angular particles that tend to form dense
clumps. These morphological differences indicate that the
four materials differ not only in shape and surface texture
but also in their interaction mechanisms and contribution
to the microstructural and macroscopic performance of the
mixture.

Fig. 3. SEM images (a) FA; (b) Si; (c) CR and (d) Ce

3.2. Analysis of physical characteristics

The pattern of penetration reduction or stiffening effect
significantly increases with increasing percentage of addi-
tive material in the binder, with a decrease ranging 5–15%
(Fig. 4 a). The VFA mixture shows a penetration reduc-
tion of around 5–7%; the VCe and VSi mixtures, around
10–13%; and the VCr mixture, around 14–15%, although
the penetration value is the highest.

The increasing trend in softening point values (Fig. 4
b) indicates increased material resistance to deformation
and reduced sensitivity to high temperatures. Increasing
the blend percentage from 1–3% increases softening point
values across all material variations, with the magnitude of
the increase ranging from 4–10%. The VFA blend showed
the highest increase, at around 8–10%. The VCe and VSi
blends experienced relatively moderate increases of 5–7%.
Meanwhile, VCr showed a modest increase of 4–5%.
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Table 4. Viscosity-temperature sensitivity for modified binder

Binder types
The relationship between sensitivity

of viscosity and temperature
R2

Virgin Log (log(η × 103)) = 9.72 – 3.56 log (T+273.13) 0.99
VFA-1 Log (log(η × 103)) = 8.57 – 3.11 log (T+273.13) 0.99
VFA-2 Log (log (η × 103)) = 9.38 – 3.42 log (T+273.13) 0.99
VFA-3 Log (log (η × 103)) = 9.39 – 3.43 log (T+273.13) 0.99
VCe-1 Log (log (η × 103)) = 10.07 – 3.69 log (T+273.13) 0.99
VCe-2 Log (log (η × 103)) = 9.37 – 3.41 log (T+273.13) 0.99
VCe-3 Log (log (η × 103)) = 9.49 – 3.46 log (T+273.13) 0.98
VCr-1 Log (log (η × 103)) = 9.02 – 3.28 log (T+273.13) 0.99
VCr-2 Log (log (η × 103)) = 9.62 – 3.52 log (T+273.13) 0.99
VCr-3 Log (log (η × 103)) = 8.45 – 3.05 log (T+273.13) 0.99
VSi-1 Log (log (η × 103)) = 8.98 – 3.27 log (T+273.13) 0.99
VSi-2 Log (log (η × 103)) = 9.97 – 3.65 log (T+273.13) 0.99
VSi-3 Log (log (η × 103)) = 9.52 – 3.48 log (T+273.13) 0.99

Fig. 4. The relationship between: (a) penetration and (b)
softening point with the additive percentage

3.3. Relationship between viscosity and temperature

Table 4 shows the relationship between viscosity (η) and
temperature (T) for various binders using a log–log re-
gression model. In general, all binders exhibit a negative
relationship between viscosity and temperature, as indi-
cated by a negative slope coefficient in the equation. This
indicates that viscosity decreases with increasing tempera-
ture.

The slope coefficient values ranged from –3.05 to –3.69,
indicating differences in the temperature sensitivity of vis-
cosity for each binder. Binders with larger slope values
exhibited higher temperature sensitivity than those with
smaller slopes. Among the modified binders, VCe-1 (–3.69)
and VSi-2 (–3.65) exhibited steeper slopes than the virgin
binder (–3.56), indicating a greater reduction in viscosity
with increasing temperature. This behavior may be at-
tributed to the predominantly mineral nature of cement
and silica particles, which primarily contribute through a
stiffening or filler effect at lower temperatures. As tem-
perature increases, the contribution of these rigid particles

to the overall binder viscosity becomes less pronounced,
resulting in a faster decrease in viscosity and consequently
higher temperature susceptibility.

In contrast, VCr-3 exhibited the lowest slope value
(–3.05), suggesting improved viscosity stability over the
tested temperature range. This behavior is likely associ-
ated with the elastomeric characteristics of crumb rubber,
which can absorb light fractions from the asphalt binder
and develop a swelling effect, thereby improving resistance
to temperature induced viscosity reduction. Similarly, the
relatively low slope observed for VFA-1 (–3.11) indicates
that fly ash can also contribute to reducing viscosity sus-
ceptibility, possibly through its fine mineral particles and
filler action within the binder system. Furthermore, the
regression model had a very high coefficient of determina-
tion (R2) (0.98–0.99), indicating that the regression equation
was able to explain almost all the variation in viscosity data
with temperature.

