
Citation: Ran, W.; Qiu, H.; Ai, X.;

Zhang, S.; Wang, Y. Experimental

Study on the Dynamic Modulus of an

Asphalt Roadbed Grouting Mixture

under the Influence of Complex and

Multiple Factors. Buildings 2023, 13,

1969. https://doi.org/10.3390/

buildings13081969

Academic Editors: Qingbiao Wang

and Bin Gong

Received: 28 June 2023

Revised: 20 July 2023

Accepted: 27 July 2023

Published: 1 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Experimental Study on the Dynamic Modulus of an Asphalt
Roadbed Grouting Mixture under the Influence of Complex
and Multiple Factors
Wuping Ran 1, Hengzheng Qiu 2,*, Xianchen Ai 1, Shanshan Zhang 3 and Yaqiang Wang 2

1 School of Traffic and Transportation Engineering, Xinjiang University, Urumqi 830017, China
2 Xinjiang Civil Engineering Technology Research Center, Xinjiang University, Urumqi 830047, China
3 College of Hydraulic and Architectural Engineering, Tarim University, Aral 843300, China
* Correspondence: wgfywyyx@163.com

Abstract: After long-term service, the ground will experience settlement and the stability of the
roadbed will be lost. In order to effectively reinforce the roadbed, an asphalt roadbed grouting
mixture has been applied to the filling of the roadbed. The rotary compaction method was used to
prepare different gradation types of lime composite-modified oil sludge pyrolysis residue asphalt,
mixtures Sup13, Sup19, and Sup25. This article takes the dynamic modulus of an asphalt roadbed
grouting mixture as the mechanical index, and the uniaxial compression dynamic modulus test is
carried out on three kinds of rotary compaction asphalt mixtures, Sup13, Sup19, and Sup25. The
dynamic modulus master curves of different gradation composite-modified oil sludge pyrolysis
residue asphalt mixtures are fitted to study the dynamic modulus of asphalt mixtures under different
nominal maximum particle sizes, loading frequencies, and temperatures. The results show that
(1) The dynamic modulus of different gradation composite-modified oil sludge pyrolysis residue
asphalt mixtures increases with the decrease in temperature and the increase in frequency; (2) when
other conditions are the same, the compound-modified asphalt mixture’s dynamic modulus decreases
significantly under low-frequency and high-temperature conditions; (3) in the range of 4.4–37.8 ◦C
and medium loading frequency, the dynamic modulus of the compound-modified asphalt mixture is
more affected by temperature and loading frequency; (4) in the low-temperature and high-frequency
range, the compound-modified asphalt mixture with a larger nominal maximum particle size has a
higher dynamic modulus, and the asphalt mixture with better stability of skeleton structure has a
higher dynamic modulus. The research results of this article will provide scientific guidance for the
study of the mechanical properties of asphalt roadbed grouting mixtures.

Keywords: roadbed stability; land subsidence; asphalt grouting mixture; dynamic modulus; multi-
ple factors

1. Introduction

The karst development in the karst landform area is obvious, the formation instability
is intensified, and the amount of land subsidence is large. The asphalt mixture can effec-
tively improve the stability of the subgrade in the complex land subsidence area of the
karst. One hot spot in academic research is how to realize the rational development of
non-renewable resources such as coal and oil and apply its ancillary products to asphalt
mixture [1–3]. In recent years, the number of oily solid waste sludge produced by oil
exploitation has also increased rapidly, resulting in social and environmental problems
such as large processing capacity and low resource utilization [4,5]. How to realize the
resource utilization and disposal of oil sludge has become an urgent problem to be solved.

In oil sludge treatment technology, pyrolysis has the advantages of complete treatment,
oil and gas resource recovery, heavy metal solidification in sludge, and less pollutant gas
emission, and it is considered to be the most promising sludge treatment technology [6,7].
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Microscopic analysis techniques such as SEM image processing technology and XRD
analysis have been widely used, dramatically improving the accuracy of analyzing the
internal microstructure distribution and chemical composition of materials [8–11]. Domestic
and foreign scholars at home and abroad have found that the pyrolysis residue of oil sludge
has a developed pore structure, rough surface, large specific surface area, and strong
adsorption capacity [12,13]. Similar to the chemical composition of subgrade materials, it
has broad application prospects in subgrade materials [14].

