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Waste rubber modified bitumen has gained significant attention as a sustainable
and innovative material in the field of pavement engineering. This study aims to
evaluate the performance of rubber modified bitumen mastic by considering
its rheological properties, specifically focusing on preparation parameters,
i.e., rubber content, mesh number, and filler to bitumen ratio. From the
experimental results, the rheological properties of rubber modified bitumen
mastic were significantly influenced by preparation parameters. Increasing the
rubber powder content in bitumen mastic results in higher viscosity. Increasing
the rubber content improves high-temperature rutting resistance to a certain
extent, however, excessive rubber powder content would result in weakened
high-temperature performance improvement. The rutting factor decreases
gradually with an increase in the rubber mesh number. A ratio of filler to bitumen
of 0.95 exhibits the best resistance to rutting at high temperatures. Higher rubber
content and largermesh number correspond to stronger low-temperature crack
resistance in bitumen mastic. As the ratio of filler to bitumen increases, the
low-temperature deformation capacity gradually decreases, resulting in weaker
low-temperature crack resistance. Based on the grey relation analysis, the ratio
of filler to bitumen has the greatest impact on the high and low-temperature
rheological properties of bitumen mastic, followed by the rubber content. The
rubber mesh number has a relatively lower impact. It is crucial to control the
ratio of filler to bitumen to avoid excessive values. When possible, a higher
rubber powder content should be used while meeting process requirements.
These findings provide valuable insights into the design and optimization of
rubber modified bitumen mastic, which can contribute to the development
of sustainable and high-performance bitumen mixtures, promoting the use of
recycled rubber in pavement engineering.
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1 Introduction

Reusing waste tires has been one key point to maximize
the value of resources (Karakurt, 2015; Xu et al., 2022). With
the swift expansion witnessed in the automotive sector, the tyre
production is also growing rapidly, and the resulting environmental
pressure cannot be underestimated (Noura et al., 2021; Zhang et al.,
2023). It is a good way to reuse resources by crushing waste
tires and producing rubber powder, which not only effectively
solves the accumulation of waste tires and avoids the problem
of black pollution, but also maximizes the value of waste tires
(Ameli et al., 2020; Li et al., 2023). At the same time, waste tire
rubber powder is a good modified material for road bitumen,
rubber bitumen has better road performance, the pavement paved
by rubber bitumen exhibits excellent performance in different
temperature conditions, along with remarkable fatigue resistance
as well as low noise environmental protection characteristics, so
rubber powder has become a widely employed modifier (Sun et al.,
2021; Kumar et al., 2022a). Bitumen mortar plays an important
role in filling the aggregate gap and bonding aggregate in the
bitumen mixture system, the composition structure and rheological
properties of which will greatly affect the mixture’s performances
at different temperatures (Yan et al., 2015; Kumar et al., 2022b).
The added rubber powder will affect rheological characteristics for
rubberized-bitumen mortar, whose rheological properties are the
key to affecting the mixture performance (Wang et al., 2021; Li,
2023). Hence, conducting additional investigations into the
rheological characteristics of rubberized-bitumen mixtures is
imperative based on various preparation parameters, which will
have great guiding significance to rubber bitumen pavement
construction.

Generally, during interaction procedure with binder, the change
process of rubber powder is divided into two stages: swelling
and dissolution (Neto et al., 2006). Waste tire rubber powder is
dispersed into filaments in bitumen and asphaltene micelles are
evenly distributed in bitumen oil, forming a stable and physically
compatible system without phase separation (Kim and Lee, 2013;
Hosseinnezhad et al., 2019; Zhou et al., 2021). The oil wax group
with similar solubility parameters to rubber will slowly diffuse into
the space of rubber chain segment,making the rubber chain segment
loose, disengage and dissolve (Gergó et al., 2017). At a lower
temperature and in the early interaction stage, particle volume can
expand to 2 to 3 times of the original, and the expansion of rubber
particles experiences an escalation of viscosity for mixture system
(Hemida and Abdelrahman, 2020; 2021).

The properties of rubber bitumen depend on different
parameters including preparation process and raw material
parameters (He et al., 2023). The former includes temperature,
stirring rate and reaction time (Yu et al., 2017; Yucel and Ozturk,
2023). The latter depends on basic characteristics about rubber
as well as matrix bitumen, i.e., rubber powder source, treatment
method, particle size and content, grade, chemical composition as
well as molecular weight distribution for matrix bitumen (Apeagyei,
2011; Xing et al., 2023). Previous studies have shown that the
mixing intensity during the interaction period influences greatly the
characteristics of bitumen as well as rubber powder blending system.
The difference of mixing and shear strength maymake the bitumen’s
properties different owing to changing mixing rate (Xie et al., 2023).

Low-speed stirring can keep rubber particles in suspension, while
high-speed shearing can decompose rubber particles mechanically.
Under low-speed stirring, rubber particles swell, and rubber
polymers are basically not dissolved inmatrix bitumen, but bitumen
components are simply absorbed (Pei et al., 2023). In the process
of high-intensity mixing, As a result of bitumen absorption, the
expanded rubber particles soften, and high-speed mixing is easy
to shear the softened rubber outer surface, and at this time, the
rubber powder component takes the opportunity to dissolve into the
bitumen phase (Duan et al., 2022).This is a pivotal factor impacting
the overall performance of rubber bitumen materials. The behavior
of rubber powder particles in different reaction stages has varying
impacts on the characteristics of bitumen (Ding et al., 2023). On the
one hand, the expanded rubber powder particles alter the physical
properties of bitumen by absorbing its lighter components, on the
other hand, they also serve as elastic fillers in bitumen, elevating
the viscosity and complex modulus of bitumen (Huang, 2023).
Meanwhile, some components of the dissolved rubber powder
particles are released into the bitumen matrix, and on the one hand,
they are combined with other swollen rubber powder particles,
thus improving the viscoelastic properties of bitumen (Gulzar and
Underwood, 2020; Hajikarimi et al., 2022). On the other hand, each
component released from the particles can interact with the bitumen
component independently, changing the bitumen composition,
thus changing the properties of bitumen (Huang et al., 2017;
Gao et al., 2022).