3.4. Viscoelastic performance analysis

In the unaged condition (Fig. 5 a), the complex shear mod-
ulus (G∗) values of all binders are quite high at low temper-
atures of 20–35 ◦C. However, as the temperature increases,
the G∗ value decreases to a very small value at tempera-
tures above 60 ◦C. Micromaterial-modified binders show a
slower decrease in G∗ values in the temperature range of 20–
40 ◦C, indicating that micromaterials help maintain initial
stiffness by around 10–20%. In the RTFO condition (Fig. 5
b), all binders with micromaterial mixtures experience an
increase in G∗ values at low to medium temperatures of 20–
40 ◦C, indicating good rutting resistance of around 5–20%.
In contrast, VCr shows lower G∗ values than pure binders,
especially at low temperatures with a decrease of around
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10–30%. The lower G∗ of VCr does not necessarily indicate
poorer performance, but rather reflects the development
of a more compliant and elastic binder structure. In the
PAV condition (Fig. 5 c), the G∗ value increases at low to
medium temperatures of 20–40 ◦C, indicating a long-term
hardening effect due to oxidation of around 10–35%. Mean-
while, VCr exhibits a smaller stiffness gain in the PAV phase
compared to mineral additives, approximately 5–15%. This
result suggests that the elastomeric network formed by the
swollen rubber particles may partially restrain the stiffen-
ing effect caused by oxidation and preserve the flexibility
of the binder during long-term aging.

In the unaged state at intermediate temperatures,
binders with VCe, VFA and VSi have a phase angle (δ)
value lower by 2–5%, indicating stronger elastic properties
and a more stable internal structure. Conversely, VCr has a
significantly lower δ value, especially at high content levels,
decreasing by 7–12%, indicating that rubber influences elas-
ticity at low temperatures. As the temperature increases,
all binders move towards higher δ values (approaching
90◦). In the RTFO state, some modified binders have lower
δ values than pure asphalt at low temperatures, with a
decrease of 2–6%. In contrast, VCr exhibits a significantly
lower δ value, 7–12%. In the PAV state, binders with VCe,
VFA and VSi have lower δ values than pure asphalt, with
decreases of 3–7%. VCr mixtures, especially VCr-3, showed
the lowest δ values, namely 10–15%.

Fig. 5. Complex modulus (G∗) and phase angle (δ) for the
binders (a) unaged; (b) RTFO-aged and (c) PAV-aged

3.5. Rheological performance analysis

The relationship between rutting (G∗/ sin δ) and fatigue
(G∗ sin δ) to temperature and mixture percentage is shown

in Fig. 6 and Fig. 7. In unaged and RTFO-aged conditions
(Fig. 6 a and Fig. 6 b), it shows that all binders experience an
80–90% decrease in resistance to permanent deformation
as the temperature increases from 40–80 ◦C. The addition
of additive material in unaged conditions shows a decrease
in G∗/ sin δ values in the medium temperature range of
40–60 ◦C. In RTFO conditions, it is seen that the decrease
in G∗/ sin δ values is at medium temperatures of 50–70 ◦C.

Fig. 6. Rutting performance (G∗/ sin δ): (a) unaged and (b)
RTFO-aged

Fig. 7. Fatigue performance (G∗ sin δ) at PAV-aged

The results for PAV-aged conditions (Fig. 7) show that
all binders experienced a significant decrease in fatigue
performance (G∗ sin δ) as the temperature increased from
25–45 ◦C, with a decrease reaching 70–90%. This indicates
a weakening of oxidative stiffness at intermediate temper-
atures after long-term aging. Compared to pure asphalt,
almost all binders with additives showed lower fatigue fac-
tors, indicating increased resistance to fatigue cracking. VSi
mixtures, especially VSi-1 and VSi-2, showed a decrease in
G∗ sin δ values of 25–40% compared to pure asphalt. VFA
and VCe showed a moderate decrease of 10–25%, in line
with the character of inorganic fillers that are able to fill
micro-voids and increase structural stability without com-
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pletely reducing stiffness. VCr mixtures, especially VCr-3,
had the lowest G∗ sin δ values, which were 45–60% lower
than pure asphalt. These results indicate that the addition
of elastomeric additives (Cr) is most effective in improving
long-term fatigue resistance, while mineral additives (FA,
Ce, and Si) provide optimal improvements by reducing
oxidative stiffness and stabilizing the binder structure at
medium temperatures.

3.6. Sensitivity analysis of rheological models

The sensitivity of the rutting and fatigue prediction mod-
els is shown in Table 5, which illustrates the relationships
between predicted rutting and fatigue responses (y), tem-
perature (T), and percentage (P) for various mixtures un-
der three aging conditions. In general, all models follow
a power law pattern, indicating that changes in temper-
ature and percentage significantly influence the material
response. In the unaged condition, all mixtures exhibit a
very dominant temperature effect. This is evident from
the large negative temperature exponents, ranging from
−7.355 to −7.512. Negative exponents indicate that in-
creasing temperature significantly decreases the material
response. The percentage effect under these conditions
shows significant variation between mixtures.

