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Abstract: Currently, the research on the mechanical properties of rubber-modified asphalt mixtures
primarily focuses on small-scale investigations, with insufficient exploration into the performance
of rubber particles and their relationship with the mechanism and properties of modified asphalt
mixtures. Limited studies have been conducted on large-scale rubber modification in asphalt mixtures.
Due to frequent use and subsequent high damage to existing asphalt pavements, incorporating rubber-
modified asphalt mixtures can partially alleviate premature deterioration. Dynamic modulus tests
were conducted using MTS equipment under unconfined conditions to investigate the viscoelastic
behavior of rubber-modified asphalt mixtures with high rubber content and elucidate the influence of
rubber particle content on the elastic deformation and recovery capability. The dynamic mechanical
properties of the mixtures were determined at different loading rates, temperatures, and types of
rubber-modified asphalt mixtures. Based on the test data, variations in the dynamic modulus, phase
angle, storage modulus, loss modulus, loss factor, and rut factor of the rubber-modified asphalt
mixtures under different loading frequencies, temperatures, and types were analyzed. The results
demonstrate the pronounced viscoelastic behavior of rubber-modified asphalt mixtures. The mixtures
exhibit enhanced elasticity at low temperatures and high frequencies, while their viscosity becomes
more prominent at high temperatures and low frequencies. Under constant test temperatures, an
increase in load loading frequency leads to a higher dynamic modulus; conversely, a decrease in
dynamic modulus is observed with increasing test temperatures. The dynamic modulus of ARHM-25
at a frequency of 10 Hz is found to be 12.99 times higher at 15 ◦C compared to that at 60 ◦C, while
at 30 ◦C, the dynamic modulus at 25 Hz is observed to be 2.72 times greater than that at 0.1 Hz.
Furthermore, the rutting resistance factors of the asphalt mixtures increase with loading frequency
but decrease with temperature. The rutting factor for ARHM-13 at a frequency of 10 Hz is found
to be 22.98 times higher at 15 ◦C compared to that at 60 ◦C, while at a temperature of 30 ◦C, the
rutting factor for this material is observed to be 3.09 times greater at a frequency of 25 Hz than at
0.1 Hz. These findings suggest that rutting is most likely when vehicles drive at low speeds in hot
weather conditions.

Keywords: road engineering; viscoelasticity; dynamic modulus; crumb rubber; asphalt mixture

1. Introduction

Currently, the layered elastic system theory is utilized in calculating the structure in
China’s Code for Design of Asphalt Pavement Structure, with a double circular uniform
load applied. However, in practical scenarios, asphalt pavement structures are influenced
by various factors, such as vehicle loads, climate conditions, and environmental impacts.
Therefore, a significant disparity exists between the actual working state and the behavior
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predicted by the layered system under a double circular uniform load. As a result, replacing
the static modulus with the dynamic modulus has become an essential requirement for
pavement materials based on empirical design.

As a viscoelastic material, the asphalt mixture exhibits its viscoelastic properties
through the characterization of its dynamic modulus. Consequently, various temperature-
dependent viscoelastic tests were conducted on the asphalt mixture. The findings indicate
that [1] at low temperatures and under small deformations, the asphalt mixture demon-
strates linear elastic behavior; at high temperatures and large deformations, it behaves as a
viscoplastic elastomer, while in the transitional range of average temperatures, it displays
true viscoelasticity. According to the design specifications of the American AASHTO2002,
the dynamic modulus can effectively serve as an indicator of asphalt mixture perfor-
mance [2]. A study conducted under the NCHRP9-19 project in the United States shows
the correlation between dynamic modulus and rutting. Additionally, the anti-rutting factor
exhibits a close relationship with the phase angle. At the same time, the phase angle
represents the extent of strain lag and strain in asphalt [3–5]. During the Ninth Five-Year
Plan period, the Ministry of Communications in China conducted numerous experimental
studies on the factors influencing the dynamic modulus of asphalt mixtures. The research
findings indicate that the test temperature, load frequency, and loading method are primary
determinants affecting the dynamic modulus. Additionally, it was observed that there is a
minimal impact on the dynamic modulus from load gap time. Consequently, based on these
observations, domestic and foreign research institutions widely employ dynamic modulus
testing to assess the high and low-temperature properties and viscoelastic characteristics of
asphalt mixtures [5–7].

Reputable scholars have conducted extensive research on the dynamic modulus of
matrix asphalt mixtures, encompassing testing methods for dynamic modulus and the
analysis of influential factors. The changes in porosity, water permeability, and mechanical
properties of three types of asphalt mixtures (ARHM-13, ARHM-20, and ARHM-25) were
investigated by Yan Luo et al. [8] before and after undergoing freezing and thawing
processes. Furthermore, the relationship between the porosity of rubber-modified asphalt
mixtures with different grades and their corresponding water seepage rates was analyzed.
To accurately predict the fatigue life (Nf) of rubber asphalt mixtures, Chenze Fang et al. [9]
analyzed the correlation between Nf and stiffness modulus decay (SMD), as well as the
relative rate of change of stiffness modulus decay (SMDR). They established a functional
relationship between Nf and the number of fatigue loads, as well as a damage model
based on the cumulative stiffness modulus decay relative rate of change (CSMDR). The
fatigue equation was derived from the correlational analysis between SMDR and the
damage evolution rate. Xinya Liu et al. [10] conducted uniaxial static load compression
tests to investigate the creep characteristics of the mixture under various temperatures
and confining pressure conditions. They used the viscoelastic Burgers model to examine
the mechanical properties of a warm mixed-rubber-modified asphalt mixture. Zining
Chen et al. [11] investigated the impact of various factors, including the recycled agent
dosage, curing temperature, and curing time, on the dynamic modulus and bending
stiffness modulus of hot mix asphalt incorporating reclaimed asphalt pavement (RAP).
Hui Wang et al. [12] divided the samples of different asphalt content layers into the upper
and lower parts and then compacted them together. SPT was used to conduct dynamic
modulus tests to simulate the state of asphalt migration between layers of asphalt pavement
and further study the influence of asphalt migration on the dynamic modulus of asphalt
mixture. Ruan Li et al. [13] investigated the impact of square and semi-sine loads on the
dynamic and resilience modulus of asphalt mixtures. The dynamic modulus tests were
conducted using semi-sine and bell-shaped loads on AC-13, AC-16, AC-20, AC-25, and SUP-
25 asphalt mixtures. Ding Han et al. [14] investigated the impact of aggregate morphology
on the dynamic modulus of asphalt mixture using a digital image processing method. They
developed a predictive model for the dynamic modulus of asphalt mixture under different
temperatures and loading frequencies based on aggregate morphology and asphalt mortar
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material parameters. Xujie Li et al. [15] investigated the impact of long-term indoor oven
aging on the stiffness of the asphalt mixture by conducting indoor dynamic modulus tests.
Various conditions of long-term oven aging were applied to different materials, including
varying aging temperatures and durations for loose mixtures and compacted samples. The
principal curve of the dynamic modulus and data on the dynamic modulus ratio (DMR)
indicate that aging the loose mixture at 95 ◦C is an effective method for characterizing the on-
site long-term aging process with good efficiency and performance. Harnaeni SR et al. [16]
assessed the viscoelastic properties, including phase angle and dynamic modulus, of
asphalt concrete wear process (AC-WC) and hot rolled sheet wear process (HRS-WC)
mixtures by establishing a principal curve based on dynamic modulus tests. Xiaochun
Qin et al. [17] conducted a comparative study on two testing methods, namely indirect
tensile and uniaxial compression, to measure the dynamic modulus of asphalt mixture
with five different binder types and a nominal maximum aggregate particle size using a
point measurement system. The dynamic modulus and phase angle principal curves at
a reference temperature of 20 ◦C were obtained according to the superposition principle
of time and temperature. The results revealed significant differences in the dynamic
modulus, phase angle, and displacement coefficient between the two test modes. The fitting
formula demonstrated a strong correlation between the dynamic moduli measured under
uniaxial compression and indirect tensile conditions. Huining Xu et al. [18] investigated the
application of Rayleigh wave technology for nondestructive measurement of the dynamic
modulus of asphalt mixture by proposing a three-dimensional finite element numerical
algorithm to simulate Rayleigh wave propagation in a multi-layer semi-space system.
The feasibility of Rayleigh wave technology in capturing mechanical property variations
within shallow structures of asphalt pavement was verified through numerical analysis.
Furthermore, an experimental application of Rayleigh wave technology was conducted
using five types of asphalt mixtures.