The modification process of rubber bitumen and the various
factors affecting its properties have been thoroughly investigated
both domestically and internationally.These findings provide a solid
groundwork for our current project, focusing on the rheological
characteristics of rubber bitumen mortar. In this study, diverse
mastic samples containing granulated rubber modification were
crafted, each with distinct rubber concentrations, mesh numbers,
and filler-bitumen ratios. The rheological characteristics of the
granulated rubber modified mastic, including viscosity, rutting
factor, phase angle and stiffness modulus, were evaluated employing
both a dynamic shear rheometer (DSR) and a bending beam
rheometer (BBR). The rubber content was varied from 16% to 24%,
the mesh number ranged from 20 to 60, and the filler-bitumen ratio
was adjusted from 0, 0.65, 0.95 and 1.25.

2 Materials and methods

2.1 Raw materials

The 70# base bitumen supplied by Guangxi Dongyou was
employed for the preparation of the modified bitumen. The basic
physical characteristics of 70# base bitumen are displayed in Table 1,
which could meet the requirements of Chinese specification
JTG E20-2011.

The granulated rubber was kindly supplied by Guangxi
Transportation Science and Technology New Material Technology
Co., Ltd. (China), and the main technical characteristics are
displayed in Table 2.

The limestone mineral powder was adopted as the filler in
bitumen binder.Themain technical properties are shown in Table 3.
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TABLE 1 Basic physical properties of 70# base asphalt.

Properties Unit Results Technical requirement Test method

Softening point °C 48.0 ≥46 T0606

Ductility (15°C) cm >100 ≥100 T0605

Penetration (25°C) 0.1 mm 67 60∼80 T0604

Specific gravity (25°C) - 1.012 Measured T0603

RTFOT

Mass loss % +0.4 ±0.8 T0610

Retained ductility cm 9 ≥6 T0605

Retained penetration ratio % 62.8 ≥61 T0604

TABLE 2 Main technical properties of crumb rubber.

Properties Unit Results Technical requirement

Heating ignition loss % 0.38 <1.0

Acetone extract % 7 ≤8

Rubber hydrocarbon content % 57.5 ≥48

Ash content % 6.9 ≤8

Carbon black content % 30 ≥28

Metal content % 0.02 <0.03

Fiber content % 0 <1

TABLE 3 Main technical properties of mineral powder.

Properties Unit Results Technical requirement

Apparent density g⋅cm−3 2.746 ≥2.45

Hydrophilic coefficient - 0.85 <1

Moisture content % 0.1 ≤1

Particle size range (<0.075 mm) % 96.4 70∼100

2.2 Testing procedure

2.2.1 Sample preparation
In this study, granulated rubber modified bitumen and

granulated rubber modified bitumen mastic would be made by
using the former raw materials. In the process of preparing rubber
modified bitumen, the base bitumen was firstly quickly heated
to 180°C, and then granulated rubber powder was mixed in the
base bitumen within 1 min and continuously stirred. After that,
the mixture was manually stirred at (180 ± 5)°C for 30 min, then
sheared at the shearing rate of 4,000 r/min for 30 min. Finally, the
finished rubber modified bitumen was made by mixing as well as
developing in an incubator at 180°C for 60 min. In the course of

preparing rubber modified bitumen mastic, the processed rubber
modified bitumen was heated to 180°C, then the weighed mineral
powder was mixed in the molten rubber modified bitumen, which
can be stirred evenly at 180°C.

2.2.2 Viscosity test
The bitumen’s rotary viscosity test can evaluate the apparent

viscosity of bitumen, reflect the bitumen’s capability to withstand
deformation when subjected to external force, and then characterize
the high temperature performance and flow characteristics of
bitumen. Generally, the larger the rotary viscosity of bitumen, the
stronger its deformation resistance and the worse the fluidity. The
Brookfield Rotary viscometer is globally recognized as a commonly
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utilized device for bitumen viscositymeasurement,mostly employed
to measure the high-temperature viscosity of bitumen and bitumen
mastic. For the purpose of analysis, the viscosity variation of
granulated rubber modified bitumen mastic with temperature
under the conditions of different mesh number of granulated
rubber powder, different content of granulated rubber powder and
different ratio of filler to bitumen, the bitumen rotary viscosity test
was conducted in accordance with T0625 method in the testing
specification JTG E20-2011.

2.2.3 Rheological properties tests
The softening point and rutting factor are commonly used to

evaluate the high temperature performance of granulated rubber
modified bitumen mastic. The rutting factor (G∗ /sinδ) is the
proportion of complex shear modulus (G∗ ) to the sine value of
phase angle (δ). The greater the G∗ /sinδ, the more significant the
elastic behavior of bitumen as well as the stronger the resilience
against rutting at high temperature. In this research, the dynamic
shear rheometer (DSR) was employed to evaluate the characteristics
of granulated rubber modified mastic according to T0628 in JTG
E20-2011. The DSR test adopted the stress control mode, and the
parameters were set as follows: the stress is 100 Pa, the frequency
is 0.159∼15.9 Hz, the test temperature was 64°C∼82°C. In order to
fully understand the high temperature characteristics of granulated
rubber modified bitumen mastic, the ADS-COV rheometer was
used in this test to conduct dynamic scanning. The parallel plates
have a diameter of 25 mm and a height of 1 mm.