The pyrolysis residue of oil sludge has an abundant pore structure and strong physical
adsorption characteristics. An alkaline solution can further improve the specific surface
area of pyrolysis residue and enhance its adsorption capacity [15]. Vaisman et al. [16] used
a water washing method to treat oil sludge pyrolysis residue instead of mineral powder to
prepare the asphalt mixture, which can meet the requirements of road performance in some
areas. Mo et al. [17] used FT-IR and TG-DTG to analyze the functional group characteristics
of oil sludge pyrolysis residue and found that the pyrolysis residue contained a large
number of organic functional groups similar to asphaltene. Albayatia et al. [18] found
that hydrated lime can adsorb clay particles on the surface of aggregate and reduce the
influence of uncarbonized clay particles in the pyrolysis residue of oil sludge on the bonding
performance of asphalt. Zhu [19] found that the hydrocarbons and hydroxyl compounds
in the pyrolysis residue of oil sludge were integrated into the asphalt, which had a specific
absorption effect on the light components in the asphalt, enriched the components of
the asphalt, and increased the adhesion between the asphalt mortar and the aggregate.
Cong Lin et al. [20] analyzed that the asphalt mixture containing 4% clay can significantly
improve the water stability of the asphalt mixture after adding an appropriate amount
of lime.

As a typical viscoelastic material, the mechanical response of asphalt mixtures is
characterized by a dynamic shift in the actual use process. The dynamic modulus can
comprehensively reflect the stress and strain characteristics of materials under dynamic load
and asphalt temperature characteristics, which is an essential parameter for the structural
design of asphalt pavement [21,22]. At present, domestic and foreign scholars use the
time–temperature equivalence principle and the Sigmoidal mathematical model to draw
the dynamic modulus master curve, and use the W.L.F equation to calculate the shift factor
to obtain the dynamic modulus characteristics of asphalt mixture in a wider temperature
range and a wider frequency range [23]. In addition, different scholars have studied
the variation of dynamic modulus with temperature and frequency for modified asphalt
mixtures with other materials, analyzed the dynamic mechanical response of mixtures at
different temperatures and load frequencies, and explored the stress–strain characteristics
of materials in different environments [24,25].

At present, there needs to be more systematic research on the application of composite-
modified oil sludge pyrolysis residue asphalt mixture in road engineering. This study used
lime composite-modified oil sludge pyrolysis residue to replace the mineral powder to
design a composite-modified oil sludge pyrolysis residue asphalt mixture. The gradation
design of Sup13, Sup19, and Sup25, three groups of composite-modified oil sludge pyrolysis
residue asphalt mixtures, was carried out. The Superpave method was used to determine
the optimum oil–stone ratio of the mixture. The asphalt mixture specimen was formed
by the rotary compaction method. The dynamic modulus of composite-modified oil
sludge pyrolysis residue asphalt mixture was studied by the uniaxial compression dynamic
modulus test. Based on the results of the dynamic modulus test, the master curve of the
dynamic modulus of asphalt mixture with composite-modified oil sludge pyrolysis residue
was obtained by using the principle of time–temperature equivalence. The stress–strain
characteristics of asphalt mixture under a wide temperature range and significant frequency
was analyzed, which provided the reference for applying oil sludge pyrolysis residue in
road engineering.
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2. Materials and Test Scheme
2.1. Basic Properties of Materials
2.1.1. Asphalt

In this paper, Xinjiang Karamay AH-90 # asphalt provided by a company in Xinjiang.is
selected. The test method is referred to ‘Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway Engineering’ (JTG E20-2011) [26]. The main performance indicators
are shown in Table 1.

Table 1. Main specifications of Xinjiang Karamay AH-90 # matrix asphalt.