A substantial volume of discarded tires is generated with the rapid advancement of the
socio-economic landscape and continuous enhancement of automobile capabilities. If not
appropriately and effectively managed, waste tires, being chemical substances, can lead to
significant environmental pollution. Aligned with the deepening green concept and empha-
sis on environmental preservation and energy conservation, rubber has been incorporated
as an additive in asphalt to enhance its road performance. After decades of extensive
research in rubber-modified asphalt technology conducted by worldwide researchers, it
has been established that rubber-modified asphalt and its mixture serve as environmentally
friendly pavement materials exhibiting commendable high/low-temperature properties,
fatigue resistance, and noise reduction. Qingyu Zhang et al. [19] employed two modifiers,
namely HDPE and TOR, to fabricate rubber powder/SBS-modified asphalt mixtures with
rubber powder contents of 20% and 25%. A comparative analysis of technical performance
was conducted between the rubber powder/SBS-modified asphalt mixtures and the SBS-
modified asphalt mixture. Under repeated load, the triaxial dynamic creep test investigated
the permanent deformation behavior of the three types of rubber powder/SBS-modified
asphalt mixtures. Subsequently, a prediction model for permanent deformation under re-
peated loading was established based on the modified Burgers model. Zihao Zhou et al. [20]
employed a UTM material testing machine to investigate the dynamic bending modulus
and phase angle of a mixture comprising 70# matrix asphalt and rubber asphalt using two
different test methods, namely, four-point bending and ladder beam tests. By applying the
time-temperature equivalent principle, they calculated the shift factor of the principal curve.
They generated dynamic modulus principal curves and phase angle principal curves to ana-
lyze the viscoelastic properties of the rubber asphalt mixtures. Furthermore, they compared
and analyzed the effects of these two dynamic bending and tensile modulus test methods
on both the dynamic bending/tensile moduli and the phase angles of the asphalt mixtures.
To investigate the impact of rubber powder particle size and dosage on the viscoelastic prop-
erties of asphalt mixture at high temperatures, Zhichen Wang et al. [21] initially conducted
a series of feed creep tests on dry rubber asphalt mixtures under 13 different working condi-
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tions with varying particle sizes and dosages. Subsequently, an improved four-element and
five-parameter model was developed by incorporating static and dynamic load equivalence
and applying the Boltzmann linear superposition principle. This study proposes a dynamic
creep viscoelastic model for asphalt mixture that can be solved in a single iteration, while
also analyzing the model parameters. The anti-fatigue cracking properties of various base
materials and recycled tire rubber-modified asphalt mixtures were compared and evaluated
by S. Kocak et al. [22] using pp-feed analysis and AASHTOWare Pavement ME (version
2.3) software. These materials included the innovative devulcanized rubber (DVR), rubber
powder blend (CRTB), rubber wet process (CRWET), as well as the raw/base material
PG58-28 and the softer PG58-34 binder. Fan Bai et al. [23] conducted an extensive series
of uniaxial compression tests on both the ideal asphalt mixture and the fine and coarse
rubber-modified (CRM) asphalt mixture. A viscoelastic viscoplastic random constitutive
model incorporating the lognormal distribution of random parameters was proposed to
depict the mechanical behavior accurately. Guoqing Wang et al. [24] conducted aging
studies on three types of rubber-modified asphalt with rubber contents of 30%, 40%, and
50%, as well as SBS-modified asphalt and 70# matrix asphalt, using the RTFOT and PAV
methods. The results revealed that while RTFOT failed to accurately differentiate the fa-
tigue properties of modified asphalt, PAV successfully distinguished the fatigue properties
of different types. The ranking order for fatigue properties was AR40 > AR30 > AR50 >
SBS > 70#. Hua Tan et al. [25] employed a dynamic shear rheometer to conduct hysteresis
tests on rubber-modified asphalt with various additives, thereby assessing the compound
modification effect of the modifier on rubber asphalt and its impact on viscoelastic proper-
ties based on indicators such as residual deformation elastic energy retention, dissipated
energy, elastic ratio, and composite elastic modulus. Adding the PE modifier enhances the
resistance to permanent deformation in rubber asphalt but exhibits poor fatigue resistance.
On the other hand, rock asphalt can enhance the stiffness, viscous flow behavior, and
fatigue resistance of rubber asphalt. In order to investigate the impact of rubber asphalt
mortar on the dynamic modulus of the mixture, Wang Xinqiang et al. [26,27] employed a
rotary shear compaction test. The skeleton clearance rate was determined by gradually
filling coarse aggregate until reaching 0.85, 1.00, and 1.10 times the minimum skeleton
clearance volume, respectively. Subsequently, 30% rubber powder-modified asphalt mortar
was added to form the mixture. Dynamic modulus specimens were prepared using the
rotary shear compaction test method, and their dynamic moduli were measured through an
asphalt mixture performance test. Zifeng Zhao et al. [28] investigated the impact of rubber
powder and RAP material on the viscoelastic properties of asphalt mixture, revealing that
at loading conditions of 1 Hz and 35 ◦C, the creep resistance of asphalt mixture exhibited
an increase exceeding 10%. In comparison, the complex modulus and storage modulus
experienced a growth surpassing 50%. The viscoelastic properties of asphalt mixture mod-
ified with rubber particles were investigated by Miao Yu et al. [29,30]. They examined
the influence of rubber particle content on the asphalt mixture’s elastic deformation and
recovery ability. Dynamic modulus tests were conducted using an unconfined asphalt
mixture performance testing machine. The dynamic properties of the mixture were mea-
sured at different loading frequencies, temperatures, and varying rubber particle contents.
Guoqing Wang et al. [31] conducted an experimental study on the road performance of
modified asphalt with a high dosage of rubber powder. The dynamic shear rheometer
was employed to conduct frequency scanning and multi-stress creep recovery tests on
matrix and rubber powder-modified asphalt with varying content. Through a compre-
hensive analysis of dynamic mechanical response under different loading and working
conditions, the viscoelastic properties and high-temperature creep mechanical behavior
of rubber powder-modified asphalt were systematically characterized. The effects of cup
lump rubber and polyphosphoric acid on the mechanical properties of the asphalt mixture
were investigated by Anwaar Hazoor Ansari et al. [32]. The results demonstrated that the
combined modification of CLA and PPA significantly enhanced the dynamic resilience
modulus of the asphalt mixture. The road performance of the SMA mixture with graphene
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composite rubber-modified asphalt was analyzed by Rui Guo et al. [33], revealing that
the SMA mixture exhibited superior bending strength and dynamic stability compared to
the AH-70# and SBS asphalt mixtures. JC Wang et al. [34] investigated the shear modulus
and damping ratio of two modified asphalt samples with rubber contents of 20% and 10%
under various temperature and pressure conditions. The shear modulus and damping
ratio strongly correlate with temperature, while stiffness shows a slight decrease with
increasing confining pressure. Temperature and confining pressure play significant roles in
determining these properties. The stable rubber-plastic-modified asphalt mixture designed
by R Ren et al. [35] was characterized by establishing a dynamic modulus master curve to
evaluate its mechanical properties. Compared to the SBS-modified asphalt mixture, the
stable rubber-plastic-modified asphalt mixture exhibited a 15% increase in low-temperature
tensile strength and a more than 40% increase in high-temperature dynamic modulus. SA
Kumar et al. investigated the dynamic mechanical properties of SBS and rubber powder
composite-modified asphalt mixture [36]. A multivariate analysis of variance revealed that
temperature, frequency, and type of asphalt binder significantly influenced the measured
dynamic modulus. Furthermore, under high temperatures and prolonged loading condi-
tions, the road performance of the composite modified asphalt mixture exhibited superior
characteristics compared to the unmodified asphalt mixtures. KL Roja et al. [37] employed
the Sasobit additive in a rubber crumb-modified binder to produce warm mixed asphalt.
It was observed that the dynamic modulus and rutting resistance of the modified asphalt
mixture exhibited an increasing trend with higher Sasobit content. At the same time, the
fatigue life demonstrated a decreasing trend. The viscoelastic micromechanical model pro-
posed by ZC Wang et al. [38] predicts the dynamic modulus of granular rubber-modified
asphalt concrete (GCRMAC) based on existing two-phase and three-phase micromechanical
models. Building upon this, an equation for the GCRMAC dynamic modulus is established,
taking into account the viscoelastic effect of asphalt concrete and the content of rubber
chips. Laboratory experiments confirm the effectiveness of this model in predicting the
dynamic modulus of GCRMAC. In a study conducted by AA Abdulridha et al. [39], the
influence of rubber scrap size and content on the elastic modulus, dynamic creep, and
durability of rubber-modified asphalt mixture was investigated, revealing that reducing
the rubber particle size had the most significant impact on enhancing the performance of
asphalt mixture. Yunchao Tang et al. [40] utilized recycled rubber particles (RPs) and recy-
cled aggregate (RA) to fabricate rubber-modified recycled aggregate concrete (RRAC). The
RRAC characteristics, including compressive strength and peak strain, were investigated
after subjecting the specimens to various temperatures while varying the amounts of RA
and RPs. Tao Zhou et al. [41] utilized waste bio-oil and scrap rubber from waste tires to
modify bitumen, producing bio-modified rubber bitumen (BMR). They investigated the
time-dependent evolution of BMR properties, focusing on its rheological, chemical, and
microscopic characteristics. Memduh Karalar et al. [42] investigated the impact of waste
tire rubber (WTR) on the flexural behavior of reinforced concrete beams (RCB) through
experimental tests, ANSYS, and SAP2000 simulations, as well as three-dimensional finite
element model (FEM) visualization. Alexey Beskopylny et al. [43] examined the influence
of preparation factors on the properties of concrete with partial replacement of coarse
aggregate (CA) by rubber tree (RT) seed shells. They identified the optimal composition for
achieving enhanced strength characteristics.