In general, the low temperature creep stiffness (S) and creep
stiffness change rate (m) were employed to describe the bitumen’s
resistance to low temperature cracking. The greater the creep
stiffness (S), the more brittle the bitumen as well as the easier the
pavement to crack at low temperature.The higher the creep stiffness
change rate (m), the larger the stress relaxation of road materials,
the superior the resilience of pavement to temperature stress caused
by temperature drop, and the possibility of temperature shrinkage
cracks will be reduced. Therefore, bitumen mastic with a smaller
creep stiffness modulus (S) and a larger creep stiffness change rate
(m) exhibits improved crack resistance at low temperatures. In this
investigation, the bending beam rheometer (BBR) test at −12°C
was conducted for granulated rubber modified bitumenmastic with
various ratios of filler to bitumen and different granulated rubber
contents. The low-temperature creep stiffness (S) and creep stiffness
change rate (m) of the bitumen binder were determined utilizing
a TE-BBR according to T0627 in JTG E20-2011, which is a widely
recognized index for assessing the low temperature properties of
bitumen in recent years.

3 Influence analysis of preparation
factors on viscosity characteristics of
granulated rubber modified bitumen
mastic

Bitumen mixture exhibits a dispersed system featuring a
complex spatial network structure, where themastic serves to adhere
aggregates together and fill gaps. The performance of the mastic has
a considerable impact on the viscoelasticity of bitumen combination.
The measurement of viscosity of bitumen binder is generally

used to determine the construction temperature, and research has
confirmed there is a strong correlation between viscosity and high-
temperature performance metrics such as anti-rutting factor.

3.1 Impact of the proportion of granulated
rubber

To investigate how the proportion of granulated rubber powder
affects the viscosity of bitumen mastic, this paper adopts 20 mesh,
40 mesh and 60 mesh granulated rubber powder to alter the matrix
bitumen, respectively. The impact of the granulated rubber powder
content on the 170°C viscosity of bitumen mastic with different
ratios of filler to bitumen is studied, as illustrated in Figure 1. The
figure clearly illustrates that the viscosity of bitumen mastic at
170°C rises as the content of granulated rubber powder increases,
irrespective of the powder’s mesh size.This increase can be attributed
to the formation of a spatial network structure upon adding
granulated rubber powder, which dampens the flow of free bitumen.
The higher the content of granulated rubber powder, the denser
the network structure, the stronger the damping effect, and then
the higher the viscosity. Meanwhile, the added granulated rubber
powder will take in part of the light components and increase the
relative content of gum and asphaltene. Asphaltene is the most
polar component and the group core of bitumen colloid, which
significantly influences bitumen viscosity. Therefore, the higher the
content of granulated rubber powder, the higher the consistency
of bitumen modified with granulated rubber. At the same time,
it is evident from Figure 1 that as the granulated rubber powder
content rises from 20% to 24%, the corresponding viscosity increases
greatly, which indicates that the proportion of granulated rubber
powder will cause a dramatic rise in viscosity and is not conducive
to construction.

3.2 Influence of granulated rubber mesh
number

The mesh number of granulated rubber powder represents the
dimension of granulated rubber particles, with a highermesh number
indicating smaller particles. The mesh size of granulated rubber
powderinfluencestheviscosityofgranulatedrubbermodifiedbitumen
mastic to a certain extent. When the mesh number of granulated
rubber powder is appropriate, the distribution of granulated rubber
particles within the bitumen is well-established, and the particle gaps
are suitable, resulting in a lower viscosity and better flowability in the
bitumen mastic modified with granulated rubber. When the mesh
number of granulated rubber powder is too small or too large, the
distribution of granulated rubber particles in the rubber modified
bitumen mastic is poor, and the particle gaps are small, resulting in a
higherviscosityandpoorerflowabilityof the rubbermodifiedbitumen
mastic. Additionally, compared with Figure 2, it can be found that
the granulated rubber modified bitumen mastic made by 40 mesh
granulated rubber powder has a relatively lower viscosity at 170°C
than that of the other two mesh number. This variety of granulated
rubber-modified bitumen mastic exhibits enhanced penetration into
bitumen mixture voids, thereby enhancing pavement adhesion and
elasticity modulus, and increase the durability of the road surface.
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FIGURE 1
Effect of granulated rubber content on viscosity of bitumen mastic with varying filler-to-bitumen ratios. Effect of granulated rubber content on
viscosity of bitumen mastic with varying filler-to-bitumen ratios: (A) Ratio = 0; (B) Ratio = 0.62; (C) Ratio = 0.95; (D) Ratio = 1.25.

In addition, it can form a more uniform colloidal network structure,
to some extent increase the viscosity and adhesion of the bitumen,
and increase the shear resistance and anti-wrinkle properties of the
road surface. Therefore, the mesh number of granulated rubber
powder has a substantial impact on the viscosity of granulated
rubber modified bitumen mastic. The viscosity of bitumen mastic
is influenced differently by the yield of granulated rubber powder
and the ratio of filler to bitumen, and selecting the appropriate mesh
number of granulated rubber powder can regulate the rheological
characteristics of the bitumen mastic to meet different engineering
requirements.

3.3 Effect of filler-to-bitumen ratio

The ratio of filler to bitumen is one of the important
factors affecting the viscosity of bitumen mastic modified with
granulated rubber. Generally, when the ratio of granulated rubber

powder increases, the density of granulated rubber modified
bitumen mastic also increases. It is evident from Figure 3
that for granulated rubber modified bitumen mastic prepared
with different mesh numbers and dosage of granulated rubber
powder, the viscosity at 170°C shows an increasing trend as
the filler-to-bitumen ratio increases. This is because granulated
rubber powder has high molecular weight and viscosity, and
its addition results in a rise in the viscosity of the bitumen
system. The particles of granulated rubber powder form a three-
dimensional network formation within the bitumen, thereby
increasing the viscosity. In addition, the impact of the filler-to-
bitumen ratio on the viscosity of granulated rubber-modified
bitumen mastic is also associated with the mesh size of the
granulated rubber powder. Generally, granulated rubber powder
with greater particle dimension is easier to scatter in the bitumen,
forming a more stable network structure, which results in a more
pronounced rise in the viscosity of the bitumen mastic. Through
comparison in Figure 3, it is also apparent that the viscosity
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FIGURE 2
Effect of granulated rubber mesh number on viscosity of bitumen mastic at different rubber contents. Effect of granulated rubber mesh number on
viscosity of bitumen mastic at different rubber contents: (A) Content = 16%; (B) Content = 20%; (C) Content = 24%.

of granulated rubber modified bitumen mastic prepared with
40 mesh granulated rubber powder increases or decreases with
the change of filler to bitumen ratio less than that of 20 mesh
and 60 mesh, indicating that, the properties of granulated rubber
modified bitumen mastic readied from 40-mesh granulated
rubber powder are relatively stable. It should be noted that
changing the ratio of filler to bitumen will also affect other
properties of granulated rubber modified bitumenmastic, attributes
like flexibility and longevity. Therefore, when determining the
proportion of filler to bitumen, the targeted viscosity of the bitumen
mastic and other performance requirements need to be considered
comprehensively.