Table 5. Sensitivity of rheological prediction models

Materials Unaged R2

VFA y = 5.64e+13 ∗ T−7.409 ∗ P0.157 0.986
VCe y = 5.46e+13 ∗ T−7.355 ∗ P0.07 0.978
VSi y = 7.995e+13 ∗ T−7.512 ∗ P0.015 0.988
VCr y = 4.51e+13 ∗ T−7.381 ∗ P0.306 0.988

RTFO-aged R2

VFA y = 1.21e+13 ∗ T−7.737 ∗ P−0.119 0.982
VCe y = 1.33e+13 ∗ T−7.363 ∗ P−0.198 0.978
VSi y = 1.73e+13 ∗ T−7.513 ∗ P0.171 0.981
VCr y = 1.17e+14 ∗ T−7.397 ∗ P0.068 0.984

PAV-aged R2

VFA y = 1.059e+13 ∗ T−6.477 ∗ P−0.174 0.921
VCe y = 9.03e+12 ∗ T−6.341 ∗ P−0.077 0.948
VSi y = 2.25e+13 ∗ T−6.922 ∗ P−0.073 0.917
VCr y = 8.65e+12 ∗ T−6.549 ∗ P−0.357 0.853

In the RTFO-aged condition, the temperature effect re-
mains dominant. This is indicated by the relatively large
temperature exponent values, ranging from −7.363 to
−7.737. In the PAV-aged condition, the sensitivity to tem-
perature decreases slightly compared to the previous condi-
tion. The temperature exponent values range from −6.341
to −6.922, indicating that the material becomes stiffer and
reduces the effect of temperature on response changes. The

effect of percentage shows a different pattern compared to
the unaged condition. Some mixtures, such as VFA and
VC, have negative percentage exponents, indicating that
increasing the percentage decreases the material response
value. The effect of percentage in this condition is negative
for most mixtures, indicating that increasing the percentage
tends to decrease the material response value. Based on
the good R-square (R2) value, the powerlaw model can still
show good results for predicting rutting and fatigue values
at each binder service life.

4. Conclusions

Based on the physical, rheological, and microstructural
analysis results, the main findings of this study can be
summarized as follows:

1. Each material has distinct microstructural character-
istics that directly influence how the binder responds
to modification. Si exhibits a reactive surface, Ce and
FA are calcium-silica-rich, and Cr forms a porous elas-
tomeric phase.

2. The addition of micro-material modifiers significantly
influenced the physical characteristics of the asphalt
binder through the reduction of penetration values
and the increase of softening point temperatures. The
VCr mixture exhibited the most significant reduction
in penetration value, indicating an improvement in the
balance between binder elasticity and stiffness, while
VFA produced the highest increase in softening point,
demonstrating better resistance to deformation at high
temperatures.

3. Temperature and viscosity exhibited a strong relation-
ship, indicating that the binder became more fluid at
higher temperatures. Each binder showed different
levels of temperature sensitivity, where some binders
experienced faster changes in viscosity compared to
others.

4. The viscoelastic evaluation results demonstrated that
the addition of micromaterials improved the stiffness
and elastic characteristics of the binders under various
aging conditions. Modified binders with VCe, VFA,
VCr and VSi exhibited an increase in complex modulus
(G∗), particularly at low to intermediate temperatures.
In addition, the reduction in phase angle (δ) indicated
improved structural stability and elastic behavior of
the binders. The VCr-3 mixture showed the lowest
δ value with more dominant elastic enhancement, re-
sulting in better fatigue resistance performance.
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5. The rheological evaluation demonstrated that increas-
ing temperature significantly reduced the rutting
and fatigue performance under unaged, RTFO-aged
and PAV-aged conditions. The rutting parameter
(G∗/ sin δ) showed a substantial reduction at high tem-
peratures, while the fatigue parameter (G∗ sin δ) de-
creased at intermediate temperatures after long-term
aging, indicating increased thermal susceptibility and
oxidative softening of the binder. Compared to the
virgin binder, all modified binders exhibited lower
G∗ sin δ values, indicating improved resistance to fa-
tigue cracking. The VCr mixture, particularly VCr-3,
demonstrated the most effective improvement in long-
term fatigue resistance.

6. VCr provided superior temperature stability and elas-
tic behavior, making it well-suited for pavements ex-
posed to high service temperatures and heavy traf-
fic loading, where rutting resistance is critical. VFA
showed low temperature susceptibility and consis-
tent rheological performance, suggesting potential as
a cost-effective modifier for general applications. VCe
and VSi mainly increased binder stiffness, making
them suitable where higher structural rigidity is re-
quired; however, their greater temperature suscepti-
bility should be considered in regions with significant
temperature fluctuations.
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