To enhance the recycling efficiency of waste rubber, it is imperative to augment the
rubber content in rubber-modified asphalt and its mixture. The conventional utilization of
rubber powder in rubber asphalt typically involves a 20% composition, with the United
States adopting a range between 17% and 20%, while South Africa employs an approximate
ratio of 25%. Furthermore, efforts have been made to prepare rubber-modified asphalt mix-
tures containing over 30% rubber powder. Although extensive research has been conducted
on the mechanical properties of low-content rubber-modified asphalt and its mixtures,
there remains substantial room for exploration regarding high-content rubber-modified
asphalt and its mixtures. This article investigates the viscoelastic properties of high-content
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rubberized asphalt mixtures. The dynamic mechanical properties of high content rub-
ber modified asphalt were comprehensively considered under different temperature and
loading frequency conditions.

2. Materials and Methods
2.1. Test Methods

The Superpave rotary compactor was employed in this experiment to compact the
specimen. This compactor allows for precise control of forming pressure and porosity,
utilizing the lateral tilt angle of the mold cylinder and chassis to generate shear force within
the mixture. Consequently, it can effectively simulate the stress state experienced during
actual asphalt mixture spreading by roller forming. Compaction times are selected based
on target porosity and compaction height data obtained during molding.

Laboratory testing methods for dynamic modulus include uniaxial compression, di-
rect tensile, triaxial compression, indirect tensile, two-point bending, three-point bending,
four-point bending tests, and more. The uniaxial compression test, indirect tensile test,
and four-point bending test are commonly used for testing asphalt mixtures. Because
pavements primarily experience compression under driving loads and China’s Code for
Design of Asphalt Pavement Structure uses the uniaxial compressive modulus as a de-
sign parameter, the study adopts the uniaxial compression test method to investigate
the dynamic modulus of asphalt mixtures. Currently, there are three primary types of
equipment utilized for conducting uniaxial compressive dynamic modulus tests on indoor
asphalt mixtures: the MTS810 series servo-hydraulic material test system manufactured by
MTS Systems Corporation in Eden Prairie, MN, USA, and Industrial Process Controls Ltd.
in Glanmire, Queensland, Australia, the essential performance test instrument (SPT) for
asphalt mixtures and the UTM series servo-hydraulic or pneumatic material test system
produced by the company. In this study, we employed the MTS810 series servo-hydraulic
material test system to perform dynamic modulus testing under uniaxial compression at
temperatures of 15 ◦C, 30 ◦C, 45 ◦C, and 60 ◦C. The frequencies used for the deformation
test on the dynamic modulus of asphalt mixture are 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz,
and 25 Hz. The extensometer is connected to the deformation input channel of MTS to
ensure synchronization between the load and deformation measurements during testing.
To accurately describe the relationship between load and deformation within a loading
cycle, it is necessary to adjust the data acquisition frequency according to the loading
frequency. The data acquisition frequency is typically ten times higher than the loading
frequency. The general procedure for conducting a dynamic modulus test under uniaxial
compression is as follows:

1. Before the test, place the specimen in the environmental chamber at the designated
testing temperature and maintain a consistent temperature for 4–5 h until reaching
the required test temperature within the specified timeframe.

2. Retrieve the specimen from the incubator and position the extensometer equidistantly
along its circumference. The placement procedure is as follows: situate the extensome-
ter at the midpoint of one side of the specimen, perpendicular to its cross-section.

3. Position a polytetrafluoroethylene film above and below the specimen to minimize
friction resistance between the specimen and the loading plate, thereby reducing
potential end effects. Subsequently, place it at the center of the loading plate, as
depicted in Figure 1.

4. The specimen is subjected to a sine-wave axial compressive stress test load, and the
repeated loading cycles specified in Table 1 are conducted from high frequency to
low frequency at the designated temperature. At any two testing frequencies with
an interval of 2 min, the load and deformation curves of the last five waveforms are
collected while recording and calculating both the applied load during testing and
the axial strain of the specimen.

5. The next temperature test on the specimen should be conducted, with the temperature
selection ranging from low to high.
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Figure 1. Dynamic modulus testing under uniaxial compression conditions.