3.4 Effect of test temperature

In order to further explore the impact of the test temperature
on the adhesion of granulated rubber modified bitumenmastic, this
study extensively examined granulated rubber modified bitumen
formulated with a 20% content of 40-mesh granulated rubber
powder, and obtained the change trend of the viscosity of granulated
rubber modified bitumen mastic with the proportion of filler to
bitumen at various temperatures, as depicted in Figure 4. It is
evident from the test that temperature is a crucial factor that
influences viscosity of granulated rubber modified bitumen mastic.
As illustrated in Figure 4A, with the increase of temperature, the
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FIGURE 3
Effect of filler-to-bitumen ratio on viscosity of bitumen mastic at different rubber mesh number. Effect of filler-to-bitumen ratio on viscosity of
bitumen mastic at different rubber mesh number: (A) Number = 20; (B) Number = 40; (C) Number = 60.

FIGURE 4
Viscosity results of granulated rubber modified bitumen mastic. Viscosity results of granulated rubber modified bitumen mastic: (A) Influence of
temperature on viscosity; (B) Logarithmic fitting.
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density of granulated rubber modified bitumen mastic decreases
exponentially or logarithmically. Upon reaching a designated
temperature, the change of viscosity begins to stabilize. With the
progressive elevation of temperature, the viscosity of bitumenmastic
with different ratio of filler to bitumen tends to coincide, indicating
that at a particular temperature level, the viscosity of granulated
rubber modified bitumen mastic tends to align. The density of the
bitumen mastic no longer varies with temperature.Therefore, in the
bitumen mixture pavement construction process, special emphasis
should be placed on the control of the construction temperature, the
temperature is too small, the viscosity of the bitumenmastic is large,
resulting in the construction of the bitumen mixture is difficult. The
temperature is too large, the viscosity of the bitumenmastic is small,
and part of the bitumen is easy to age, thus impacting the pavement
performance of the bitumen mixture.

For the purpose of study, the variation law of the viscosity
of granulated rubber modified bitumen mastic with temperature,
the viscosity-temperature variation curves of granulated rubber
modified bitumen mastic with 40 mesh and 20% ratio of filler to
bitumen was fitted by semi-logarithmic coordinates:

ln η = a− b ⋅T (1)

where η represents density, T represents temperature, and a and b
are curve fitting parameters. The value of b reflects the sensitivity
of viscosity of granulated rubber modified bitumen mastic to
temperature change. The greater b is, the more sensitive the density
of bitumen mastic is to temperature change. The fitting curve for
Eq. 1 is shown in Figure 4B.

The fitting equations and parameters of the above fitting curve
are shown in Eqs 2–5. It is evident from the equations that the
correlation values R2 of the fitted values hover around 0.99,
indicating that the logarithmic function canwell express the viscous-
temperature variation characteristics of granulated rubber modified
bitumenmastic at different temperatures.The b value corresponding
to the fitting equation also escalates as the filler-to-bitumen ratio
rises, showing that for the same granulated rubbermodified bitumen
mastic. As the ratio of filler to bitumen increases, the temperature
sensitivity becomes more pronounced.

ln η = 8.0266− 0.0419T,R2 = 0.9912 (Filler tobitumenratio = 0)
(2)

ln η = 9.446− 0.0426T,R2 = 0.9943 (Filler tobitumenratio = 0.65)
(3)

ln η = 10.186− 0.0439T,R2 = 0.9915 (Filler tobitumenratio = 0.95)
(4)

ln η = 10.957− 0.0463T,R2 = 0.9916 (Filler tobitumenratio = 1.25)
(5)

4 Influence analysis of
preparation parameters on rheological
property of granulated rubber
modified bitumen mastic

Granulated rubber modified bitumen mastic plays a significant
role in rubberized bitumen mixtures. Relative to ordinary bitumen

mastic, granulated rubber modified bitumen mastic contains a large
quantity of swelling granulated rubber powder. Mineral powder and
granulated rubber powder adsorb free bitumen and increase the
content of structural bitumen. The rheological property of bitumen
mastic is the essential factor in affecting the performance of the
bitumenmixture, so it is crucial to examine the rheological property
of granulated rubber modified bitumen mastic.

4.1 Analysis of high-temperature
rheological property based on DSR test

4.1.1 Impact of granulated rubber proportion
To study the effects of granulated rubber powder content on

the high temperature capability of mastic, this paper conducted
dynamic scanning of granulated rubber modified bitumen mastic
with varying compositions, mesh numbers, and filler to bitumen
ratios under test conditions of 70°C and 1.59 Hz. The changing
trends of complex modulus, rutting factor as well as phase angle at
70°C with the granulated rubber content, mesh number, and ratio of
filler to bitumen are illustrated in Figure 5.