Technology Specifications Test Value Quality
Indicator Testing Method

Needle penetration (25 ◦C, 100 g, 0.1 mm) 84 80~100 T0604-2011
Needle penetration index PI −1.02 −1.5~+1.0 T0604-2011

Softening point (universal method)/◦C 46.0 ≥45 T0606-2011
Power Viscosity (60 ◦C) Pa·s 178 ≥160 T0620-2000

Latency (15 ◦C, 5 cm/min, cm) >100 ≥100 T0605-2011
Latency (10 ◦C, 5 cm/min, cm) >100 ≥100 T0605-2011

Wax content (distillation method)% 1.9 ≤2.2 T0615-2011
Flash point (open) ◦C >300 ≥245 T0611-2011

Solubility (trichloroethylene)/◦C 99.84 ≥99.5 T0607-2011
Density (15 ◦C), g/cm3 0.982 Real value T0603-2011

TFOR (or RTFOT) residues

Quality changes −0.112 −0.8~+0.8 T0609-2011

Residual needle penetration ratio, % 62.4 ≥61 T0609-2011
T0604-2011

Residual ductility ratio (10 ◦C)/cm 11.9 ≥6 T0609-2011/T0605-2011

2.1.2. Oil Sludge Pyrolysis Residue and Lime

The pyrolysis residue of oil sludge is affected by factors such as crude oil type and
final pyrolysis temperature, and its physical and chemical properties are different [27]. The
pyrolysis residue of oil sludge used in this paper is taken from a company in Xinjiang, and
its pyrolysis process is shown in Figure 1.
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In order to analyze the microstructure characteristics of oil sludge pyrolysis residue,
the microstructure of the material was scanned by a scanning electron microscope (SEM),
and the results are shown in Figure 2.
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Figure 2. Scanning electron microscope results of pyrolysis residue.

It can be seen from Figure 2 that the microstructure of the pyrolysis residue of oil
sludge shows a large number of rod-like structures and porous structures. There are a large
number of folds and bulges on the material’s surface, which increases the contact area with
the asphalt. When the asphalt is in contact with the pyrolysis residue of oil sludge, the
tiny molecules or oil with a short molecular chain in the asphalt will immerse into the gap,
showing an excellent liquid phase diffusion effect, which is conducive to the absorption
of organic macromolecules by the pyrolysis residue of oil sludge, and creates an excellent
physical condition for selective absorption with asphalt.

The research treated the pyrolysis residue of oil sludge and lime and determined the
material’s physical properties. The test method refers to the ‘Test Method of Aggregate for
Highway Engineering’ (JTG E42-2005) [28], and the test results are shown in Tables 2 and 3.

Table 2. Main technical specifications of mineral powder and oil sludge pyrolysis residue [29].

Technology Specifications Limestone
Powder

Oil Sludge Pyrolysis
Residue Testing Method

Density (g/cm3) 2.71 2.57 T0352-2000
Hydrophilic coefficient 0.82 0.79 T0353-2000

Specific surface area (m2/g) 0.587 0.813 T8074-2008

Table 3. Main technical indexes of lime [29].

Performance Index Measured Value Quality Index Testing Method

Ca and Mg content(%) 78.1 ≥60 EDTA
Percentage of moisture(%) 1.9 ≤4 T0103

Density (g/cm3) 2.543 Measured value T0352-2000

2.1.3. Aggregate

This paper provides aggregates from a company in Xinjiang, where the coarse aggre-
gates are basaltic and the fine aggregates are limestone. According to the ‘Test Method
of Aggregate for Highway Engineering’ (JTG E42-2005) [28], the aggregate property test
was carried out, and all the properties met the requirements. The test results for the main
technical metrics of the aggregate are shown in Table 4.
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Table 4. Main performance indexes of aggregate.

Particle Size
(mm)

Apparent
Density (g/cm3)

Table Dry
Density (g/cm3)

Bulk Volume
Density (g/cm3)

Water
Absorption (%)

26.5 2.663 2.645 2.634 0.41
19 2.666 2.648 2.637 0.41
16 2.692 2.676 2.666 0.37

13.2 2.661 2.644 2.635 0.37
9.5 2.693 2.674 2.663 0.41

4.75 2.695 2.670 2.654 0.57
2.36 2.682 2.625 2.592 1.29
1.18 2.786 2.655 2.582 2.82
0.6 2.744 2.684 2.650 1.28
0.3 2.666 2.591 2.546 1.76

