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Abstract: In this study, two kinds of quick melting modifier SBS-T and SBS-W, as well as the
traditional SBS modifier, were used in the optimization design of asphalt binders. The changes in
material structure and fatigue properties of three polymer-modified asphalt after adding 3% Sasobit
to warm mix agent were investigated. The feasibility of SBS-T and SBS-W in asphalt binder was
discussed from the modification mechanism and fatigue properties. In order to reveal the modification
mechanism, the interaction mechanism between the fast-melting SBS modifier and the base asphalt
was characterized by Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD).
The temperature sensitivity and viscoelastic properties of SBS-T and SBS-W modified binders were
determined by frequency scanning (FS). The fatigue properties of SBS-T and SBS-W modified binders
were tested by linear amplitude scanning (LAS). The results of FTIR showed that there was no
chemical reaction between the SBS-T and SBS-W and the base asphalt. XRD results showed that
SBS-W-modified asphalt has stronger fluidity. The results of FS and LAS showed that the asphalt
binder with Sasobit has good stiffness and elastic recovery ability, and the same SBS-T and SBS-W
have better temperature sensitivity and deformation resistance. In addition, the fatigue life of asphalt
binder under the linear viscoelastic continuous damage theory is increased 3.9 times by SBS-W.

Keywords: warm mixed asphalt; speed melting type; viscoelastic characteristic; performance of
fatigue; temperature-reduced production and paving of asphalt mixtures

1. Introduction

As a kind of advanced pavement with superior performance, asphalt pavement
occupies a high proportion in the world of road engineering, it is the general trend to
choose the material with excellent performance for asphalt pavement. At present, the scale
of freeway construction is increasing day by day, and the modified asphalt can greatly
improve the service life of asphalt pavement, and become the necessary material for high-
grade road construction [1]. In recent years, the average annual use of asphalt pavement
is more than 6 million tons. Since the late 1990s, because SBS (styrene S-butadiene B-
styrene S block copolymer) modified asphalt has better performance, gradually become
the most used modified asphalt type, accounting for more than 90%. As the common SBS
modifier has a high melting point and is not easily dissolved and dispersed, SBS-modified
asphalt is generally produced by the wet process invented abroad more than 40 years
ago. However, with the deepening of the application, many defects of technology and
management are gradually exposed, and environmental protection and safety problems
have attracted widespread attention [2]. Wet SBS modification technology not only has
high energy consumption, but also has technical defects such as segregation and thermal
decomposition, leading to a series of quality management problems [3,4].

Coatings 2023, 13, 311. https://doi.org/10.3390/coatings13020311 https://www.mdpi.com/journal/coatings1
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If SBS can be used separately from asphalt, SBS can be directly put into the asphalt
mixing plant for use, their storage will not deteriorate, their quality and dosage are trans-
parent, and all problems will be solved. This method is the dry direct injection modification
technology. Dry method is not a fresh word in fact, it has been throughout the history of the
development of modified asphalt, Sweden as early as the 1960s developed asphalt concrete
mixed with rubber particles dry production process, rock asphalt, hard petroleum asphalt,
and other dry process has been a large number of applications. Because the processing link
in the modified asphalt plant is canceled by the dry process, the energy consumption is
much less than that produced by the wet process to produce the same amount of modified
asphalt [5]. Therefore, the comprehensive promotion of dry modification technology is not
only required by the current situation of the industry, but also in response to the call of the
state to create technical support for the industry green highway. Guolu Gaoke Engineering
Technology Institute Co., Ltd. has developed the first high-performance, low melting point,
micron-level rapid melting SBS modified material (SBS-T) in China: the rapid melting SBS
modifier is directly put into the asphalt mixing building for use, so that it can be quickly
melted in the normal mix, and directly produce SBS modified asphalt mixture.

Generally, the modified asphalt mixture needs to achieve a better modification effect
when the stirring temperature is 175–185 ◦C. This kind of high-temperature mixing not
only seriously increases the degree of asphalt aging, but also leads to a serious increase in
energy consumption costs, nitrogen and sulfide and other harmful soot emissions increased
significantly [6,7]. In order to solve the problem of high construction temperature of
modified asphalt mixture, a variety of asphalt warm mixing technologies emerge at the
historic moment, which can reduce the construction temperature by 20–30 ◦C and still
can be normally compacted, which is promoted in the industry as an important technical
measure of energy saving and emission reduction. Sasobit, manufactured by Sasol-Wax,
is an organic warm thermal additive that has been proven to reduce the viscosity of
asphalt adhesives [8–11]. Under the background of national carbon neutrality strategy
and green highway development of the Ministry of Transport, Guolu Gaoke Engineering
Technology Institute Co., Ltd., (Beijing, China) based on the research and development
system of dry SBS modifier, combines small molecule SBS with organic viscosity reduction
technology. A warm mix dry SBS modifier (SBS-W) was successfully developed, and the
integration of SBS modification and the warm mix was realized for the first time in the
industry. When in use, SBS-W can be used as an admixture directly into the asphalt mixing
building to produce a modified asphalt mixture. Mixing at 160 ◦C can be fully melted and
achieve the modification effect. While reducing the production temperature and spreading
temperature of the modified asphalt mixture to nearly 20 ◦C, the produced asphalt mixture
still reaches a similar level to SBS modified asphalt mixture. There is no need to adjust
the rolling process. At the same time, the warm mix dry SBS modification technology
inherits a series of advantages in the dry SBS technology system, such as “avoiding the
performance attenuation problem of modified asphalt, avoiding the ratio phenomenon
of modified indicators, reducing the difficulty of quality supervision of modified asphalt
mixture”, which meets the functional requirements of warm mix and improves the life of
asphalt pavement [12].

Asphalt pavement in service will be due to the cyclic action of vehicle load will reduce
the strength. When the vehicle load is cycled to a certain number of times, it will make
the asphalt pavement crack and cause fatigue failure, so the asphalt fatigue characteristics
play a vital role. Daniel has conducted a large number of tests, which show that the
viscoelastic damage characteristics of asphalt mixture do not depend on loading conditions,
and each material has its specific Damage Characteristic Curve (DCC), which can be
determined by simple monotone loading test [13]. Later, scholars such as Underwood have
reasonably Simplified the Viscoelastic Continuum Damage (VECD) model (S-VECD) so that
it can better analyze the dynamic fatigue test results of asphalt mixture. Thus the asphalt
pavement fatigue performance can be evaluated and predicted more accurately [14]. The
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whole test process is about 5 min, and the test efficiency is high. It can be used to estimate
the fatigue life of asphalt binders at any strain level [15–17].

Hence, this paper has conducted a comprehensive study, in order to select the appro-
priate modifier to bring excellent performance of asphalt binder to provide guidance. The
purpose of this work is to evaluate the modification effects of two fast-melting modifiers
(SBS-T and SBS-W) and traditional SBS on asphalt binder, as well as their combined mod-
ification effects with Sasobit. To be specific, this work mainly focuses on the following
aspects. First, the microscopic characteristics of SBS/SBS-T/SBS-W modifiers and modified
binders were characterized by XRD and FTIR infrared spectroscopy to determine the chem-
ical composition and microstructure of the modifiers and further reveal the modification
mechanism. Then, the viscoelastic parameters of different kinds of modified asphalt binder
were analyzed by FS frequency scanning test, WLF equation and CAM model. Finally,
the LAS fatigue acceleration test was carried out by DSR, and the fatigue damage resis-
tance of various modified asphalt in base asphalt binder was studied based on VECD
theoretical model.