As can be observed from Figures 5A–C, the rutting factor
(G∗ /sinδ) corresponding to the granulated rubber modified
bitumen mastic with various mesh number and ratio of filler to
bitumen basically showed an increasing trend with the content
increases of granulated rubber powder. This is because rubber
powder absorbs and swells in bitumen, which reduces the light
components in bitumen and increases the gel film around
rubber powder, thus improving the high temperature performance
of cement (Wang et al., 2022). While only the rutting factor
increased initially then decreased when the ratio of filler to bitumen
of 40 mesh and 60 mesh granulated rubber modified bitumen
mastic was 1.25. This suggests that rising the content of granulated
rubber powder can improve its high-temperature rutting resistance
to a certain extent, but along with the growth in content of
granulated rubber powder, the growth range of G∗ /sinδ gradually
decreases or even shows a trend of decline, which means that
while the substance of granulated rubber powder is too large, it
cannot further significantly enhance its high-temperature rutting
resistance, because after the substance of granulated rubber powder
exceeds the full swelling limit. Alongside the rise of the dosage,
the swelling of granulated rubber powder is insufficient, and the
desulfurization and degradation reactions are gradually weakened,
leading to the improvement of high temperature capability is
reduced or even weakened.

The phase angle serves as a relative indicator of viscosity
and elastic deformation of bitumen, and the smaller the phase
angle is, the nearer the bitumen approaches the elastomer. As
is evident from Figures 5D–F, the phase angle of granulated
rubber modified bitumen mastic gradually decreases concurrent
with the growth of the content of granulated rubber powder, as
well as the reduction rate gradually slows down as the content
increases granulated rubber powder, suggesting that the addition
of granulated rubber powder increases the elastic component of
granulated rubber modified bitumen mastic. The elastic properties
are gradually enhanced, and the increase in elastic properties is
attenuatedwith the continual addition of granulated rubber powder.
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FIGURE 5
Influence of granulated rubber proportion concerning the rutting factor and phase angle of bitumen mastic. Influence of granulated rubber proportion
concerning the rutting factor and phase angle of bitumen mastic: (A) Rutting factor: 20 mesh; (B) Rutting factor: 40 mesh; (C) Rutting factor: 60 mesh;
(D) Phase angle: 20 mesh; (E) Phase angle: 40 mesh; (F) Phase angle: 60 mesh.

4.1.2 Effect of granulated rubber mesh number
For the purpose of further study, the impact of mesh number

of granulated rubber powder concerning rheological properties
of granulated rubber modified bitumen mastic, dynamic shear
rheological experiments were conducted on 20 mesh, 40 mesh and

60 meshgranulatedrubbermodifiedbitumenmasticwith20%content
under the test conditions of 70°C and 1.59 Hz, and the experimental
results were depicted in Figure 6. As illustrated in Figure 6 that the
rutting factor progressively declines with the rise of mesh number of
granulated rubber powder.This ismainly because when the size of the
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FIGURE 6
Influence of granulated rubber mesh number on the rutting factor of bitumen mastic. Influence of granulated rubber mesh number on the rutting
factor of bitumen mastic: (A) Content = 16%; (B) Content = 20%; (C) Content = 24%.

particles in granulated rubber powder is 20 mesh, the particle size is
large, the swelling rate is slow, and it is not conducive to the dispersion
inbitumen(Zheng et al., 2024).Theoverlyhighviscosityof granulated
rubbermodified bitumenmasticmakes the rutting factor larger, but it
is not conducive to the on-site construction. When the mesh number
increases to 40 mesh, the granulated rubber powder is more prone
to swelling reaction, and the density of granulated rubber particles
in bitumen increase, which is conducive to forming a stable network
structureandhasabetterruttingresistance.Withthecontinuousrise in
themesh number of granulated rubber powder, that is, the granulated
rubber particle size further decreases, although the granulated rubber
particles are more likely to swell and disperse, but simultaneously, the
desulfurization and cracking reaction of granulated rubber particles is
intensified, destroying the stable network structure, and the resistance
to high-temperature deformation is weakened.

4.1.3 Effect of filler to bitumen ratio
The impact of the proportion of filler to bitumen on the rutting

factor of granulated rubber modified bitumen is complex, and it

involves the interaction of multiple factors. The analysis focused
on the effect of the filler-to-bitumen ratio on the rutting factor
of granulated rubber modified bitumen. Through experimental
research, this studymeasured the rutting performance of granulated
rubber modified bitumen at different ratios of filler to bitumen
and conducted data analysis. The study evidence suggests that
the ratio of filler to bitumen profoundly affects the rutting
factor of granulated rubber modified bitumen, as shown in
Figure 7. The proportion of filler to bitumen can influence the
deformation resistance of granulated rubber modified bitumen,
thereby affecting the rutting factor. Increasing the mineral filler
content may increase the rigidity of granulated rubber modified
bitumen, making it more resistant to deformation. This reduces
rutting as the highly rigid rubberized bitumen is better able to
withstand traffic loads and reduces settlement. However, when
the content of mineral filler is too high, the rutting factor
starts to decrease. Generally, an appropriate addition of mineral
filler can enhance the deformation resistance of granulated
rubber modified bitumen, reducing the formation of rutting.
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FIGURE 7
Influence of filler to bitumen ratio on the rutting factor of bitumen mastic. Influence of filler to bitumen ratio on the rutting factor of bitumen mastic:
(A) 20 mesh; (B) 40 mesh; (C) 60 mesh.

FIGURE 8
Influence of temperature and frequency on the rutting performance of bitumen mastic. Influence of temperature and frequency on the rutting
performance of bitumen mastic: (A) Influence of temperature; (B) Influence of frequency.
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FIGURE 9
Influence of granulated rubber proportion on the inflexibility modulus of bitumen mastic. Influence of granulated rubber proportion on the inflexibility
modulus of bitumen mastic: (A) 20 mesh; (B) 40 mesh; (C) 60 mesh.

This is because the addition of mineral powder can fill the
voids in the bitumen, forming an interconnected skeleton form,
increasing the material’s cohesion and stability, thus reducing
deformation and settlement (Meng et al., 2023). Therefore, it is
recommended to control the ratio of filler to bitumen as part
of the planning for granulated rubber modified bitumen to
achieve optimal rutting performance. This study provides scientific
evidence for the planning and implementation of rubberized
bitumen pavement.