0.15 2.637 2.597 2.573 0.94
0.075 2.735 - - -

2.2. Test Materials and Methods
2.2.1. Determine Gradation

The materials used in the existing road structure are analyzed, and three gradations
of Superpave13, Superpave19, and Superpave25 are selected for gradation design. Each
gradation is designed into three sets, A, B, and C. Figure 3 shows the gradation design
curves for different nominal maximum particle sizes.
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The different graduations of the asphalt mixture were mixed at the beginning, and
the pressure test was used to obtain the different graduations of the gyratory compaction
curves, as shown in Figure 4.
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Figure 4. Rotary compaction characteristic curve. (a) Superpave13 rotary compaction characteristic
curve; (b) Superpave19 rotary compaction characteristic curve; (c) Superpave25 rotary compaction
characteristic curve.

The greater the slope of the rotary compaction characteristic curve, the greater the
structural strength of the asphalt mixture and the better the stability of the asphalt mixture.
It can be seen from Figure 4 that the optimal design gradations of three groups of asphalt
mixtures with different nominal maximum particle sizes are Superpave13A, Superpave19C,
and Superpave25B, respectively. According to the above three kinds of gradation mixture
porosity, mineral aggregate gap rate, asphalt filling rate, the initial compaction conditions
of mixture compaction degree, and other volume parameters, to obtain three groups of
gradation optimum asphalt content. Figure 5 shows the relevant index parameters of the
asphalt mixture.

Figure 5 shows that each optimal asphalt content satisfies both the Superpave volume
index and compactness requirements. Moreover, the degree of compaction is less than
98 percent at the maximum number of compacts. Finally, the Sup13A grade has an optimum
asphalt content of 4.48%. Sup19C has an optimum asphalt content of 4.41%. The Sup25B
grade has an optimum asphalt content of 3.96 percent.
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Figure 5. Change in asphalt mixture volume index with asphalt content. (a) The influence of asphalt
content on Va; (b) the influence of asphalt content on VMA; (c) the influence of asphalt content on
VFA; (d) the influence of asphalt content on the compaction degree of the mixture under Nini.

2.2.2. Test Method

The main test methods of existing research include numerical simulation, laboratory
tests, field tests, and other methods, and extensive research has been carried out on material
properties and evolution mechanisms [30–32]. Comprehensive comparison of various
research methods, the indoor test can accurately reflect the material properties and has
good economic benefits. This paper uses the indoor test method to study the dynamic
mechanical response of modified oil sludge pyrolysis residue modified asphalt mixture
with different gradations, which provides a reference for the subsequent engineering
application of materials. Existing studies have pointed out that when the lime content is
30%, the high-temperature, low-temperature, water sensitivity, and other comprehensive
performances of asphalt mortar are the best [19]. In order to improve the modification
effect of hydrated lime, hydrated lime with a filler mass fraction of 30% and oil sludge
pyrolysis residue were selected to form a filler to react entirely and then mixed with asphalt
to make an asphalt mortar. According to the optimum asphalt content determined in the
previous section, the rotary compaction method formed different gradation types of asphalt
mixtures. According to the above three groups of different nominal maximum particle
size gradations, the mixture specimens were formed by the rotary compaction molding
method. The test temperatures were −10 ◦C, 4.4 ◦C, 21.1 ◦C, 37.8 ◦C, and 54.4 ◦C, and the
loading frequencies were 25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz, and 0.1 Hz, respectively. The
UTM-130 asphalt mixture test system was used to measure the dynamic modulus of the
composite-modified oil sludge pyrolysis residue mixture at different temperatures and
load frequencies. The standard specimen after core cutting is shown in Figure 6, and the
specimen before loading is shown in Figure 7.
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3. Results and discussion
3.1. Dynamic Modulus Test Results and Analysis

Asphalt mixture is a typical viscoelastic material with apparent time and temperature
dependence. The dynamic modulus test can be used to study the dynamic mechanical
response of the asphalt mixture under different temperatures and loading frequencies.
The dynamic modulus of the asphalt mixture can be calculated by applying a certain
period and waveform dynamic load to the material. The calculation formula is shown in
Equations (1)–(3).