Table 1. Loading times under different load frequencies.

Frequency (Hz) Loading Times

25 200
10 200
5 100
1 20

0.5 15
0.1 15

2.2. Methods for Preparing Materials

The asphalt used in this study is a high-content rubber with rubber contents of 30%,
40%, and 50%, corresponding to the upper, middle, and lower surfaces of Jingde high-
speed, respectively. The penetration, ductility, and softening point indices are presented
in Table 2, while the PG classification performance is displayed in Table 3. All indices for
rubber asphalt and basalt aggregate meet the requirements specified by the “Technical
Specification for Highway Asphalt Pavement Construction” (JTG F40-2004).

Table 2. Test results for conventional properties of rubber asphalt.

Test Items
Asphalt Test

Results for 30%
Rubber Content

Asphalt Test
Results for 40%
Rubber Content

Asphalt Test
Results for 50%
Rubber Content

Penetration degree 25 ◦C, 100 g, 5 s (0.1 mm) 62 66 58
Ductility 5 cm/min, 5 ◦C (cm) 16 18 12.8
Softening point TR and B (◦C) 72.5 72 78.7
Rotary viscosity 180 ◦C (Pa·s) 2.8 3.5 2.96

Elastic recovery 25 ◦C (%) 84 81 71
Storage stability segregation, 48 h softening point difference (◦C) 2.0 0.5 6.4

Residue after TFOT
Quality loss (%) −0.29 −0.3 0.3

Residual penetration ratio 25 ◦C (%) 77 76 86.2
Residual ductility 5 ◦C (cm) 11 12 10.4
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Table 3. PG specification evaluation of rubber asphalt.

Test Items Asphalt Test Results for
30% Rubber Content

Asphalt Test Results for
40% Rubber Content

Asphalt Test Results for
50% Rubber Content

PG specification evaluation 88–34 88–34 82–28
Rutting factor (88 ◦C) 1683.8 1421.6 1638

Rutting factor after aging (88 ◦C) 3429.5 2767.2 1672
Fatigue limit temperature (◦C) 13 10 16

Creep stiffness S (−24 ◦C) 201.9205 166.9801 343
Creep rate (m) 0.3054 0.3147 0.335

The aggregate used is high-quality basalt, while the filler consists of basalt mineral
powder. To ensure accurate test results and maintain uniformity in the production process,
the aggregate employed for specimen production undergoes screening to achieve different
particle sizes. In order to ascertain the performance of these aggregates, various perfor-
mance indices were tested according to the Technical Specification for Highway Asphalt
Pavement Construction (JTG F40-2004). Consequently, aggregates’ physical and mechanical
performance indices were obtained, as presented in Tables 4–6. The results demonstrate
that all utilized aggregate parameters meet the specified technical requirements.

Table 4. Density test results for limestone aggregates.

Serial Number Particle Size (mm) Performance
Density (g/cm3)

Bulk Density
(g/cm3)

Dry Apparent
Density (g/cm3)

Water Absorption
(%)

1 13.2~9.5 2.673 2.569 2.608 1.53
2 9.5~4.75 2.661 2.572 2.607 1.35
3 4.75~2.36 2.649

— — —

4 2.36~1.18 2.642
5 1.18~0.6 2.606
6 0.6~0.3 2.592
7 0.3~0.15 2.586
8 0.15~0.075 2.615

Table 5. Test results for crushing value, polishing value, and abrasion value of limestone aggregate.

Aggregate Type Crushing Value (%) Polished Stone Value (BPN) Wear Value (%)

Limestone 15.8 57.4 19.9
Standard requirement ≤28 ≥45 ≤30

Table 6. Basic technical index of mineral powder.

Test Items Test Results Technical Requirements

Apparent relative density (g/cm3) 2.688 ≥2.50
water content (%) 0.4 ≤1

Appearance characteristic No agglomerative caking —
Hydrophilic coefficient 0.57 <1

Plasticity index (%) 2.2 <4

Granulometric range (%)
<0.6 mm 100 100

<0.15 mm 95.2 90~100
<0.075 mm 84.4 75~100

This study’s crumb rubber-modified asphalt mixture grading design method primarily
refers to the Technical Specification for Highway Asphalt Pavement Construction (JTG F40-
2004). Tables 7–9 display the grading of each crumb rubber-modified asphalt mixture, while
Figure 2 illustrates the grading curve. The aggregate grading satisfies the requirements
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outlined in JTG F40-2004, and the asphalt-aggregate ratio for three crumb rubber asphalt
mixtures at 30%, 40%, and 50% is 5.22%, 4.79%, and 4.36%, respectively.

Table 7. Mineral aggregate gradation inARHM-13.

Mesh Size (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

The upper limit of gradation 100 100 71 35 28 23 19 15 12 10
The lower limit of gradation 100 95 62 25 20 15 12 10 8 6

Median of gradation 100 97.5 66.5 30 24 19 15.5 12.5 10 8
Passing rate (%) 100 95.7 67 30.3 24.3 18.5 13.2 10.3 9.1 8.6

Table 8. Mineral aggregate gradation in ARHM-20.

Mesh Size (mm) 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

The upper limit of gradation 100 100 88 76 59 35 27 21 17 13 10 8
The lower limit of gradation 100 90 77 64 47 25 18 14 10 7 5 4

Median of gradation 100 95 82.5 70 53 30 22.5 17.5 13.5 10 7.5 6
Passing rate (%) 100 95.5 84.6 72.8 53.6 29.5 23.1 16.4 10.4 7.2 6.3 6.0

Table 9. Mineral aggregate gradation in ARHM-25.

Mesh Size (mm) 31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

The upper limit of gradation 100 100 82 73 65 53 35 27 20 16 12 9 7
The lower limit of gradation 100 90 70 62 54 42 25 17 12 9 6 4 3

Median of gradation 100 95 76 67.5 59.5 47.5 30 22 16 12.5 9 6.5 5
Passing rate (%) 100 99.4 75.4 68.1 59.8 48.7 29.9 19.0 13.7 9.6 7.2 6.4 5.9
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The limestone aggregate is placed in a constant-temperature oven at 110 ◦C until it
reaches a consistent weight through drying. The asphalt and aggregate are heated in the
oven at 180 ◦C for over 2 h, following the grading mentioned above design. The crumb
rubber-modified asphalt mixture is thoroughly mixed using an indoor mixer, maintaining
the optimal oil-to-stone ratio. Specimens were prepared using the rotating compaction
method (76-B0252 rotating compactor of Italian CONTROLS). After demudding, cylindrical
specimens with a height of 150 mm and a diameter of 100 mm were obtained. The asphalt
mixture specimens are shown in Figure 3.
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2.3. Methods for Calculating Vibroelastic Parameters
2.3.1. Dynamic Modulus, Phase Angle, and Loss Factor

The dynamic modulus, which is the ratio of stress to strain, characterizes a material’s
resistance to deformation. The phase angle, representing the phase difference between
strain and stress, quantifies the extent of viscoelasticity. The loss factor, expressed as the
tangent value of the phase angle, indicates the material’s viscoelastic properties. A higher
loss factor indicates greater viscosity, while a lower loss factor signifies enhanced elasticity.
Calculation methods for dynamic modulus and phase angle are provided below:

σ0 = Pi/A (1)

where

σ0—axial stress amplitude (MPa);
Pi—average amplitude of axial test load in the last five loading cycles (N);
A—radial cross-section area of the specimen (mm2).

|E∗| = σ0/ε0 (2)

where

|E∗|—dynamic modulus (MPa);
ε0—the axial strain amplitude measured by the extensometer (mm/mm).