4.1.4 Effect of test conditions
To fully understand the capability at elevated temperatures of

granulated rubber modified bitumen mastic, temperature scanning
at 64°C∼82°C and frequency scanning at 70°C were performed
on the granulated rubber modified bitumen mastic with 20%
composition of 40 mesh granulated rubber powder. The test results
are illustrated in Figure 8.

G∗ /sinδ represents the permanent deformation resistance
of bitumen material, which can be employed to judge the high
temperature performance of bitumen mastic. The higher the
G∗ /sinδ value, the better the elevated temperature performance.
As depicted in Figure 8A, the rutting factor G∗ /sinδ of

granulated rubber modified bitumen mastic with different ratio
of filler to bitumen declines with the rise of temperature.
The rutting factor of granulated rubber modified bitumen
mastic at 0.95 filler concentration in bitumen is always in
the maximum position, indicating granulated rubber modified
bitumen mastic at 0.95 proportion of filler to bitumen exhibits
superior rutting resistance in high temperatures than granulated
rubber modified bitumen mastic. As shown in Figure 8B, the
rutting factor of granulated rubber modified bitumen mastic
rises with the increase of frequency. When the frequency
is small, the rutting factor changes more sharply, and when
the frequency increases to a certain value, the change is
gradually gentle and presents a linear change. This view was
also supported by the analysis in some studies (Sesay et al.,
2023; Xue et al., 2023). Based on the above test result and
analysis, the relationship between frequency and rutting resistance
factor can be obtained by linear and polynomial fitting, as
shown in Eqs 6–9.

The fitting results in Eqs 6–9 indicate that G∗ /sinδ and angular
frequency satisfy a simple linear relationship, y = A + Bω+Cω2,
where y represents G∗ /sinδ, ω represents angular frequency, and
A and B denote fitting factors. The correlation coefficients are all
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FIGURE 10
Influence of granulated rubber mesh number on the rigidity modulus of bitumen mastic. Influence of granulated rubber mesh number on the rigidity
modulus of bitumen mastic: (A) Content = 16%; (B) Content = 20%; (C) Content = 24%.

above 0.99, and the more terms in the equation, the larger the R2

value, and the more accurate the fitting results. At any frequency,
it is also evident from the figure, the ratio 0.95 of filler to bitumen
has the largest rutting factor than granulated rubber modified
bitumen mastic, which also indicates that its rutting resistance
is the best.

y = 1.4322+ 5.051ω− 0.1439ω2,R2 = 0.9925 (Filler tobitumenratio = 0)
(6)

y = 1.9157+ 7.7338ω− 0.1928ω2,

R2 = 0.9950 (Filler tobitumenratio = 0.65) (7)

y = 2.5869+ 10.271ω− 0.2268ω2,

R2 = 0.9958 (Filler tobitumenratio = 0.95) (8)

y= 2.0511+ 9.6979ω− 0.2107ω2,

R2 = 0.9968 (Filler tobitumenratio = 1.25) (9)

4.2 Analysis of low-temperature
rheological property based on BBR test

4.2.1 Effect of granulated rubber proportion
Using 20 mesh, 40 mesh and 60 mesh granulated rubber powder,

granulated rubber modified bitumen was produced by blending
granulated rubber powder in proportions of 16%, 20%, and 24%, and
thenmixed withmineral powder according to different ratio of filler
to bitumen (0.65, 0.95 and 1.25) tomake granulated rubbermodified
bitumenmastic beams.ThenBBRwas used to test granulated rubber
modified bitumen with varying ratio of filler to bitumen at −12°C.
The results are depicted in Figure 9. It is evident from Figure 9
that the stiffness modulus of the granulated rubber modified
bitumen mastic decreases with the increase in granulated rubber
powder content, while the slope of the creep curve increases
slowly. This shows that with the increase in granulated rubber
powder content, the brittleness of granulated rubber modified
bitumen mastic decreases, the stress relaxation ability increases,
as well as the low temperature cracking resistance increases. This is
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FIGURE 11
Impact of filler-to-bitumen ratio on the rigidity modulus of bitumen mastic. Impact of filler-to-bitumen ratio on the rigidity modulus of bitumen
mastic: (A) 20 mesh; (B) 40 mesh; (C) 60 mesh.

because the incorporation of granulated rubber powder can increase
the elastic component in granulated rubber modified bitumen
mastic, as a result enhancing the elasticity and shear resilience of
the modified bitumen mastic. In low-temperature environments,
granulated rubber powder can act as a filler in bitumen mastic,
increasing the density of the granulated rubber modified
bitumen mastic.

4.2.2 Influence of granulated rubber mesh
number

The granulated rubber mesh number leads to a considerable
impact on the low-temperature rheological properties of granulated
rubber modified bitumen mastic. Figure 10 illustrates that the
stiffness modulus of granulated rubber modified bitumen mastic
decreases. As the quantity of the mesh number of granulated rubber
powder, that is, the larger-scale the mesh number of granulated
rubber powder, the miniature the stiffness. This demonstrates
that the added granulated rubber powder has small particle
size and strong deformation ability at low temperature, which
contributes to enhancing the resistance of bitumen mastic to low
temperature cracking. A larger mesh number of granulated rubber
powder implies smaller particles, which can better bond with
the bitumen mastic. Additionally, smaller particles of granulated

rubber powder form a more uniform dispersed state in granulated
rubber modified bitumen mastic, thereby effectively improving its
flowability and toughness. On the other hand, a smaller mesh
number of granulated rubber powder means larger particles, which
can cause particle aggregation and hinder uniform dispersion
in the bitumen mastic. As a result, a larger particle size of
granulated rubber powder decreases the flowability and toughness
of granulated rubber modified bitumen mastic. A smaller mesh
number of granulated rubber powder contributes to enhanced
rheological properties at low temperatures of granulated rubber
modified bitumen mastic, while a larger granulated rubber mesh
number may reduce these properties. It can be seen that to
enhance the low temperature crack resistance of granulated rubber
modified bitumen mastic, The utilization of finer granulated rubber
powder (i.e., larger mesh) is suitable to prepare granulated rubber
modified bitumen.