σ0 =
Pi
A

(1)

ε0 =
∆i
l0

(2)

|E*| = σ0

ε0
(3)

In the equation:
Pi—The average amplitude of the axial test load in the last five loading cycles (N),
A—The average area of the upper and lower ends of the specimen (mm2),
∆i—The average amplitude of recoverable axial deformation in the last five loading

cycles is recovered (mm),
l0—The measurement spacing of sensors on the upper part of the specimen (mm)
σ0—Axial stress amplitude (MPa),

ε0—Axial strain amplitude value (mm/mm), and
|E*|—Dynamic modulus of asphalt mixture (MPa).
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Calculating the dynamic modulus of three kinds of composite-modified oil sludge
pyrolysis residue asphalt mixture under different test conditions. The results are shown in
Figure 8.
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(c) Sup25 dynamic modulus of composite-modified oil sludge pyrolysis residue asphalt mixtures.

As seen from Figure 8, the dynamic modulus of the composite-modified oil sludge
pyrolysis residual asphalt mixture with different graduations decreases with increasing
temperature and increases with increasing frequency. The dynamic modulus of the material
decreases significantly under high temperature and low-frequency conditions. The dynamic
modulus at 25 Hz at −10 ◦C is only approximately two fold that at 0.1 Hz, while the
dynamic modulus at 25 Hz at 54.4 ◦C is approximately 10~13 fold that at 0.1 Hz. When the
frequency is 25 Hz, the dynamic modulus of asphalt mixture at −10 ◦C is approximately
14~18 fold that at 54.4 ◦C. When the frequency is 0.1 Hz, the dynamic modulus of asphalt
mixture at −10 ◦C is approximately 76~87 fold that at 54.4 ◦C.

The temperature mainly affects the properties of the asphalt. In the range of−10~54 ◦C,
as the temperature increases, the penetration of asphalt increases, and the high-temperature
stability of the mixture decreases. It is more prone to deformation under external action,
and the dynamic modulus decreases. When the loading frequency becomes larger in
a specific frequency range, the viscoelastic properties affect the asphalt mixture to produce
a lag effect. The larger the loading frequency, the smaller the strain generated by the asphalt
mixture, and the greater the dynamic modulus obtained by the test.

The composite-modified oil sludge pyrolysis residue asphalt mortar exhibits different
viscoelastic characteristics at different temperatures. There are different adhesion properties
between asphalt and aggregate, and the dynamic mechanical response of the material is
different. As an alkaline modified material, hydrated lime has a specific activation effect
on pyrolysis residue [33], which can increase the contact area with asphalt, form a more
stable mortar material, and improve the adhesion state between asphalt and aggregate.
Ca2+ can react with the clay particles in the pyrolysis residue to form stable calcium salt
particles, which can improve the flexibility of asphalt mortar and the dynamic modulus
of asphalt mixture at low temperatures [34]. The calcium ion in the crystal formed by the
self-crystallization of lime can react with the polar carboxyl group in the asphalt to improve
the high temperature performance and adhesion performance of the asphalt mortar and
improve the dynamic modulus of the material at high temperature [35,36]. Under the
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combined action of physical adsorption and chemical adsorption between the pyrolysis
residue of oil sludge modified by hydrated lime and asphalt, the bonding force between
asphalt mortar and aggregate is improved, the rheological properties of asphalt mortar
are improved, and the dynamic modulus of asphalt mixture with composite-modified
pyrolysis residue of oil sludge is improved. The reaction equation of lime and residue and
the self-crystallization reaction equation of lime are shown in Equations (4)–(6).

xCa(OH)2 + SiO2 + nH2O→ xCaO · SiO2(n + 1)H2O (4)

xCa(OH)2 + AlO3 + nH2O→ xCaO ·AlO3(n + 1)H2O (5)

Ca(OH)2 + nH2O→ Ca(OH)2n ·H2O (6)

3.2. Dynamic Modulus Master Curve

Existing studies have pointed out that the viscoelastic behavior of asphalt materials is
equivalent at higher temperatures and higher frequencies and can be converted to each
other to determine a larger loading frequency range and a wider temperature and dynamic
modulus of asphalt mixture [37]. Based on the time–temperature equivalence principle,
this paper establishes the master curve of the dynamic modulus of three graded mixtures.
Furthermore, it analyzes and compares the influence of different nominal maximum parti-
cle sizes, temperature, loading frequency, and other factors on the dynamic modulus of
the mixture.