φ = ti/lp × 360 (3)

where

φ—phase angle (◦);
ti—the average lag time between peak deformation and peak load in the last five loading
cycles (s);
lp—the average load period of the last five load cycles (s).
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2.3.2. Storage Modulus, Loss Modulus, and Rutting Factor

The complex modulus of the crumb rubber-modified asphalt mixture can be expressed
by the equation below, where the natural part represents the storage modulus, and the
imaginary part denotes the loss modulus. The storage modulus characterizes the elastic
behavior of the crumb rubber-modified asphalt mixture, with a higher value indicating
better shape retention capability. On the other hand, the loss modulus reflects the viscous
behavior of crumb rubber-modified asphalt mixture. A more significant loss modulus
implies increased energy consumption during deformation and more incredible difficulty
returning to its original shape. The subsequent equation describes the relationship between
the complex, storage, and loss modulus.

E∗ = E′ + iE′′ (4)

E′ = |E∗| cos φ (5)

E′′ = |E∗| sin φ (6)

where

E∗—complex modulus (MPa);
E′—storage modulus (MPa);
E′′ —loss modulus (MPa);
i—complex unit, i2 = −1.

WITCZAK [44] tested and compared the dynamic modulus under varying loading
frequencies and temperatures, both with and without confining pressure. It was con-
cluded that the permanent deformation of asphalt pavement strongly correlates with the
unconstrained rutting factor, while this correlation weakens under confining pressure. The
symbol k is used to represent the rutting factor.

k = |E∗|/sin φ (7)

3. Dynamic Modulus Test Results and Analysis
3.1. Influence of Loading Frequency
3.1.1. Dynamic Modulus

The dynamic modulus changes in three different crumb rubber-modified asphalt
mixtures with loading frequency under different temperature conditions are shown in
Figure 4.

The frequency-dependent behavior of the dynamic moduli for the three crumb rubber-
modified asphalt mixtures is evident in Figure 4. As the loading frequency increases, a
consistent upward trend can be observed in the dynamic moduli of ARHM-13, ARHM-20,
and ARHM-25. However, this increasing trend gradually diminishes with higher loading
frequencies. The dynamic modulus is stable when the frequency increases beyond a certain
threshold. The asphalt mixture belongs to viscoelastic materials, and its deformation
hysteresis is caused by external load stress. As the loading frequency increases, the energy
that cannot be released in time gradually increases, increasing the dynamic modulus of the
asphalt mixture. When the loading frequency is high, the viscosity characteristics of the
asphalt mixture are no longer evident and approach elastic deformation, so the dynamic
modulus tends to stabilize.
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Figure 4. Variation trend of dynamic modulus of asphalt mixture with loading frequency:
(a) ARHM-13; (b) ARHM-20; (c) ARHM-25.

3.1.2. Phase Angle

The phase angle changes with the loading frequency of three different crumb rubber-
modified asphalt mixtures under different temperature conditions are shown in Figure 5.

As shown in Figure 5, when the temperature is between 15 ◦C and 30 ◦C, the phase
angle of the three crumb rubber-modified asphalt mixtures decreases with the increase
in loading frequency, and the decreasing trend gradually slows down with the growth of
loading frequency. When the temperature is between 45 ◦C and 60 ◦C, the phase angle
of the three kinds of rubber-modified asphalt mixtures increases with the increase in
loading frequency, and the decreasing trend gradually slows down with the increase in
loading frequency. The phase angle is stable when the frequency increases beyond a certain
threshold. The phase angle characterizes the ability of the mixture to resist deformation
under load from the perspective of viscosity, reflecting the proportion and degree of
influence of viscosity and elastic components in viscoelasticity. Under the conditions of
15 ◦C and 30 ◦C, the phase angle decreases with the increase in loading frequency, and the
decreasing trend gradually slows down. The formation mechanism of high-temperature
stability of asphalt mixtures comes from the bonding properties of the binder and the
interlocking effect of mineral aggregate gradation. Under low temperatures and high-
frequency loads, the primary performance is elastic. With the increase in loading frequency,
the elastic performance is enhanced, resulting in a decrease in phase angle. As the loading
frequency increases, the elastic performance tends to stabilize to a certain extent, and the
ratio of the elastic part to the viscous part tends to stabilize.



Buildings 2024, 14, 434 13 of 28Buildings 2024, 14, x FOR PEER REVIEW  14  of  30 
 

0 5 10 15 20 25
16

18

20

22

24

26

28

30

32

34

f(Hz)

(
)  15 ℃

 30 ℃
 45 ℃
 60 ℃

 
0 5 10 15 20 25

14

16

18

20

22

24

26

28

30

32

(
)

f(Hz)

 15 ℃
 30 ℃
 45 ℃
 60 ℃

 
(a)  (b) 

0 5 10 15 20 25

14

16

18

20

22

24

26

28

30

32

(
)

f(Hz)

 15 ℃
 30 ℃
 45 ℃
 60 ℃

 
(c) 

Figure 5. Variation trend of phase angle of asphalt mixtures with loading frequency: (a) ARHM-13; 

(b) ARHM-20; (c) ARHM-25. 

As shown in Figure 5, when the temperature is between 15 °C and 30 °C, the phase 

angle of the three crumb rubber-modified asphalt mixtures decreases with the increase in 

loading frequency, and the decreasing trend gradually slows down with the growth of 

loading frequency. When the temperature is between 45 °C and 60 °C, the phase angle of 

the three kinds of rubber-modified asphalt mixtures increases with the increase in loading 

frequency, and the decreasing trend gradually slows down with the increase in loading 

frequency.  The  phase  angle  is  stable when  the  frequency  increases  beyond  a  certain 

threshold. The phase angle characterizes the ability of the mixture to resist deformation 

under load from the perspective of viscosity, reflecting the proportion and degree of in-

fluence of viscosity and  elastic  components  in viscoelasticity. Under  the  conditions of 

15 °C and 30 °C, the phase angle decreases with the increase in loading frequency, and the 

decreasing trend gradually slows down. The formation mechanism of high-temperature 

stability of asphalt mixtures comes from the bonding properties of the binder and the in-

terlocking effect of mineral aggregate gradation. Under low temperatures and high-fre-

quency loads, the primary performance is elastic. With the increase in loading frequency, 

the elastic performance is enhanced, resulting in a decrease in phase angle. As the loading 

frequency increases, the elastic performance tends to stabilize to a certain extent, and the 

ratio of the elastic part to the viscous part tends to stabilize. 

3.1.3. Storage Modulus 

The  change of  storage modulus of  three different  crumb  rubber-modified asphalt 

mixtures with loading frequency under different temperature conditions is shown in Fig-

ure 6. 

Figure 5. Variation trend of phase angle of asphalt mixtures with loading frequency: (a) ARHM-13;
(b) ARHM-20; (c) ARHM-25.

3.1.3. Storage Modulus

The change of storage modulus of three different crumb rubber-modified asphalt
mixtures with loading frequency under different temperature conditions is shown in
Figure 6.