2. Theoretical Background

2.1. Linear Viscoelastic Theory

Asphalt is a characteristic viscoelastic material. In the range of linear viscoelastic
(LVE), its rheological properties are meaningfully impacted by loading conditions, such
as temperature and frequency. Whereas, the rheological properties of asphalt binder
under disparate loading conditions are often prolonged and labor-intensive. Therefore, the
researchers developed a predictive model to measure the rheological arguments of asphalt
at random temperatures and frequency, and then used the constitutive equation to calculate
the rheological properties.

These models need to apply the time-temperature superposition principle (TTSP).
TTSP, known as the time-temperature zoom and frequency-temperature duplication princi-
ple, is a very resultful instrument to evaluate the rheological properties of asphalt. TTSP
method was used to select the referable temperature Tr, and a continuous curve was
obtained by translation fitting. The obtained data were the sweep test data at diverse
temperatures in the orientation of the referable temperature. The displacement argument is
requested to institute the main curve at det temperature, which is called the temperature
displacement factor ϕT. In this paper, the classical WLF nonlinear equation is used to fit
the temperature displacement factor ϕT in TTSP.

lgϕT =
−D1(T − Tr)

D2 + (T − Tr)
(1)

where T is the test temperature; Tr stands for the referential temperature (25 ◦C) of the
master curves; and the matching arguments of the WLF are denoted as D1 and D2.

|G∗| = Gg

[
1 +

(
ωc

ωr

)v]− m
v

(2)

where ωc, m, v are the viscoelastic parameters obtained by the fitting; Gg is the glassy
modulus of asphalt materials, taken as 1 GPa in this study; ωr is the reduced angular
frequency, which can be calculated by Equation (3):

ωr = ϕT × ω (3)

where ω is the test angular frequency.

3
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2.2. S-VECD Model

Many researchers have conducted a lot of experimental studies on the S-VECD theory,
and the research consequence shows that the S-VECD theory model can precisely analyze
and predict the fatigue damage nature of asphalt materials [18]. Schapery’s work potential
theory (WPT), which is based on the principle of non reversing thermodynamics, is the
theoretical basis for the establishment of the S-VECD model. In this theory the expression
of material damage rate is given by Equation (4):

dS
dt

=

(
−∂WR

∂S

)α

(4)

where α is the characteristic constant introduced by Schapery into the theory of the work
potential for elastic media materials and later extended to viscoelastic materials. The value of
α is also related to the loading mode; Lee and Kim et al. [19] concluded that α = 1 + 1/m in
the strain control pattern and α = 1/m in the stress control mode. S is defined as the damage
variable to characterize the damage inside the material; t is the test time; the supposititious
strain energy density is denoted as WR, and it can be calculated as Equation (5):

WR =
1
2
·DMR·C(S)·

(
γR

p

)2
(5)

where the dynamic modulus ratio (DMR) is the ratio of the tested initial modulus |G*|initial
to the dynamic state modulus |G*|LVE. This argument was imported to remove the
adaptability. The range of DMR is generally from 0.9 to 1.1.

C is the pseudo modulus, then, the relationship between t, C and the damage variable
S can be fitted by using Equation (6):

C(S) =
τp

γR
p × DMR

(6)

where τp is the peak shear stress; the peak pseudo strain γp
R during this loading cycle can

be calculated by Equation (7):

γR
p =

1
GR

·|G∗|LVE·γp (7)

where γp is the peak shear strain, and GR is the reference shear modulus, which is
taken as 1 MPa in this study to simplify the calculation process and make the imaginary
strain dimensionless.

In combination with Equations (4)–(8), the accumulative variation in the damage
variate S over time t is acquired as follows:

S(t) =
N

∑
i

[
DMR

2

(
γR

p

)2
(Ci−1 − Ci)

] α
1+α

[tRi − tRi−1]
1

1+α (8)

tRi =
ti
ϕT

(9)

where i is the loading period, and tR is the reduced time.
Based on the experimentally measured data, the values of C and S can be calculated,

and their relationship between them can be fitted according to Equation (10):

C(t) = 1 − C1·S(t)C2 (10)

where C1, C2 are the best-fitting parameter.

4
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2.3. Failure Definition and Criterion for Asphalt Binder

Pseudo strain energy (PSE) theory eliminates the effect of the viscoelasticity of as-
phalt materials and quantifies the damaging effect caused by the load separately. The
test data should be analyzed in pseudo strain coordinates, and Figure 1 shows the defi-
nition of the imaginary strain energy in the LAS test. Taking the “undamaged line” as a
reference, at the beginning of the test, the mechanical response is the same as that of the
“undamaged line”, reflecting that the material has not been damaged. With further loading,
the strain enlarges step by step and the practical answer of the asphalt tends to deviate
from the “undamaged line”, demonstrating that the asphalt is getting destroyed and that
damage accumulates [20].

Figure 1. Definition of pseudo strain energy.

Then the stored PSE can be calculated by using Equation (11) for that point, denoted
as WR

s. The total PSE (WR
t) applied to the asphalt from outside during the loading process

can be expressed as the area of the triangle enclosed by the trunnion axis, calculated by
using Equation (12). Therefore, as an approximation, Equation (13) shows that the PSE
released by the material because of WR

r can be calculated by subtracting the hoarded PSE
(WR

s) from the WR
t. WR

s and WR
r can be represented by the two shaded areas in Figure 1.

WR
s =

1
2
× τp ×

γR
p

DMR
=

1
2
× C ×

(
γR

p

)2
(11)

WR
t =

1
2
× τundamage × γR

p =
1
2
×

(
γR

p

)2
(12)

WR
r = WR

t − WR
s =

1
2
× (1 − C)

(
γR

p

)2
(13)

Therefore, with the use of Equations (11)–(13), the values of WR
s and WR

t in the LAS
test can be counted for every datum point and the results are plotted in Figure 2. At the
beginning of the test, the asphalt can basically store all the PSE input from the load, and
WR

r is nearly zero. Throughout the experiment, the amplitude of the loading gradually
increases, WR

s increase, and WR
r also increases. The release of energy indicates that the

material is gradually being damaged. A sharp peak point in WR
s follows, and after reaching

the maximum, it begins to decline, manifesting that the asphalt gradually loses its ability to
store energy and release increasing amounts of energy. The maximum value of WR

s is the
maximum amount of external energy that the material can store, which characterizes the
fatigue performance of the material itself and has a good agreement compared to the phase
angle response, so it is considered that fatigue failure occurs in asphalt binder when WR

s

reaches a maximum. Then the average WR
r for each cycle, WR

r , can be calculated from the

5
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beginning of the test to the fatigue failure of the material. GR, the PSE release rate during
this period, can be calculated by Equation (14):

GR =
WR

r
Nf

=

A
Nf

Nf
=

A(
Nf

)2 (14)

Figure 2. PSE-based failure definition.

As displayed in Figure 2, the shadow area A is the area of the WR
r curve before

fatigue failure. The calculated GR and its corresponding Nf are plotted on double log-
arithmic coordinates, and the relationship between GR and Nf can be well-fitted by a
power function [21]:

GR = aNf
b (15)

where a and b are the best-fitting parameters.

Nf =

[
K
a
× (γ)2+2α(

C2
Q )

] 1

b+1− C2
Q (16)

where K and Q can be counted by Equations (17)–(19).

K =
1
2
× C1 × (|G∗|LVE)

2 × P(− C2
Q ) × 1(

C2
Q

)
+ 1

(17)

Q = 1 − α × C2 + α (18)

P =
f × 2α

Q(C1 × C2)
α(|G∗|LVE)

2α
(19)

P is the calculated parameter. After fitting the test data, the fatigue life of asphalt
materials under different strain levels can be predicted.