This paper uses the Sigmoidal mathematical model to fit the dynamic modulus master
curve of the asphalt mixture. The expression is shown in Equation (7) [38].

lg|E*| = δ +
α

1 + eβ+γ(lgωγ)
(7)

In the equation: |E*| is the dynamic modulus of asphalt mixture (MPa), δ, α, β, γ
are model regression coefficients, δ + α is the maximum dynamic modulus, where δ is the
minimum dynamic modulus, β, γ are Sigmoidal function shape parameters, ωγ is the
reduced frequency.

The functional relationship between dynamic modulus and loading frequency of
asphalt mixture at the reference temperature is determined by the Sigmoidal function. The
shift factor is the distance from the dynamical modulus value to the reference temperature
at different test temperatures. This paper uses the W.L.F. formula to calculate the shift
factor. The expression is given in Equation (8).

lgαT =
−C1

(
T − Tg

)
C2 + T − Tg

(8)

In the equation:
αT—shift factor, at reference temperature αT is 1;
C1, C2—constant, related to material properties;
T—Material test temperature (◦C);
Tg—The material reference temperature is generally the glass brittle point temperature

of amorphous polymer (◦C).
According to the time–temperature equivalence principle, the shift factors at different

temperatures were obtained by nonlinear least squares fitting. The planning solution
method is used to fit the dynamic modulus data at different temperatures to obtain the
master curve parameters of the asphalt mixture, and the goodness of fit is evaluated by
the correlation coefficient R2. The master curve parameters and shift factors are shown
in Tables 5 and 6, respectively. The master curve of the dynamic modulus of the asphalt
mixture is shown in Figure 9.
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Table 5. Master curve parameters of different gradation asphalt mixtures.

Grading Type
Regression Parameter WLF Equation Parameters

R2

δ α β γ C1 C2

Sup13 1.733 2.669 −0.265 −0.710 4.357 59.828 0.992
Sup19 1.557 2.893 −0.601 −0.688 7.861 109.861 0.994
Sup25 1.657 2.792 −0.539 −0.736 5.211 72.43 0.982

Table 6. Shift factor of different gradation asphalt mixtures.

Grading Type
Temperature (◦C)

−10 4.4 21.1 37.8 54.4

Sup13 4.716 1.687 0 −0.951 −1.558
Sup19 3.104 1.409 0 −1.037 −1.828
Sup25 3.921 1.561 0 −0.976 −1.641
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Figure 9. Master curve of Superpave asphalt mixtures. (a) Master curve of composite-modified oil 

sludge pyrolysis residue Superpave13 asphalt mixtures; (b) master curve of composite-modified oil 

sludge pyrolysis residue Superpave19 asphalt mixtures; (c) master curve of composite-modified oil 

sludge pyrolysis residue Superpave25 asphalt mixtures. 

Figure 9. Master curve of Superpave asphalt mixtures. (a) Master curve of composite-modified oil
sludge pyrolysis residue Superpave13 asphalt mixtures; (b) master curve of composite-modified oil
sludge pyrolysis residue Superpave19 asphalt mixtures; (c) master curve of composite-modified oil
sludge pyrolysis residue Superpave25 asphalt mixtures.

Table 5 and Figure 9 show that the master curve of dynamic modulus is S-shaped,
the R2 of each gradation fitting curve is greater than 98%, and the fitting curve has an
excellent correlation with the test data. As shown in Figure 9, with the increase in loading
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frequency, the dynamic modulus of each group increases. With the increase in temperature,
the dynamic modulus of each group decreased. In addition, the dynamic modulus of the
mixture is less affected by the loading frequency in the−10 ◦C and 54.4 ◦C sections, and the
master curve is gentle. In the range of 4.4–37.8 ◦C, the slope of the dynamic modulus master
curve of the mixture is large, and the frequency significantly affects the dynamic modulus.
When the loading frequency gradually changes from low to high, the slope of the master
curve also shows a trend of increasing first and then decreasing. The dynamic modulus of
the mixture is affected mainly by the frequency in a specific intermediate frequency range.
It is less affected by the frequency in the extremely low or extremely high-frequency range.