It can be seen from Figure 6 that the storage moduli of the three crumb rubber-modified
asphalt mixtures change regularly with frequency. With the increase in loading frequency,
the storage moduli of ARHM-13, ARHM-20, and ARHM-25 all show an increasing trend,
and the growing trend gradually slows down with the increase in loading frequency.
The transformation law of the storage modulus with loading frequency is the same as
that of the dynamic modulus with loading frequency. The storage modulus refers to
the amount of energy stored in a material due to elastic (reversible) deformation during
deformation, reflecting the magnitude of the material’s elasticity. It represents the index
of material rebound after deformation. The dynamic modulus refers to the mechanical
response of a material under load, which is not only related to the influencing factors
under static action but also to the time, magnitude, frequency, and repetition effects of load
action, demonstrating a specific stress dependence. The storage modulus reflects the elastic
properties of asphalt mixtures, while the dynamic modulus reflects the elastic and viscous
properties of asphalt mixtures. When asphalt mixtures exhibit elasticity, the value of the
stored modulus tends to align with that of the dynamic modulus and is calculated as the
cosine of the dynamic modulus multiplied by the phase angle.
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Figure 6. Variation trend of storage moduli of asphalt mixture with loading frequency: (a) ARHM-
13; (b) ARHM-20; (c) ARHM-25.  

It can be seen from Figure 6 that the storage moduli of the three crumb rubber-mod-
ified asphalt mixtures change regularly with frequency. With the increase in loading fre-
quency, the storage moduli of ARHM-13, ARHM-20, and ARHM-25 all show an increas-
ing trend, and the growing trend gradually slows down with the increase in loading fre-
quency. The transformation law of the storage modulus with loading frequency is the 
same as that of the dynamic modulus with loading frequency. The storage modulus refers 
to the amount of energy stored in a material due to elastic (reversible) deformation during 
deformation, reflecting the magnitude of the material’s elasticity. It represents the index 
of material rebound after deformation. The dynamic modulus refers to the mechanical 
response of a material under load, which is not only related to the influencing factors un-
der static action but also to the time, magnitude, frequency, and repetition effects of load 
action, demonstrating a specific stress dependence. The storage modulus reflects the elas-
tic properties of asphalt mixtures, while the dynamic modulus reflects the elastic and vis-
cous properties of asphalt mixtures. When asphalt mixtures exhibit elasticity, the value of 
the stored modulus tends to align with that of the dynamic modulus and is calculated as 
the cosine of the dynamic modulus multiplied by the phase angle. 

3.1.4. Loss Modulus 
The loss modulus changes with the loading frequency of three different crumb rub-

ber-modified asphalt mixtures under different temperature conditions are shown in Fig-
ure 7. 

Figure 6. Variation trend of storage moduli of asphalt mixture with loading frequency: (a) ARHM-13;
(b) ARHM-20; (c) ARHM-25.

3.1.4. Loss Modulus

The loss modulus changes with the loading frequency of three different crumb rubber-
modified asphalt mixtures under different temperature conditions are shown in Figure 7.
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inside the material are relatively slow, the resistance is relatively small, and the loss mod-
ulus is low. At high frequencies, molecular and lattice movements become more frequent 
and complex, leading to increased resistance and a gradual increase in loss modulus. 
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It can be seen from Figure 7 that the loss modulus of the three crumb rubber-modified
asphalt mixtures changes regularly with the frequency. With the increase in loading
frequency, the dynamic modulus shows an increasing trend, which gradually slows down
with the growth of loading frequency. The law governing the change in the loss modulus
with loading frequency is the same as that of the dynamic and storage moduli with loading
frequency. This is because, at low frequencies, the molecular and lattice movements inside
the material are relatively slow, the resistance is relatively small, and the loss modulus is
low. At high frequencies, molecular and lattice movements become more frequent and
complex, leading to increased resistance and a gradual increase in loss modulus. However,
when the frequency reaches a particular value, the movement of molecules and lattices
begins to be influenced by external constraints and dissipation effects, so the loss modulus
will gradually decrease.

3.1.5. Loss Factor

The loss factors of the three different crumb rubber-modified asphalt mixtures under
different temperature conditions vary with loading frequency, as shown in Figure 8.
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period of a viscoelastic material under the action of an alternating force field, which is also 
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angle obtained from the test. 
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As shown in Figure 8, when the temperature is between 15 ◦C and 30 ◦C, the loss
factors of the three crumb rubber-modified asphalt mixtures decrease with the increase
in loading frequency, and the decreasing trend gradually slows down with the growth of
loading frequency. When the temperature is between 45 ◦C and 60 ◦C, the loss factors of
the three kinds of rubber-modified asphalt mixtures increase with the increase in loading
frequency, and the decreasing trend becomes slower with the growth of loading frequency.
The variation pattern of the loss factor with loading frequency aligns with the phase angles.
The loss factor is the tangent of the phase angle between the strain and stress period of a
viscoelastic material under the action of an alternating force field, which is also equal to the
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ratio of the loss modulus to the storage modulus of the material. When the temperature is
between 45 ◦C and 60 ◦C, the loss factor can be calculated from the phase angle obtained
from the test.

3.1.6. Rutting Factor

Under different temperature conditions of the three crumb rubber-modified asphalt
mixtures, the rutting factors change with loading frequency, as shown in Figure 9.
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Figure 9. Trends in the rutting factors of asphalt mixtures with loading frequency: (a) ARHM-13; (b) 
ARHM-20; (c) ARHM-25.  

It can be seen from Figure 9 that the rutting factors of the three crumb rubber-modi-
fied asphalt mixtures change regularly with frequency. With the increase in loading fre-
quency, the rutting factors all show an increasing trend, which gradually slows down with 
the growth of loading frequency. The law governing the change in the rutting factor with 
loading frequency is the same as that of the dynamic modulus, storage modulus, and loss 
modulus with loading frequency. 

3.2. Influence of Temperature 
3.2.1. Dynamic Modulus 

The dynamic modulus changes with temperature for the three different crumb rub-
ber-modified asphalt mixtures at different frequencies are shown in Figure 10.  
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Figure 9. Trends in the rutting factors of asphalt mixtures with loading frequency: (a) ARHM-13;
(b) ARHM-20; (c) ARHM-25.

It can be seen from Figure 9 that the rutting factors of the three crumb rubber-modified
asphalt mixtures change regularly with frequency. With the increase in loading frequency,
the rutting factors all show an increasing trend, which gradually slows down with the
growth of loading frequency. The law governing the change in the rutting factor with
loading frequency is the same as that of the dynamic modulus, storage modulus, and loss
modulus with loading frequency.

3.2. Influence of Temperature
3.2.1. Dynamic Modulus

The dynamic modulus changes with temperature for the three different crumb rubber-
modified asphalt mixtures at different frequencies are shown in Figure 10.
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Figure 10. Variation trends of dynamic moduli of asphalt mixtures with temperature: (a) ARHM-13;
(b) ARHM-20; (c) ARHM-25.

It can be seen from Figure 10 that the dynamic moduli of the three crumb rubber-
modified asphalt mixtures change regularly with temperature. With the increase in the
temperature, the dynamic moduli of ARHM-13, ARHM-20, and ARHM-25 all show a
decreasing trend, and the decreasing trend gradually slows down with the increase in
the temperature. At higher temperatures, the viscosity characteristics of asphalt mixtures
increase, resulting in a decrease in the dynamic modulus.

3.2.2. Phase Angle

The results of the phase angle variation with temperature for the three different crumb
rubber-modified asphalt mixtures at different frequencies are shown in Figure 11.