3. Materials and Test Methods

3.1. Materials

The matrix asphalt with physical properties as shown in Table 1 was selected. Three
polymers, SBS, SBS-T and SBS-W, were selected as polymer modifiers, and Sasobit as warm
mix agent. The Sasobit modifier, as well as its parameters, was provided by Henan Lupeng
Transportation Technology (Zhengzhou, China). The technical information is shown in
Table 2. Both SBS, SBS-T, and SBS-W, as well as their parameters, were provided by Beijing
Guolu Hi-tech Co., Ltd. (Beijing, China). Table 3 lists the information of all modifiers.

6
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Table 1. Technical information of base asphalt.

Parameters Units Values Technical Requirement

Penetration test 0.1 mm 70 60–80
Softening Point test ◦C 51.8 >46

Rotational viscosity (135 ◦C) Pa·s 0.63 -
Ductility test cm >100 >100

Table 2. Technical information of modifiers.

Modifiers Parameters Units Values

SBS

Oil content % 0.70
S/B ratio - 30/70
Total ash % 0.20

Tensile strength MPa 18.0
Voliatility % 1.00

Elongation % 700

Sasobit®

Viscosity at 135 ◦C Pa·s 5.47 × 10−3

Viscosity at 150 ◦C Pa·s 3.26 × 10−3

Flashing point ◦C 290
Melting point ◦C 100

Penetration at 25 ◦C 0.1 mm 1
Penetration at 60 ◦C 0.1 mm 8

Table 3. Technical information of fast melting modifiers.

Modifiers Parameters Units Values

SBS-W

Appearance Particle -
Individual weight g 0.20

Total ash % 18.0
Dry mix dispersibility - No particle residue

SBS-T

Appearance Green particle -
Individual weight g 0.25

Total ash % 0.42
Dry mix dispersibility - No particle residue

3.2. Preparation of Sample

Three kinds of polymer-modified asphalt (PMA) were prepared with 5% SBS,
5% SBS-T, and 6% SBS-W as additives. 3% Sasobit, which acted as a warm mixing agent,
was added to three polymer-modified asphalt. The primary steps of preparing modified
asphalt are as follows: the matrix asphalt is placed in the oven at 120 ◦C until it is entirely
melted, and then SBS or SBS-T or SBS-W modifier is added into the matrix asphalt, and the
shear rate is 5000 r/min with a high-speed shear machine for 30 min at 170 ◦C. Then, after
the preliminary of the PMA was completed, a portion of the PMA was heated in an oven
for 30 min at 140 ◦C, in which 3% Sasobit warm mix was added and mixed for 30 min on a
high-speed shearing machine at 5000 r/min.

3.3. Microscopic Characteristics

The differences and similarities of the internal crystal phases of SBS, SBS-T, and SBS-
W polymer-modified asphalt and the changes of the internal crystal phases of the three
polymer-modified asphalt before and after the addition of Sasobit were compared. The
sharp X-ray diffractometer (Empyrean) produced by Panaco in Almelo, the Netherlands
was used. The target material of the optical tube was Cu-Kα, the tube voltage was 45 KV,
and the tube current was 40 mA. The preparation process of the XRD test sample is as
follows: the PMA sample is heated to liquid condition, a little amount of asphalt is dropped
into the center of the slide, and heat preservation is made to flatten it to form a smooth

7
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surface asphalt film. In this study, the scanning range of diffraction angle (2θ) is 10~90◦,
the scanning rate is 0.05◦/s, and the wavelength is 0.154 nm. A software called MDI Jade
6.5 (V6.5, 2019, Materials Data, Livermore, CA, USA) was used to analyze the test data.
XRD tests are conducted in accordance with AASHTO TP101.

Fourier transform infrared spectroscopy (FTIR, Nicolet Continuum, Thermo Fisher
Scientific, Waltham, MA, USA) was used to study the variations of their chemical composi-
tions. The preparation process of the infrared spectrum sample is as follows: the modified
asphalt sample is dissolved with CS2 organic solution, an amount of the liquor is dropped
on the KBr slide, the liquor is completely air seasoning to form asphalt film, and therewith
put into the FTIR sample chamber for testing. The frequency of spectral scanning used in
this study is 64 times, and the scanning range is 4000–400 cm−1. FTIR tests are conducted
in accordance with AASHTO TP101.

3.4. Test Methods

The Discovery HR-1 Dynamic Shear Rheometer (DSR) of the TA instruments (New
Castle, DE, USA) was used for all tests. The experiment was focused in the range of medium
temperature (10–40 °C). To ensure the precision of the data, every test was repeated three
times, and the average value was taken to record the data. Tests were conducted according
to AASHTO TP101.

3.5. Aging Methods

In this study, asphalt was first subjected to short-term laboratory aging using a rotating
film oven test (RTFOT, ASTM D2872). Then the asphalt residue after the RTFOT test was
subjected to PAV and UV aging. The residue of RTFOT was placed on a stainless steel plate
according to the asphalt film thickness specified in the test, and then placed in a pressure
vessel with 2.1 MPa air pressure, and aged for 20 h at the selected aging temperature of
100 ◦C. Finally, vacuum degassed the residue. That’s how the PAV aging test went.

The specific operation process of the UV aging test is to take a 20 g modified asphalt
sample after short-term aging and pour it into a stainless steel asphalt aging dish with a
diameter of 140 mm and a depth of 10 mm. In order to ensure the effect of ultraviolet aging,
it is automatically leveled and covered with an aging dish in the oven, and the asphalt film
with a thickness of about 1 mm can be formed, so that ultraviolet light can be uniformly
irradiated on the asphalt film. Then the aging tray containing the modified asphalt sample
is placed on the sample rack inside the UV aging chamber. The test temperature was set at
45 ± 0.5 ◦C, the rotation speed was set at 5 r/min, and the radiation intensity measured by
the UV radiation instrument was set at 140 w/m2. The UV irradiation time is 7 days. The
aging methods were carried out according to AASHTO TP101 [22].

3.6. Frequency Scan (FS) Test

FS test can describe the viscoelastic characteristic of asphalt binder at any loading
temperature and frequency. A strain control mode and 0.1% strain amplitude were ap-
plied at 15 ◦C, 25 ◦C, and 35 ◦C, and the frequency range was selected from 0.1 rad/s to
100 rad/s.

3.7. Linear Amplitude Scanning (LAS) Test

LAS test is based on the VECD accelerated fatigue test theory and has been included
in the AASHTO TP101 asphalt anti-fatigue evaluation test specification. In this study, the
concept of constant strain amplitude rate (CSR) was adjusted by varying the scanning time
in addition to standard LAS tests on raw, PAV aged, and UV-aged asphalt. The scanning
times were 500 s and 1000 s, respectively. The test temperature was 25 °C, and the loading
frequency was 10 Hz. The CSR of the standard LAS test is equal to 30% of the total strain
amplitude in a test time of 300 s divided by 0.01%/s. Then, the CSR values tested in this
study are respectively 0.1%/s and 0.06%/s.
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Through the above tests, the modification mechanism and fatigue properties of modi-
fied asphalt are analyzed, and the following conclusions are drawn.