4.2.3 Effect of ratio of filler to bitumen
From Figure 11, it is evident that the stiffness modulus of

granulated rubber modified bitumen mastic progressively rises with
the increase of ratio of filler to bitumen. The results show that the
low temperature deformation ability and low temperature cracking
resistance of granulated rubber modified bitumen mastic decrease
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TABLE 4 Rutting factor at 70°C and stiffness modulus at −12°C of rubber modified bitumen mastic.

Preparation parameters Rheological properties

Mesh number Content (%) Ratio of filler to bitumen 70°C rutting factor (kPa) −12°C stiffness modulus
(MPa)

20 16 0.65 19.43 321

20 16 0.95 26.36 493

20 16 1.25 32.45 693

20 20 0.65 31.64 317

20 20 0.95 40.69 448.5

20 20 1.25 47.74 659

20 24 0.65 31.95 310.5

20 24 0.95 40.73 421.5

20 24 1.25 50.73 598

40 16 0.65 13.68 263

40 16 0.95 15.24 376.5

40 16 1.25 14.16 503

40 20 0.65 15.98 246.5

40 20 0.95 21.31 367

40 20 1.25 19.26 445.5

40 24 0.65 18.57 219

40 24 0.95 24.24 316

40 24 1.25 18.98 360.5

60 16 0.65 10.81 240

60 16 0.95 13.15 339

60 16 1.25 15.02 430

60 20 0.65 14.57 221.5

60 20 0.95 14.92 285.5

60 20 1.25 17.34 382.5

60 24 0.65 14.1 215.5

60 24 0.95 17.33 273

60 24 1.25 14.8 268

graduallyas the ratiooffiller tobitumen increases.This isbecause, after
mixing granulated rubber modified bitumen with mineral powder,
the mineral powder adsorbs the bitumen, forming layered structural
bitumen on the surface, the bitumen outside the structural layer is free
bitumen, structural bitumen has a strong bonding force, promoting

themineral powderparticles to contact eachother, hindering freeflow.
Meanwhile, the addition of mineral powder can fill the voids in the
granulated rubbermodified bitumenmastic and increase the viscosity
and rigidity of the bitumen mastic. The addition of mineral powder
can also enhance the surface area and deformability of the bitumen
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TABLE 5 Grey relation coefficients of various influencing factors for
70°C rutting factor and −12°C stiffness modulus.

Grey relation coefficients for 70°C rutting factor

k R1 R2 R3 k R1 R2 R3

ξ1(k) 0.724 0.961 0.853 ξ15(k) 0.865 0.865 0.660

ξ2(k) 0.579 0.722 0.863 ξ16(k) 0.840 0.705 0.886

ξ3(k) 0.493 0.592 0.906 ξ17(k) 0.950 0.881 0.950

ξ4(k) 0.503 0.703 0.562 ξ18(k) 0.855 0.716 0.654

ξ5(k) 0.410 0.534 0.534 ξ19(k) 0.466 0.741 0.820

ξ6(k) 0.358 0.450 0.536 ξ20(k) 0.493 0.811 0.685

ξ7(k) 0.499 0.826 0.557 ξ21(k) 0.517 0.877 0.579

ξ8(k) 0.409 0.607 0.533 ξ22(k) 0.511 0.719 0.970

ξ9(k) 0.340 0.466 0.496 ξ23(k) 0.515 0.729 0.729

ξ10(k) 0.697 0.828 0.930 ξ24(k) 0.549 0.799 0.621

ξ11(k) 0.737 0.885 0.737 ξ25(k) 0.505 0.610 0.948

ξ12(k) 0.709 0.845 0.565 ξ26(k) 0.549 0.676 0.798

ξ13(k) 0.758 0.758 1.000 ξ27(k) 0.514 0.623 0.576

ξ14(k) 0.949 0.949 0.949 Relation
degree

0.603 0.736 0.737

Grey relation coefficients for -12°C stiffness modulus

k R1 R2 R3 k R1 R2 R3

ξ1(k) 0.662 0.927 0.803 ξ15(k) 0.785 0.785 0.870

ξ2(k) 0.459 0.572 0.685 ξ16(k) 0.635 0.537 0.893

ξ3(k) 0.338 0.396 0.562 ξ17(k) 0.835 0.673 0.835

ξ4(k) 0.669 0.837 0.813 ξ18(k) 0.975 0.762 0.676

ξ5(k) 0.499 0.777 0.777 ξ19(k) 0.452 0.830 0.963

ξ6(k) 0.354 0.475 0.607 ξ20(k) 0.547 0.870 0.902

ξ7(k) 0.680 0.663 0.830 ξ21(k) 0.678 0.666 0.826

ξ8(k) 0.526 0.929 0.846 ξ22(k) 0.438 0.639 0.901

ξ9(k) 0.387 0.633 0.708 ξ23(k) 0.491 0.760 0.760

ξ10(k) 0.712 0.896 0.980 ξ24(k) 0.603 0.971 0.717

ξ11(k) 0.993 0.772 0.993 ξ25(k) 0.433 0.533 0.882

ξ12(k) 0.668 0.560 0.959 ξ26(k) 0.480 0.605 0.733

ξ13(k) 0.681 0.681 0.987 ξ27(k) 0.475 0.598 0.544

ξ14(k) 1.000 1.000 1.000 Relation
degree

0.609 0.717 0.817

mastic, thereby increasing the strength and stability of the bitumen
mastic. Corresponding to the increase inmineral powder, the amount
of structural bitumen increases, the amount of free bitumendecreases,
the fluidity of mastic decreases, the flexibility becomes worse, the
stiffness increases, and the deformation ability decreases. However,
the ratio of filler to bitumen should not be too high. This is because
an elevated levels of mineral powder can result in particle stacking
and agglomeration in the bitumen mastic, reducing the strength and
viscosity of the bitumen mastic. In summary, the proportion of filler
to bitumen has a significantly affects the low-temperature rheological
properties of granulated rubber modified bitumen mastic. Therefore,
the appropriate ratio of filler to bitumen should be selected based on
specific circumstances in practical applications.