It can be seen from Figure 11 that the phase angles of the three crumb rubber-modified
asphalt mixtures change regularly with the temperature. With the increase in tempera-
ture, the dynamic moduli of ARHM-13, ARHM-20, and ARHM-25 increase first and then
decrease. When the frequency is less than or equal to 1 Hz, the phase angle reaches the
maximum at 30 ◦C, and when the frequency is greater than or equal to 5 Hz, the phase
angle reaches the maximum at 45 ◦C. The low-temperature mixture exhibits elasticity, and
as the frequency decreases, the phase angle becomes larger. The high-temperature mixture
exhibits viscoelasticity, and as the frequency decreases, the phase angle becomes smaller.
When the temperature is between high and low, the phase angle increases first and then
decreases as the frequency decreases.
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Figure 10. Variation trends of dynamic moduli of asphalt mixtures with temperature: (a) ARHM-13; 
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It can be seen from Figure 10 that the dynamic moduli of the three crumb rubber-
modified asphalt mixtures change regularly with temperature. With the increase in the 
temperature, the dynamic moduli of ARHM-13, ARHM-20, and ARHM-25 all show a de-
creasing trend, and the decreasing trend gradually slows down with the increase in the 
temperature. At higher temperatures, the viscosity characteristics of asphalt mixtures in-
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Figure 11. Variation trends in phase angles of asphalt mixtures with temperature: (a) ARHM-13; (b) 
ARHM-20; (c) ARHM-25. 

Figure 11. Variation trends in phase angles of asphalt mixtures with temperature: (a) ARHM-13;
(b) ARHM-20; (c) ARHM-25.

3.2.3. Storage Modulus

The results of the storage modulus variation with temperature for the three different
crumb rubber-modified asphalt mixtures at different frequencies are shown in Figure 12.
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Figure 12. Variation trend of storage modulus of asphalt mixture with temperature: (a) ARHM-13; 
(b) ARHM-20; (c) ARHM-25.  

It can be seen from Figure 12 that the storage moduli of the three crumb rubber-mod-
ified asphalt mixtures change regularly with temperature. With the increase in tempera-
ture, the storage moduli of ARHM-13, ARHM-20, and ARHM-25 all show a decreasing 
trend, and the decreasing trend gradually slows down with the increase in temperature. 
The temperature-dependent transformation law of the storage modulus is identical to that 
of the dynamic modulus. 

3.2.4. Loss Modulus 
The loss modulus changes with temperature of the three different crumb rubber-

modified asphalt mixtures at different frequencies are shown in Figure 13. 

Figure 12. Variation trend of storage modulus of asphalt mixture with temperature: (a) ARHM-13;
(b) ARHM-20; (c) ARHM-25.
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It can be seen from Figure 12 that the storage moduli of the three crumb rubber-
modified asphalt mixtures change regularly with temperature. With the increase in temper-
ature, the storage moduli of ARHM-13, ARHM-20, and ARHM-25 all show a decreasing
trend, and the decreasing trend gradually slows down with the increase in temperature.
The temperature-dependent transformation law of the storage modulus is identical to that
of the dynamic modulus.

3.2.4. Loss Modulus

The loss modulus changes with temperature of the three different crumb rubber-
modified asphalt mixtures at different frequencies are shown in Figure 13.
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Figure 13. Variation trend of loss moduli of asphalt mixtures with temperature: (a) ARHM-13;
(b) ARHM-20; (c) ARHM-25.

It can be seen from Figure 13 that the loss moduli of the three crumb rubber-modified
asphalt mixtures change regularly with temperature. With the increase in temperature, the
loss moduli of ARHM-13, ARHM-20, and ARHM-25 all show a decreasing trend, and the
decreasing trend gradually slows down with the temperature increase. The temperature-
dependent transformation law of the storage modulus is consistent with that of both the
dynamic and storage moduli.

3.2.5. Loss Factor

The loss factors of the three different crumb rubber-modified asphalt mixtures under
different frequency conditions change with temperature, as shown in Figure 14.
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Figure 14. Variation trend of asphalt mixture loss factors with temperature: (a) ARHM-13;
(b) ARHM-20; (c) ARHM-25.

It can be seen from Figure 14 that the loss factors of the three crumb rubber-modified
asphalt mixtures change regularly with temperature. With the increase in temperature,
the loss factors of ARHM-13, ARHM-20 and ARHM-25 show first an increase and then a
decrease trend. When the frequency is less than or equal to 1 Hz, the loss factor reaches the
maximum at 30 ◦C, and when the frequency is greater than or equal to 5 Hz, the loss factor
reaches the maximum at 45 ◦C. The temperature-dependent variation in the loss factor
aligns with the corresponding change in the phase angle. The loss factor is the tangent
of the phase angle between the strain and stress periods of a viscoelastic material under
the action of an alternating force field, which is equal to the ratio of the loss modulus
to the storage modulus of the material. The low-temperature mixture exhibits elasticity,
and the lower the frequency, the greater the loss factor. The high-temperature mixture
exhibits viscoelasticity, and the lower the frequency, the smaller the loss factor. When the
temperature is withing the range of high and low temperatures, as the frequency decreases,
the loss factor first increases and then decreases.

3.2.6. Rutting Factor

The results of the rutting factor changes with temperature for the three different crumb
rubber-modified asphalt mixtures at different frequencies are shown in Figure 15.

It can be seen from Figure 15 that the rutting factors of the three crumb rubber-modified
asphalt mixtures change regularly with temperature. With the increase in temperature,
the rutting factors of ARHM-13, ARHM-20, and ARHM-25 all show a decreasing trend,
and the decreasing trend gradually slows down with the increase in temperature. The
temperature-dependent variation in the rutting factors aligns with that observed for the
dynamic, storage, and loss moduli. The rutting factor is used as an indicator to evaluate
the high-temperature performance of asphalt. The higher the rutting factor is, the stronger
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the asphalt mixture resistance is to permanent deformation high-temperatures; that is, the
higher the high-temperature stability of the mixture, the better.

Buildings 2024, 14, x FOR PEER REVIEW  22  of  30 
 

20 30 40 50 60
0

5000

10000

15000

20000

25000

30000

|E
* |/s

in


M
Pa


T(℃)

 f=0.1Hz
 f=0.5Hz
 f=1Hz
 f=5Hz
 f=10Hz
 f=25Hz

10,000

15,000

20,000

25,000

30,000

 
20 30 40 50 60

0

5000

10000

15000

20000

25000

30000

35000

40000

|E
* |/s

in


M
P

a

T(℃)

 f=0.1Hz
 f=0.5Hz
 f=1Hz
 f=5Hz
 f=10Hz
 f=25Hz

10,000

15,000

20,000

25,000

30,000

35,000

40,000

 
(a)  (b) 

20 30 40 50 60
0

5000

10000

15000

20000

25000

30000

35000

40000

45000

|E
* |/s

in


M
Pa


T(℃)

 f=0.1Hz
 f=0.5Hz
 f=1Hz
 f=5Hz
 f=10Hz
 f=25Hz

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

 
(c) 

Figure 15. Trend of rutting factors of asphalt mixtures with temperature: (a) ARHM-13; (b) ARHM-

20; (c) ARHM-25.   
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Figure 15. Trend of rutting factors of asphalt mixtures with temperature: (a) ARHM-13; (b) ARHM-20;
(c) ARHM-25.

3.3. Influence of Rubber-Modified Asphalt Mixture’s Type
3.3.1. Dynamic Modulus

Under four temperature conditions and different frequency conditions, the dynamic
modulus results for the three different kinds of rubber-modified asphalt mixtures are shown
in Figure 16.
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Figure 16. Relationship between type of asphalt mixture and dynamic modulus: (a) T = 15 ◦C;
(b) T = 30 ◦C; (c) T = 45 ◦C; (d) T = 60 ◦C.