4. Results and Discussion

4.1. XRD Analysis

Although asphalt itself is not crystal, but is a kind of thick cyclic aromatic hydrocarbon,
its feature construction also shows the diffraction pattern of layered crystals like graphite
in XRD. There are mainly four diffraction peaks: γ peak, (002) peak, (100) peak and
(110) peak. The peaks of the first three peaks are roughly located at 2θ = 20◦, 25◦ and
44◦. The γ peak comes from the diffraction phenomenon of saturated hydrocarbon in the
asphalt component, and the (002) peak comes from the diffraction phenomenon of aromatic
hydrocarbon in the thick ring. The crystallinity of asphalt is positively correlated with the
peak value. The XRD patterns of the six compound-modified asphalt are shown in Figure 3.
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Figure 3. XRD pattern of modified asphalt. (a) SBS/Saso; (b) SBS-T/Saso; (c) SBS-W//Saso.
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According to Figure 3a–c, the six modified asphalt all contain substances with the
obvious crystal structures. After the addition of Sasobit, no new diffraction peaks appear.
All the six modified asphalt samples have γ diffraction peaks near 2θ = 22◦ and (002)
peaks near 2θ = 24◦. Before and after SBSMA added 3%Sasobit, the (002) peak was not
obvious, indicating that SBS has a strong absorbing ability of aromatic content in asphalt
material, and the addition of Sasobit will not have a remarkable effect on it. Nevertheless,
after the addition of Sasobit, the γ diffraction peak and (002) peak become more obvious,
which indicates that Sasobit will weaken the absorption capacity of saturated and aromatic
hydrocarbons in the fast-melting SBS-modified asphalt. MDI Jade 6.5 software was used to
analyze the XRD data, and the results of the peak search report were listed in Table 4.

Table 4. XRD peak search report of modified asphalt.

Modified Asphalt Pitch Distance between Layers (Å) 2θ (◦) Peak Height Area of Peak FWHM

5%SBS
3.9685 22.384 255 4194 0.380
3.5725 24.901 120 2323 0.388

5%SBS+3%Saso
4.0023 22.174 140 4824 0.385
3.6249 24.537 113 1886 0.186

5%SBS-T
4.0639 21.852 106 1087 0.114
3.5847 24.817 176 4453 0.282

5%SBS-T+3%Saso
4.0167 22.112 1611 39,164 0.268
3.6244 24.542 530 12,856 0.232

6%SBS-W
4.0237 22.073 652 10,219 0.281
3.6436 24.409 215 2969 0.262

6%SBS-W+3%Saso
3.9816 22.310 765 20,496 0.299
3.6052 24.674 373 11,126 0.333

The XRD pattern shows that the crystal structure of PMA remains intact after the
addition of Sasobit. In asphalt binder, the content of saturated fraction and aromatic fraction
mainly affect the fluidity of asphalt, and the content of aromatic fraction will make asphalt
binder show more viscosity. Therefore, compared with polymer-modified bitumen, the
modified asphalt with Sasobit and SBS-W modified asphalt show stronger fluidity on the
macro level.

4.2. FTIR Analysis

In order to deeply understand the modification mechanism of the fast-melting SBS
modifier on the polymer-modified asphalt binder, this study adopted the Fourier infrared
spectrometer model Nicolet Continuum manufactured by Thermo Fisher Science and
Technology of the Waltham, MA, USA to analyze the chemical characteristic groups of
different types of SBS modified asphalt. In this paper, six kinds of modified asphalt were
studied by infrared spectroscopy, and the action mechanism of speed melting SBS modifier
polymer modified asphalt was preliminarily determined by analyzing the changes of
chemical characteristic groups of asphalt modified by a wet and dry polymer. Figure 4a–c
shows the FTIR spectra of SBS-modified asphalt, SBS T modified asphalt, SBS W modified
asphalt and the modified asphalt binder with Sasobit added, respectively. The characteristic
peak positions of the modified asphalt and the infrared absorption of relevant functional
groups are listed in Table 5.
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Figure 4. Fourier infrared spectroscopy of modified asphalt. (a) SBS/Saso; (b) SBS-T/Saso;
(c) SBS-W//Saso.

Table 5. Characteristic peak information of functional groups of modified asphalt by infrared
spectrum.

Characteristic Peak Position Types of Functional Groups

2921, 2923, 2914 cm−1 Alkanes and cycloalkanes C–H
2854 cm−1 –CH2– Vibration of stretch
1600 cm−1 C=C (Benzene ring skeleton vibration) and C=O

1460–1430 cm−1 –CH3, –CH2–, –CHIn-plane stretching vibration
1376 cm−1 –CH3 Shear vibration absorption peak

800–650 cm−1 Benzene ring substituent C–H

On account of the data information in the chart, the following conclusions can be drawn:

(1) All six asphalt cements have sharp vibration characteristic peaks at about 2925–2850
cm−1, which represents the oscillate assimilate peak of methylene CH2–. It can
be observed that the position of characteristic peaks remained unchanged after the
addition of Sasobit to the three polymer-modified asphalt, indicating that no complex
chemical reaction occurred between Sasobit and the polymer-modified asphalt.
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(2) The characteristic peaks of the infrared spectra of SBSMA, SBS-TMA, and SBS-WMA
are somewhat different, indicating that SBS and fast-melting SBS additives have
different reactions with the base asphalt. SBS-TMA has a weak peak at 1376 cm−1,
which is caused by the shear vibration of the methyl group in the SBS-T copolymer
molecular chain. Because the proportion of SBS-T copolymer in asphalt is relatively
small, so the characteristic peak here is not obvious.

(3) The three polymer-modified asphalts have obvious characteristic peaks at 738 cm−1,
and the characteristic peaks at 738 cm−1 are the benzene ring =CH. Due to the small
proportion of the characteristic peak in the modified asphalt, the characteristic peak
is weak.

(4) After the addition of 3%Sasobit, the absorption peaks of the three polymer-modified
asphalt were increased in the range of 2930–2800 cm−1, because the content of satu-
rated hydrocarbons was relatively high. This phenomenon may occur due to Sasobit’s
reduced capacity of the polymer additive to absorb saturated HC in the base asphalt.

4.3. G* and δ Master Curves

Table 6 shows the logarithmic value of the shift factor when 25 ◦C is the reference tem-
perature. The constructed G* main curve is shown in Figure 5. As can be seen from Figure 5
as a whole, for the three SBS composite modified binders, the higher the content, the higher
the dynamic modulus response. At the same loading frequency, the addition of Sasobit sig-
nificantly improves the dynamic modulus, especially in the low/high-temperature range.
This indicates that the addition of Sasobit can improve the stiffness and high-temperature
deformation resistance of polymer-modified asphalt. Under the original condition, the
dynamic modulus of the bituminous binder with the mixture ratio of SBS-WMA is the
highest when Sasobit is not added, which indicates that the high temperature rutting
resistance and low-temperature resistance of the composite modified bituminous binder
are the best. The dynamic modulus of SBSMA at high frequency/low temperature is higher
than that of SBS-TMA, indicating that SBSMA has brilliant properties at low temperatures.
The dynamic modulus of SBS-TMA at low frequency/high temperature is higher than
that of SBSMA, indicating that SBS-TMA has better anti-rut performance at high tempera-
ture [23]. By comparing the data in Figure 5a,c, it can be found that G* of PAV aging binder
is higher than that of UV aging binder. The fitting parameters m, D1, D2, and so on were
obtained from the G* main curve of the modified binder, and the specific values were shown
in Table 7.

Table 6. Fitting parameters of WLF equation.