5 Grey relation analysis between
preparation parameter and
rheological properties of granulated
rubber modified bitumen mastic

For the purpose of facilitating the study of the correlation
between mesh number, content of granulated rubber powder and
rheological properties and ratio of filler to bitumen of granulated
rubber modified bitumen mastic, the 70°C rutting factor and −12°C
stiffness modulus of different granulated rubber modified bitumen
mastic specimens as well as the test data were summarized, the
findings were displayed in Table 4.

5.1 Grey relation analysis of high
temperature rheological properties

In this study, 70°C rutting factor was chosen as the reference
sequence, and the granulated rubber powder mesh number (R1),
content (R2), and filler to bitumen ratio (R3) were used as the
comparison sequence. The dimensionless quantification on the data
in Table 4 was performed, and then the grey relation coefficient could
be calculated.The computation outcomes are displayed in Table 5.

From the grey relation between the factors in Table 5 and 70°C
rutting factor, it is evident that the degree of impact of every
parameter on the high-temperature capability of granulated rubber
modified bitumen mastic is: ratio of filler to bitumen > granulated
rubber content > granulated rubber mesh number.The comparative
analysis of data shows that within the spectrum of different
factors, the influence of ratio of filler to bitumen and granulated
rubber powder content on the high-temperature capability of
granulated rubber modified bitumen mastic is equivalent, while
the influence of granulated rubber powder mesh number on
the high-temperature capability of granulated rubber modified
bitumen mastic is relatively low. Therefore, from the perspective
of improving the high-temperature rheological characteristics of
granulated rubber modified bitumen mastic, the first step is to
control the ratio of filler to bitumen within a certain range. At the
same time, under the premise of meeting the process requirements,
increasing the amount of granulated rubber powder appropriately
is beneficial for enhancing the high-temperature deformation
resistance of granulated rubber modified bitumen mastic.
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5.2 Grey relation analysis of high
temperature rheological properties

The −12°C stiffness modulus was selected as the reference
sequence, the granulated rubber powdermesh number (R1), content
(R2), and ratio of filler to bitumen (R3) were respectively taken
as the comparison series, and the data in Table 5 are subjected to
dimensionless quantization, and then the grey relation coefficient is
calculated. The findings are displayed in Table 5. It is evident from
the gray correlation degree between each factor and the stiffness
modulus of −12°C in Table 5 that the influence degree of each factor
on the low temperature capability of granulated rubber modified
bitumen mastic is as follows: ratio of filler to bitumen > granulated
rubber content > granulated rubber mesh number.The comparative
analysis of the data shows that the proportion of filler to bitumen
has the greatest influence on the low temperature performance
of granulated rubber modified bitumen mastic, followed by the
substance of granulated rubber powder, and the mesh number of
granulated rubber powder has a low influence. Therefore, in order
to ensure that the granulated rubber modified bitumen mastic has
outstanding low temperature capability, the proportion of filler to
bitumen should not be too large.At the same time, under the premise
of satisfying the process, as much granulated rubber powder is used
as possible.

6 Conclusion

This study emphasized the assessment of performance of
granulated rubber modified bitumen mastic in accordance with
rheological properties, taking into consideration the rubber content,
mesh number, and ratio of filler to bitumen. The findings of
this research offer valuable perspectives on the advancement and
enhancement of granulated rubber modified bitumenmixtures.The
following key findings were observed.

(1) As the rubber content increases, the density of granulated
rubber modified bitumen mastic also raise. When the rubber
content exceeds 20%, the viscosity of the mastic shows a
significant increase, which is unfavorable for construction.

(2) It is imperative to regulate the bitumen pavement construction
temperature. If the temperature is too low, the mastic viscosity
becomes high, leading to construction difficulties. On the
contrary, if the temperature is too high, the mastic viscosity
becomes low, and some of the bitumen may age, affecting the
pavement performance. A higher filler-bitumen ratio increases
its temperature sensitivity, making it more susceptible to
changes in construction temperature.

(3) Raising the rubber content to a specific degree can improve the
resistance to rutting at high temperatures. However, when the
rubber content exceeds an optimal level, inadequate swelling of
the rubber particles can lead to a decrease or even a weakening
in the enhancement of high-temperature performance.

(4) The rutting factor gradually reduces with a raise in the rubber
mesh number. Large particle volume results in slow swelling
rates and poor dispersion in the bitumen, while small particle
volume intensifies desulfurization and cracking reactions,
disrupting the stable network structure and reducing the high-
temperature deformation resistance. The bitumen mastic with

a filler-to-bitumen ratio of 0.95 demonstrates the most robust
resistance to rutting under high temperatures.

(5) A higher rubber content and larger mesh number correspond
to stronger low-temperature crack resistance of bitumen
mastic. As the filler-bitumen proportion increases, the
low-temperature deformation capacity of the mastic
gradually decreases, leading to diminished resistance to
low-temperature cracking.

(6) The ratio of filler to bitumen exerts the most significant
influence on the rheological properties of bitumen mastic
at both high and low temperatures, followed by the rubber
content, while the rubber mesh number has a relatively lower
impact. It is important to control the filler-bitumen proportion
to avoid excessive values. The 20% rubber content, 40 mesh,
and filler-to-bitumen ratio of 0.95 were recommended.
Whenever possible, a higher rubber content should be used
while meeting the process requirements.

Overall, this study highlights the importance of optimizing
the rubber content, mesh number, and ratio of filler to bitumen
in granulated rubber modified bitumen mastic. The findings
suggest that an appropriate combination of these factors can
improve the rheological properties of the bitumen mastic,
resulting in improved performance and endurance of the bitumen
pavement. Future research should focus on further investigating
the extended-term functionality and sustainability of granulated
rubber modified bitumen mixtures to fully understand their
potential benefits and limitations. In addition, the microscopic
mechanism of rubber powder modified bitumen needs to be deeply
analyzed.
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