As can be seen from Figure 16, under different temperature and frequency conditions,
the dynamic modulus results for the three different kinds of rubber-modified asphalt
mixtures are as follows: ARHM-25 > ARHM-20 > ARHM-13. The experimental results
show that as the maximum nominal particle size of the gradation increases, the dynamic
modulus of the asphalt mixture is significantly enhanced. Therefore, it is recommended to
use coarse-grained asphalt mixture as pavement material in areas and sections with heavy
traffic and high temperatures.

3.3.2. Phase Angle

Under four temperature conditions and different frequency conditions, the phase
angle results for the three different kinds of rubber-modified asphalt mixtures are shown in
Figure 17.
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Figure 17. Relationship between asphalt mixture type and phase angle: (a) T = 15 ◦C; (b) T = 30 ◦C;
(c) T = 45 ◦C; (d) T = 60 ◦C.
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As can be seen from Figure 17, under the condition of T ≤ 45 ◦C and different frequen-
cies, the phase angle results for the three different kinds of rubber-modified asphalt mixture
are as follows: ARHM-13 > ARHM-25 > ARHM-20. Under the conditions of T = 60 ◦C
and f ≤ 5 Hz, the phase angle results for the three different kinds of rubber-modified
asphalt mixture are as follows: ARHM-13 > ARHM-20 > ARHM-25. Under the condition
of T = 60 ◦C and f = 10 Hz, the phase angle results for the three different kinds of rubber-
modified asphalt mixture are as follows: ARHM-20 > ARHM-25 > ARHM-13. Under the
conditions of T = 60 ◦C and f = 25 Hz, the phase angle results for the three different kinds
of rubber-modified asphalt mixture are as follows: ARHM-25 > ARHM-20 > ARHM-13.

3.3.3. Storage Modulus

Under four temperature conditions and different frequency conditions, the storage
modulus results for three different kinds of rubber-modified asphalt mixture are shown in
Figure 18.
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Figure 18. Relationship between asphalt mixture type and storage modulus: (a) T = 15 °C; (b) T = 30 
°C; (c) T = 45 °C; (d) T = 60 °C. 

As can be seen from Figure 18, under different temperature and frequency condi-
tions, the storage modulus results for the three different kinds of rubber-modified asphalt 
mixture are as follows: ARHM-25 > ARHM-20 > ARHM-13. 

3.3.4. Loss Modulus 
Under four temperature conditions and different frequency conditions, the loss mod-

ulus results for the three different kinds of rubber-modified asphalt mixture are shown in 
Figure 19. 

Figure 18. Relationship between asphalt mixture type and storage modulus: (a) T = 15 ◦C;
(b) T = 30 ◦C; (c) T = 45 ◦C; (d) T = 60 ◦C.

As can be seen from Figure 18, under different temperature and frequency conditions,
the storage modulus results for the three different kinds of rubber-modified asphalt mixture
are as follows: ARHM-25 > ARHM-20 > ARHM-13.

3.3.4. Loss Modulus

Under four temperature conditions and different frequency conditions, the loss modu-
lus results for the three different kinds of rubber-modified asphalt mixture are shown in
Figure 19.
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Figure 19. Relationship between asphalt mixture type and loss modulus: (a) T = 15 ◦C; (b) T = 30 ◦C;
(c) T = 45 ◦C; (d) T = 60 ◦C.

As can be seen from Figure 19, under different temperature and frequency conditions,
the storage modulus results for the three different kinds of rubber-modified asphalt mixture
are as follows: ARHM-25 > ARHM-20 > ARHM-13.

3.3.5. Loss Factor

Under four temperature conditions and different frequency conditions, the loss factors
of the three different kinds of rubber-modified asphalt mixtures are shown in Figure 20.

As can be seen from Figure 20, under the condition of T = 15 ◦C and different frequen-
cies, the loss factors of the three different kinds of rubber-modified asphalt mixture are as
follows: ARHM-13 > ARHM-25 > ARHM-20. Under the condition of T = 30 ◦C or 45 ◦C
and different frequencies, the loss factors of the three different kinds of rubber-modified
asphalt mixtures are as follows: ARHM-25 > ARHM-20 > ARHM-13. Under T = 60 ◦C and
f ≤ 0.5 Hz, the loss factors of the three different kinds of rubber-modified asphalt mixtures
are as follows: ARHM-25 > ARHM-13 > ARHM-20. Under T = 60 ◦C, f = 1 Hz, the loss
factors of the three different kinds of rubber-modified asphalt mixtures are as follows:
ARHM-20 > ARHM-13 > ARHM-25. Under the condition of T = 60 ◦C, f = 10 Hz, the
loss factors of the three different kinds of rubber-modified asphalt mixture are as follows:
ARHM-20 > ARHM-25 > ARHM-13. Under T = 60 ◦C and f = 25 Hz, the loss factors of
the three different kinds of rubber-modified asphalt mixtures are as follows: ARHM-20 >
ARHM-13 > ARHM-25.
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Figure 20. Relationship between asphalt mixture type and loss factor: (a) T = 15 ◦C; (b) T = 30 ◦C;
(c) T = 45 ◦C; (d) T = 60 ◦C.

3.3.6. Rutting Factor

Under four temperature conditions and different frequency conditions, the loss factors
of the three different kinds of rubber-modified asphalt mixtures are shown in Figure 21.
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As can be seen from Figure 21, under the conditions of T = 30 ◦C and f = 0.1 Hz, the
rutting factor results for the three different kinds of rubber-modified asphalt mixtures are
as follows: ARHM-13 > ARHM-20 > ARHM-25. Under other temperature and frequency
conditions, the rutting factors of the three different types of rubber-modified asphalt
mixtures are as follows: ARHM-20 > ARHM-13 > ARHM-25.

4. Conclusions

This study adopted a blending method of equal volume addition of rubber parti-
cles, using a step-by-step compaction method with coarse and fine aggregates. Asphalt
mixture specimens ARHM-13, ARHM-20, and ARHM-25 were prepared with 30%, 40%,
and 50% rubber content, respectively. MTS was selected for dynamic modulus testing
under unconfined conditions to analyze the viscoelastic parameters of the rubber-modified
asphalt mixtures, the variation pattern under different loading frequencies, and loading
temperatures. The main conclusions are as follows:

(1) The relationship between the dynamic, storage, and loss moduli of the three rubber-
modified asphalt mixtures under different loading frequencies and temperatures
is ARHM-25 > ARHM-20 > ARHM-13. Based on this, it is recommended to use a
coarse-grained asphalt mixture as the pavement surface material in areas and sections
with heavy traffic and high temperatures.

(2) The relationship between the rutting factors of the three types of rubber-modified
asphalt mixtures under different frequency and temperature conditions is ARHM-
20 > ARHM-13 > ARHM-25. The modified asphalt mixture exhibits a significantly
enhanced delayed elastic recovery ability, enabling partial deformation recovery upon
unloading. However, this phenomenon inevitably introduces errors, thereby imposing
limitations on the utilization of the rutting factor for evaluating the high-temperature
performance of modified asphalt.

(3) The research results of this article indicate that high rubber-content modified asphalt
mixtures have excellent performance. In addition, it supports the view that adding
30% to 50% rubber particles to asphalt mixtures is reasonable, pointing out that
increasing the gradation will increase the rubber content.

(4) To establish a relationship between the maximum reasonable dosage of rubber par-
ticles and the gradation of the asphalt mixture, more indoor test data need to be
obtained in the future. Through many experiments, the relationship between the
maximum reasonable dosage of rubber particles and the gradation of the asphalt
mixture needs to be established.
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