Asphalt
Condition

WLF Fitting
Parameters

5%SBS 5%SBS+3%Saso 5%SBS-T
5%SBS-

T+3%Saso
6%SBS-W

6%SBS-
W+3%Saso

Origin D1 28.132 32.455 36.78 37.496 27.188 33.727
D2 231.466 251.461 289.73 346.297 264.120 301.786

PAV
D1 28.893 37.471 33.707 35.114 28.018 34.452
D2 258.890 290.873 298.747 289.434 250.125 281.156

UV
D1 28.073 29.698 27.756 33.718 23.267 29.405
D2 230.688 330.426 252.773 298.458 213.281 237.465

12



Coatings 2023, 13, 311

Co
m

pl
ex

 M
od

ul
us

Pa

Reduce Frequency (rad/s)

a

5%SBS+3%Saso

5%SBS-T

5%SBS-T+3%Saso

6%SBS-W

5%SBS

6%SBS-W+3%Saso

5%SBS-PAV

5%SBS+3%Saso-PAV

6%SBS-W+3%Saso-PAV

5%SBS-T-PAV

5%SBS-T+3%Saso-PAV

6%SBS-W-PAV

b

Reduce Frequency (rad/s)

C
om

pl
ex

 M
od

ul
us

Pa

Reduce Frequency (rad/s)

5%SBS-UV

5%SBS+3%Saso-UV

5%SBS-T-UV

5%SBS-T+3%Saso-UV

6%SBS-W-UV

6%SBS-W+3%Saso-UV

c

C
om

pl
ex

 M
od

ul
us

Pa

Figure 5. Main curve of dynamic modulus of modified asphalt. (a) SBS/Saso; (b) SBS-T/Saso;
(c) SBS-W//Saso.
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Table 7. CAM equation fitting parameters of modified asphalt.

Asphalt
Condition

CAM Fitting
Parameters

5%SBS 5%SBS+3%Saso 5%SBS-T
5%SBS-

T+3%Saso
6%SBS-W

6%SBS-
W+3%Saso

Origin
ωc 0.306 0.425 0.673 0.266 0.010 0.006
m 1.721 1.697 1.469 1.371 1.289 1.157
v 0.147 0.144 0.149 0.147 0.153 0.161

PAV
ωc 0.790 0.740 0.415 0.448 0.480 0.340
m 1.161 1.135 1.138 1.112 1.270 1.167
v 0.120 0.118 0.134 0.131 0.142 0.144

UV
ωc 0.312 0.747 0.729 0.689 1.100 0.138
m 1.710 1.552 1.549 1.445 1.283 1.226
v 0.142 0.142 0.143 0.143 0.154 0.156

4.4. Stress-Strain Curve

Figure 6 describes the stress-strain response of three composites modified asphalt
binders under LAS fatigue tests at two aging levels. The shear stress of all the modified
binders showed obvious peaks of different width amplitudes. It has been shown that the
wider the peak stress width is, the greater the deformation the asphalt binder can bear.
Usually, this change in width is most likely due to a change in the asphalt composition to
resist deformation [24,25].
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Figure 6. Stress-strain curves of modified asphalt. (a) SBS/Saso; (b) SBS-T/Saso; (c) SBS-W//Saso.

The curves in the figure show that the peak stress and peak width of polymer-modified
asphalt after adding Sasobit are significantly increased, which indicates that Sasobit can
improve the stiffness and deformation resistance of asphalt binder. Figure 6b,c both show
that the strength of UV- or PAV-SBS MA is lower than that of SBS-T or SBS-W modifiers.
These results indicate that compared with SBSMA, the speed-melting SBS-modified asphalt
has better strength after aging, that is, better fatigue resistance.

4.5. Damage Characteristic Curve

On the basis of PSE theory, the variation trend of the virtual modulus C and damage
variable S of the modified asphalt material in the process of fatigue test can be calculated
according to the formula, that is, the damage characteristic curve (DCC) of the material.

It can be clearly seen from Figure 7 that with the progress of the experiment, the
asphalt binder gradually develops from the undamaged state of C = 1 to the damaged
state, and the value of C gradually decreases while the value of S gradually increases. This
change can quantify the damage evolution process of the material. The shape of the DCC
curve of asphalt binder before and after adding Sasobit is different, indicating that Sasobit
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changes the injure evolution process of asphalt. As can be seen from Figure 7a, the DCC
curves of the three types of modified asphalt with Sasobit are all above the three types of
polymer modified asphalt, indicating that at the same damage degree, the integrity of the
warm mixed polymer modified asphalt is better and the ability to resist deformation is
stronger. When fatigue failure is reached, the values of the virtual modulus Cf and damage
variable Sf of each material are different. Compared with the three polymer-modified
asphalt cement, the Sasobit-added asphalt binder has a smaller Cf value and a larger Sf
value. Since the virtual modulus C represents the integrity of the material and the damage
variable S represents the damage degree of the material, this situation indicates that the
material with Sasobit has a larger damage degree when it reaches fatigue failure, and the
material has a strong anti-fatigue ability.
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Figure 7. DCC curves of modified asphalt binder: (a) SBS/Saso; (b) SBS-T/Saso; (c) SBS-W//Saso.

The results show that the speed-melting SBS modified asphalt has better fatigue
properties than SBS MA at the same strain level, especially under the condition of uv aging.
This indicates that compared with the traditional SBS modifiers, the oxidation degree of
SBS T and SBS W modifiers is lower in the UV aging process.

As can be seen from Table 8, when the damage variable S is the same, the lower the
values of C1 and C2 are, the higher the comparative virtual modulus C is. According to the
data, C1 and C2 values decreased after Sasobit was added into the three polymer modified
asphalt, indicating that Sasobit can improve the fatigue resistance of polymer modified
asphalt, which is consistent with the results shown in the DCC curve image.

Table 8. DCC curve fitting parameters.

Asphalt
Condition

Fitting
Parameters

5%SBS 5%SBS+3%Saso 5%SBS-T
5%SBS-

T+3%Saso
6%SBS-W

6%SBS-
W+3%Saso

Origin C1 0.628 0.625 0.737 0.731 0.878 0.724
C2 0.267 0.237 0.221 0.216 0.236 0.230

PAV
C1 0.768 0.598 0.842 0.821 0.572 0.555
C2 0.350 0.160 0.286 0.267 0.260 0.255

UV
C1 0.699 0.679 0.603 0.598 0.737 0.642
C2 0.232 0.215 0.330 0.208 0.194 0.183

4.6. Fatigue Performance Analysis of Asphalt

According to the values of a and b in Table 9, the fatigue lives of different types of
modified asphalt cements at 3%, 6%, and 9% strain levels were calculated and plotted in
Figure 8a–c.
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Figure 8. Fatigue life of modified asphalt binder under different strain levels. (a) SBS/Saso;
(b) SBS-T/Saso; (c) SBS-W//Saso.
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Table 9. Fatigue equation parameters of the binders.

Asphalt
Condition

Fitting
Parameters

5%SBS 5%SBS+3%Saso 5%SBS-T
5%SBS-

T+3%Saso
6%SBS-W

6%SBS-
W+3%Saso

Origin a 2.99 × 108 3.03 × 107 3.54 × 1010 1.87 × 107 3.63 × 109 5.92 × 109

b −1.841 −2.087 −1.646 −3.644 −2.048 −3.096

PAV
a 9.97 × 1011 6.32 × 1010 4.62 × 1010 3.09 × 1010 3.48 × 1010 2.42 × 107

b −5.114 −4.077 −1.553 −1.963 −2.046 −3.383

UV
a 2.36 × 1010 2.71 × 1010 3.45 × 1010 1.94 × 109 3.13 × 1010 1.66 × 109

b −1.745 −1.537 −2.059 −1.547 −1.497 −1.547

As can be seen from Figure 8, the fatigue life of the modified asphalt binder after
Sasobit is added significantly increases, indicating that Sasobit improves the fatigue re-
sistance of the polymer-modified asphalt. As shown in Figure 8a, the fatigue life of SS-T
modified asphalt and SS-W modified asphalt with Sasobit is larger than that of SBSMA
under non-aging conditions, indicating that the anti-fatigue performance is better than
that of SBSMA. Under the conditions of PAV aging and UV aging, the fatigue life of SBS-
W-modified asphalt is the maximum. It can be seen that the speed melting SBS modified
asphalt has better fatigue damage resistance.