The above dynamic modulus change trend comprehensively reflects the viscoelasticity
of the asphalt mixture. When the temperature is low, the asphalt mixture shows prominent
elastic properties. The stress–strain characteristics of the material are mainly affected by the
internal skeleton structure of the mixture, and the slope of the master curve is slight. In the
high-temperature section, the asphalt mixture mainly exhibits plastic characteristics. The
modulus of the asphalt material decreases and is less affected by the temperature change.
At this time, the dynamic modulus is less affected by the master curve, and the slope of
the master curve is slight. In a specific intermediate temperature range, asphalt shows
obvious viscoelasticity. At this time, the stress–strain characteristics of the mixture are
largely affected by temperature, showing a sizeable master curve slope.

The change in loading frequency mainly affects the lag effect inside the mixture. When
the frequency is shallow, the stress characteristics of the mixture are similar to the static
load, the stress–strain characteristics show high consistency, and the hysteresis effect is
insignificant. When the frequency is relatively high, the stress time of the mixture is
very short, and the lag effect is small. Therefore, in the moderate frequency range, the
stress–strain characteristics of the mixture show an intense lag, the dynamic modulus is
considerably affected by the frequency, and the slope of the master curve is enormous.

As shown in Figure 10, there are differences between the master curves for different
nominal maximum particle size mixtures. In the low-temperature and high-frequency
section, the dynamic modulus of the Sup25-graded asphalt mixture is higher than that of
the other two asphalt mixtures. In the high-temperature and low-frequency section, the
dynamic modulus of the Sup25 gradation and Sup19 gradation asphalt mixture is similar,
and the dynamic modulus of the Sup13 gradation asphalt mixture is the smallest. The
mixture with larger nominal particle size shows higher dynamic modulus in different
temperature and frequency ranges. It shows that the stress–strain characteristics of the
mixture are also affected by the gradation of the mixture. Due to the excellent stability of
the skeleton structure, a dense skeleton mixture is better able to resist the effects of the
external environment and has a higher dynamic modulus.
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4. Conclusions

The rotary compaction method was used to prepare three kinds of asphalt mixtures,
Superpave13, Superpave19, and Superpave25, of oil sludge pyrolysis residue asphalt mix-
tures. The dynamic modulus test of a mixture under uniaxial compression was carried out,
and the dynamic modulus master curve of different gradation mixtures was drawn. A mix-
ture’s dynamic modulus variation characteristics under different temperatures, loading
frequencies, and nominal maximum particle sizes were studied. The main conclusions of
this paper are as follows.

(1) At different temperatures and loading frequencies, the dynamical moduli of the
three composite-modified oil sludge pyrolysis residue mixtures are consistent, increasing
with decreasing temperature and increasing frequency.

(2) There are differences in the decrease in the dynamic modulus of the mixture at
different temperatures and loading frequencies. The dynamic modulus decreases slightly at
low temperatures, and the dynamic modulus decreases significantly at high temperatures.
The dynamic modulus decreases considerably at low frequencies, and the dynamic modulus
decreases less at high frequencies.

(3) Based on the time–temperature equivalence principle, the master curve of asphalt
mixture with different gradation composite-modified oil sludge pyrolysis residue was
established. The master curve of different gradation mixtures is S-shaped, which highly
correlates with the test data. In the range of −10 ◦C and 54.4 ◦C, the dynamic modulus of
asphalt mixture is less affected by frequency and is greatly affected by frequency in the
range of 4.4~37.8 ◦C. The mixture shows strong hysteresis in the moderate frequency range,
and the frequency greatly affects the dynamic modulus.

(4) The skeleton structure of the asphalt mixture significantly affects the dynamic
modulus. In the low-temperature and high-frequency section, the dynamic modulus of the
Sup25 graded mixture is better than that of the other two gradations. Increasing the nominal
maximum particle size helps improve the mixture’s dynamic modulus. The mixture with a
better skeleton structure has the higher dynamic modulus.
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