5. Conclusions

The purpose of this work is to evaluate the modification effects of two fast-melting
modifiers (SBS-T and SBS-W) and traditional SBS on asphalt binder, as well as their com-
bined modification effects with Sasobit. First, the microscopic characteristics of SBS/SBS-
T/SBS-W modifiers and modified binders were characterized by XRD and FTIR infrared
spectroscopy to determine the chemical composition, microstructure, and defect level of the
modifiers and further reveal the modification mechanism. Then, the viscoelastic parameters
of different kinds of modified asphalt binder were analyzed by FS frequency scanning test,
WLF equation and CAM model. Finally, the LAS fatigue acceleration test was carried out
by DSR, and the fatigue damage resistance of various modified asphalt in base asphalt
binder was studied based on VECD theoretical model. The main findings are as follows:

(1) According to the XRD diffraction peak data, the peak height of the fast-melting
modified binders (SBS-T and SBS-W) is higher, their crystallization properties are
better, and their crystal phase content is higher than that of the control SBS MA. With
the addition of Sasobit, the crystal structure in PMA remains intact. FTIR showed that
no chemical changes occurred after Sasobit was added to the asphalt binder.

(2) Compared with SBSMA, the speed-melting modifiers (SBS-T and SBS-W) have higher
complex modulus, better fatigue resistance, and lower temperature sensitivity. SBS-
W improves stiffness and stability by three times. The addition of Sasobit can also
improve the stiffness and stability of polymer-modified asphalt.

(3) The LAS test based on the linear VECD theoretical model shows that the modified
asphalt with 6%SBS-W+3%Sasobit mixture ratio has the longest fatigue life, indicating
that it has the best anti-fatigue failure ability. The fatigue life is increased 3.9 times by
SBS-W. In addition, Sasobit can prolong the fatigue life of asphalt binders.

6. Recommendations

In future research, we will increase the scale to study the fatigue properties of the
fast-melting modified asphalt mixture. Sasobit is relatively expensive, and future projects
will use more SBS-W, an inexpensive warm mix modifier.
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Abstract: For promoting modifying application of sprayed polyurea (SPUA) in asphalt pavement
materials, the effects of sprayed polyurea materials on high-temperature and fatigue performance of
asphalt binders were investigated from different aspects. First, the optimal preparation parameters of
sprayed-polyurea-modified asphalt binders (SPMAs) were determined by designing an orthogonal
test. Then, the high-temperature and fatigue properties of sprayed-polyurea-modified asphalt binders
with different contents were characterized by rheological testing methods, including Brookfield rotary
viscosity (RV) test, performance grading (PG) test, multiple stress creep recover (MSCR) test, linear
amplitude sweep (LAS) test and time sweeping (TS) test. Finally, the thermal properties of the asphalt
binders were analyzed by differential scanning calorimetry (DSC) test. The results showed that the
optimum preparation parameters were determined by the extreme difference analysis method and
analysis of variance (ANOVA) method, and the shearing time was 40 min, the shearing rate was
6000 rpm and the shearing temperature was 150 ◦C. Sprayed polyurea positively affected high-
temperature performance of asphalt binders and could improve fatigue resistance of asphalt binders.
Moreover, the Brookfield rotary viscosity test, multiple stress creep recover test and linear amplitude
sweep test had high sensitivity to the performance of sprayed-polyurea-modified asphalt binder, which
could help to distinguish the effect of sprayed polyurea dosing on performance of asphalt binders
accurately. The differential scanning calorimetry test showed that sprayed polyurea was beneficial to
high-temperature stability of asphalt binders, which explains the reason why sprayed-polyurea-modified
asphalt binders have excellent high-temperature performance from a microscopic perspective.

Keywords: modified asphalt binder; sprayed polyurea resin; high-temperature property; fatigue
property; thermal property; correlation

1. Introduction

Compared with cement concrete pavement, asphalt pavement has advantages of
short maintenance cycle, easy maintenance and good driving performance and has gradu-
ally replaced cement concrete pavement and become the main application of pavement
structure [1–4]. However, it has been found in practical applications and research that
common asphalt materials are prone to deformation under prolonged or excessive loading
and performance degradation under light, high and low temperatures and rain, resulting
in shortened lifespan of asphalt pavements [1]. The available research results show that
polymer modification technology is an effective way to improve performance of asphalt
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binders [2]. However, while polymers improve performance of asphalt binders, they also
add other new problems. For example, the excellent high- and low-temperature perfor-
mance of SBS-modified asphalt binder is favored by researchers, but its high cost and
poor compatibility limit application in low- and medium-grade pavements [5,6]. Ethylene–
vinyl acetate copolymer, polyethylene and other modified asphalt both have good high-
temperature performance and economy, but low-temperature performance is difficult to
meet expectations [7–10]. For this reason, researchers are still searching for modifiers with
good modification effects [11,12]. This paper investigated the effect of a high-performance
resin material, SPUA, on high-temperature performance and fatigue performance of asphalt
binders. SPUA is a kind of polymer material containing urea bonds, carbamate and other
functional groups [13]. After curing, SPUA has extremely high tensile strength, impact
strength, waterproofing, anti-corrosion and wear resistance and other excellent properties.
It has been widely used in many fields, such as the military industry, coating, waterproof-
ing, anticorrosion and engineering construction [14–16]. However, in the asphalt road field,
fewer researchers are studying the preparation method and modification effect of SPMA.
It is well known if the modification effect is excellent determines whether the modified
material can be widely used in practical engineering. Therefore, it is necessary to conduct
research on the road performance aspects of SPMA, evaluate the applicability of SPUA to
asphalt binders and provide a relevant basis for research, application and promotion of
SPUA in asphalt pavements.

High-temperature performance and fatigue performance of asphalt binders have been
the focus of researchers in response to the progressively harsher high-temperature envi-
ronment and increasing traffic volume [17–21]. Many complete and mature test methods
and evaluation systems have been developed for high-temperature performance of asphalt
binders. Among them, due to their higher sensitivity, accuracy and precision, rheological-
based testing methods have gradually become mainstream, for example, the PG test, MSCR
test, zero shear viscosity test (ZSV), elastic viscosity index, frequency sweeping, etc. [22,23].
For fatigue resistance performance of asphalt binders, the main indicators include fatigue
factor (|G*|sinδ), damage factor (tanδ) and fatigue life based on the TS test and LAS test.
However, |G*|·sinδ and tanδ are fatigue performance parameters obtained in low loading
times and linear viscoelastic range, but these two indicators lack relevance with actual
fatigue performance of asphalt pavements [24–26].

In summary, researchers have proposed many relevant indicators for high-temperature
performance and fatigue resistance of asphalt binders. However, due to the different
loading methods and calculation principles between the tests, there are different degrees of
difference among the indicators, which affects evaluation of real performance of asphalt
binders [17,26,27]. Therefore, to accurately evaluate degree of influence of SPUA on asphalt
binders, it is necessary to analyze applicability of different performance indicators to SPMA.

The main objective of this study focused on the optimal preparation process pa-
rameters, high-temperature performance and fatigue performance evaluation of SPMA.
First, the optimum preparation process parameters of SPMA were determined based on
orthogonal test combined with range analysis and variance analysis. On this basis, the
high-temperature performance and fatigue resistance of SPMA with different contents
were studied. Among them, the high-temperature performance characterization methods
include PG test and MSCR test, and the fatigue resistance test includes LAS test and TS test.
Finally, the applicability of different indicators to the performance evaluation of SPMA was
investigated by correlation analysis.

2. Materials, Preparation and Test Methods

2.1. Materials
2.1.1. Asphalt Binder

The base asphalt binder used in this paper was 70# base asphalt binder (Kunlun brand,
Petrochina Fuel Oil Co., Ltd., Zhuhai, China), and its main performance indicators are
listed in Table 1.
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Table 1. Properties of base asphalt binder.

Properties Unit Test Result Specification

Performance grade ◦C 64 ASTM D7643-10
Softening point ◦C 46.25 ASTM D36
Ductility (10 ◦C) cm 60 ASTM D113

Penetration (25 ◦C) 0.1 mm 65 ASTM D5
Dynamic viscosity (60 ◦C) Pa·s 218 ASTM D2170

After TRTOF Aging
Mass variation % −0.114 ASTM D2872

Penetration ratio % ≥81 ASTM D5
Ductility (10 ◦C) cm ≥6 ASTM D113

2.1.2. SPUA Base Material

The modifier used in this paper is sprayed polyurea (SPUA), a high-performance resin
material containing many strong polar functional groups: urea bonds and carbamate [10].
Figure 1 shows the molecular formulas of urea bond and carbamate. The technical indi-
cators of SPUA are shown in Table 2. In this study, we expect to process the SPUA base
material to a suitable size by grinding it and applying it in asphalt binders. However, during
the grinding process, it was found that the excellent stress absorption properties of SPUA at
normal temperature greatly deteriorated the efficiency of the grinding machine. Therefore,
this study took advantage of the high brittleness of the polymer at the glass transition
temperature to grind the SPUA base material in a low-temperature environment. Figure 2
showed the particle size distribution of the SPUA modifier after grinding. The solid red
line shows the volume proportion of SPUA particles. The red dotted lines and orange dots
indicate the frequency with which the SPUA particles are smaller than that size. After
the grinding process, 90% of the SPUA modifier particles were below 122.5 μm and the
maximum particle size was 74.5 μm. This proved that the low-temperature grinding tech-
nology has high processing efficiency. Finally, SPUA particles obtained by low-temperature
grinding and processing were used as asphalt binder modifiers in this study, and selected
quality of asphalt binder was 6%, 9% and 12% as the modifier content.

Figure 1. Molecular structure of the urea bond and carbamate.

Table 2. Technical properties of SPUA.

Solid Content/% Viscosity/cps Tensile Strength/MPa Elongation at Break/%

81–85 ≤800 28 375
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Figure 2. Particle size distribution of the SPUA modifier.

2.2. Test Method

The main research routes are shown in Figure 3. First, the optimum shearing time, rate
and temperature of the SPMA were determined by an orthogonal test. On this basis, the
high-temperature performance and fatigue performance of SPMA with different contents
were studied. Among them, the high-temperature performance included the RV test, PG
test and MSCR test. The fatigue performance tests included the LAS test and the TS test.
Finally, applicability of various performance indexes to the SPMA was evaluated.

Figure 3. Research routes.
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2.2.1. Orthogonal Experimental Design

Previous research results have indicated that shear time, rate and temperature are
important factors affecting the cementing properties of modified asphalt [26–28]. Proper
shear time and temperature are conducive to swelling of polymer modifiers in asphalt
binders and promote interaction between asphalt binders and modifiers. The appropriate
shear rate has a positive effect on the dispersion and uniformity of the modifier in the
asphalt binder.

Therefore, in this study, the L9(34) orthogonal test table was made with shear time, rate
and temperature as factors. However, the interaction between factors was not considered
in this study, and the fourth column of the orthogonal test table was used as a blank
column [28]. The content of SPUA in orthogonal test is 9%. This is because when the
content of SPUA changes from 9% to 6% or 12%, only the content change is 3%, which
reduces the influence of the content change on the test results.

In the early preparation, it was found that the base asphalt binder used in this study
was sensitive to temperature: when the temperature was low (120 ◦C), the base asphalt
binder could be completely melted, exhibiting good fluidity; when the temperature was
close to 160 ◦C, there was an obvious smoke phenomenon of asphalt binder, accompanied
by deterioration of ductility. This was caused by the high content of light components in the
base asphalt binder used. Given this, to avoid excessive influence of process parameters on
the original properties of base asphalt binder and to corporately characterize the real effect
of SPUA modifier on the properties of base asphalt binder, the level of the orthogonal test
was selected within a reasonable range in this study [29,30]. The specific process parameters
and orthogonal test tables are listed in Tables 3 and 4, respectively.

Table 3. The factor and levels table of the orthogonal experiment.

Factors

Levels

Shear time (A) Shear rate (B) Shear temperature (C)
3000 rpm 10 min 120 °C
4000 rpm 25 min 135 °C
5000 rpm 40 min 150 °C

Table 4. Orthogonal test table.

Test Number
Shear Time

(A)
Shear Rate

(B)
Shear Temperature

(C)
Test Program

1 120 ◦C 10 min 5000 rpm A1B1C1
2 120 ◦C 25 min 6000 rpm A1B2C2
3 120 ◦C 40 min 7000 rpm A1B3C3
4 135 ◦C 10 min 6000 rpm A2B1C2
5 135 ◦C 25 min 7000 rpm A2B2C3
6 135 ◦C 40 min 5000 rpm A2B3C2
7 150 ◦C 10 min 7000 rpm A3B1C3
8 150 ◦C 25 min 5000 rpm A3B2C1
9 150 ◦C 40 min 6000 rpm A3B3C2

2.2.2. Modified Asphalt Binder Preparation Process

First, the base asphalt binder was put into the oven at 135 ◦C for 1.5 h until it was
completely melted. The corresponding mass of SPUA was divided into three equal parts
and added to the base asphalt binder in turn. To ensure the initial mixing of SPUA and the
base asphalt binder, a glass rod should be used to stir manually for 1 min after each SPUA
addition. Then, the asphalt binder was placed in an oil bath at the corresponding shear
temperatures (120 ◦C, 135 ◦C and 150 ◦C) and held for 30 min. The asphalt binder was then
prepared using a high-speed shear according to the process parameters determined in the
orthogonal test table. The sheared asphalt binder was put into a 135 ◦C oven for 1 h to
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provide conditions for the swelling of SPUA. Finally, the glass rod was used to slowly stir
the finished asphalt binder to eliminate the tiny air bubbles. The modified asphalt binder
preparation process is shown in Figure 4.

Figure 4. The modified asphalt preparation process.

2.2.3. Basic Performance Evaluation

The softening point, penetration (25 ◦C) and ductility (10 ◦C) of the modified asphalt
were measured according to ASTM D113, ASTM D5 and ASTM D36, respectively. The
testing instruments of softening point, penetration, and ductility were the WSY-025F asphalt
softening point tester, WSY-026C automatic asphalt penetration tester, and LYY-10A asphalt
elongation tester produced by Wuxi Petroleum Company of China.

2.2.4. High-Temperature Rheological Properties

a. Brookfield viscosity test

Brookfield viscosity was performed test according to ASTM D4402. The test temper-
atures were selected as 90 ◦C, 115 ◦C, 135 ◦C, 155 ◦C and 175 ◦C. Brookfield viscosity
instrument was NDJ-1F produced by Changji Company in Shang-hai, China.

b. Performance grade test

In this study, the Smartpave102 dynamic shear rheometer from Anton Paar (Graz, Aus-
tria) was used. The performance grade (PG) test was performed according to ASTM D7643-10.
The test was performed with a 25 mm diameter rotor, and the gap between parallel plates
was controlled at 1 mm. The loading strain and frequency were 12% and 10 rad/s. The test
temperature range was 46–76 ◦C, and the temperature rise interval was 6 ◦C.

c. Multiple stress creep recovery test

The multiple stress creep recovery (MSCR) test was performed according to ASTM-
D7404-10a. The test temperature was chosen to be 64 ◦C. The rotor of the rheometer was
25 mm with a clearance control of 1 mm. First, the asphalt binder was loaded 20 times in a
“load-recovery” cycle under a 0.1 kPa load. In this case, the first 10 cycles of loading were
to equilibrate the specimens. Then, the asphalt binder was cyclically loaded 10 times under
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a 3.2 kPa load. In each cycle of loading, the asphalt binder specimens were loaded for 1 s
and unloaded for 9 s. The specific calculation equations are as follows:

R =
γ −p −γnr

γ −p −γ0
(1)

Jnr =
γ−r − γ0

τ
(2)

Jnr−di f f =
[Jnr(3.2 kPa)− Jnr(0 − 1 kPa)]

Jnr0.1 kPa
× 100% (3)

where γp was the peak strain within each cycle (%), γnr was the residual strain within each
cycle (%) and γ0 was the initial strain within each cycle (%); τ was the load (kPa).

2.2.5. Fatigue Performance

The fatigue test temperatures in this study were all 25 ◦C. The rotor diameter was
chosen to be 8 mm and the clearance was controlled at 2 mm.

a. Linear amplitude sweep test

The linear amplitude sweep (LAS) test was conducted in accordance with AASHTO TP
101. The non-destructive characteristic value α of the asphalt binder was first determined
by frequency scanning. The strain of the amplitude sweep increased linearly from 0% to
30% within 5 min. The calculation method is as follows:

First, the cumulative strength of the damage D(t) was calculated.

D(t) ∼= ∑N
i=1

[
πγ2

0(Ci−1 − Ci)
] α

1+α ·(ti − ti−1)
1

1+α (4)

where Ci was the integrity parameter, calculated as C(t) = |G∗|(t)
|G∗|initial

, |G∗| was complex shear

modulus; γ2
0 was the strain value (%) of the measured data points and t was the test time.

Then, C(t) and D(t) were fitted according to Equation (5) and the curve fitting coeffi-
cients C1 and C2 were obtained.

C(t) = C0 − C1(D)C2 (5)

where C0 was the initial value of C, C0 = 1; C1 and C2 were the damage fitting parameters.
Df was then defined as the damage value of the asphalt material at the peak shear

stress corresponding to the failure. the formula for Df was given in Equation (6).

Df =

(
C0 − C at peak stress

C1

) 1
C2

(6)

Finally, the fatigue life Nf of the asphalt material was calculated by Equation (7).

Nf = A(γmax)
−B (7)

where Nf was the fatigue life; A and B were parameters; γmax was the maximum allowable
strain, including 2.5% and 5%. Equations for A and B were shown in Equations (8) and (9).

A =
f
(

Df

)k

k(πC1C2)
α (8)

B = 2α (9)

where f was the loading frequency (10 Hz); k = 1 + (1 − C2)α. C1 a–d C2 were damage curve
fitting parameters.
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b. Time sweeping test

The time sweeping (TS) was in strain control mode with a strain of 5%. This was
determined from strain scans to ensure that the asphalt binders were in a linear viscoelastic
range during the test. The DER is calculated as follows:

Wi =
∫

δ(t)
dε(t)
d(t)

dt = πδiεisin(δi) (10)

Wc =
n

∑
i=1

Wi (11)

DERi =
∑n

i=1 Wi

Wn
=

Wc

Wn
(12)

where Wi was the dissipation energy at the cycle i; Wc was the cumulative dissipation
energy; DERi was the cumulative dissipation energy ratio during the cycle i; σ(t) was tIe
stress, t was the time; ε(t) was the strain; δi was the phase angle at the cycle i; Wn was thI
dissipation energy at the cycle n.

2.2.6. Differential Scanning Calorimetry Test

DSC3 differential scanning calorimeter produced by Mettler Toledo, Greifensee, Switzer-
land, was adopted in this section. The samples were about 8–9 mg, and the samples were
made of aluminum. The test temperature was −20–200 ◦C, and the heating rate was
10 ◦C/min.

3. Results and Discussion

3.1. Orthogonal Test Analysis

The results of orthogonal tests were often analyzed by the extreme difference analysis
method and ANOVA, which were used to determine the optimal production conditions.
Among them, the extreme difference analysis method can determine the degree of influence
of the factor on the performance index based on the R-index of the factor. The ANOVA
method can determine whether a factor is significant for a performance indicator based on
the p-value. The results of the orthogonal test are shown in Figure 5.

3.1.1. Extreme Difference Analysis Method

The results of the extreme difference analysis for the failure temperature, softening
point, penetration and ductility tests are listed in Tables 5–8, respectively. From the R in
Tables 5–7, the optimal process parameters combination corresponding to failure tempera-
ture, softening point and pinning degree was A3B3C3. The influence degree of the factors
on the performance indexes in descending order were C (shear temperature) > A (shear
time) > B (shear rate). This indicated that shear temperature was the most important factor
affecting the failure temperature, softening point and penetration of the SPMA. Failure
temperature and softening point were the indexes of high-temperature performance of
asphalt binder [18]. The penetration represented the consistency of the asphalt, which
indirectly reflected the high-temperature performance [31]. Therefore, this may be the
reason why the three indicators had the same optimal process mix.

It was noteworthy that all the above three performance indexes reached their optimal
values at level 3, which pinpointed that increasing the shear time, rate and temperature
were all beneficial to improve the high-temperature performance and consistency of the
SPMA. According to the available research results, this was mainly due to the following
reasons: the increase in shear time, temperature and rate accelerated the swelling of the
modifier, promoted the combination of the modifier with the asphalt mastic and improved
the dispersion of the modified asphalt [26]. Second, the increased shear time, temperature
and rate promoted volatilization and transformation of light components within the asphalt,
accelerating the oxidation and aging of the asphalt components [32].
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Figure 5. Orthogonal experimental results.

Table 5. Failure temperature range analysis results.

Test Number
Shear
Time

Shear
Rate

Shear
Temperature

Blank Group
Failure

Temperature

1 1 1 1 1 66.5
2 2 2 1 2 67.2
3 3 3 1 3 68.9
4 1 2 2 3 67.8
5 2 3 2 1 69
6 3 1 2 2 69.5
7 1 3 3 2 68.9
8 2 1 3 3 70.1
9 3 2 3 1 71.5

K1 203.20 206.10 202.60 207.00 -
K2 206.30 206.50 206.30 205.60 -
K3 209.90 206.80 210.50 206.80 -
k1 67.73 68.70 67.53 69.00 -
k2 68.77 68.83 68.77 68.53 -
k3 69.97 68.93 70.17 68.93 -
R 2.23 0.23 2.63 0.47 -

RC > RA > RB, optimal process: A3B3C3
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Table 6. Softening point range analysis results.

Test
Number

Shear
Time

Shear
Rate

Shear
Temperature

Blank
Group

Softening
Point

1 1 1 1 1 47.6
2 2 2 1 2 48.65
3 3 3 1 3 49.6
4 1 2 2 3 49.1
5 2 3 2 1 49.4
6 3 1 2 2 50.05
7 1 3 3 2 50.95
8 2 1 3 3 50.65
9 3 2 3 1 51.8

K1 147.65 148.30 145.85 148.80 -
K2 148.70 149.55 148.55 149.65 -
K3 151.45 149.95 153.40 149.35 -
k1 49.22 49.43 48.62 49.60 -
k2 49.57 49.85 49.52 49.88 -
k3 50.48 49.98 51.13 49.78 -
R 1.27 0.55 2.52 0.28 -

RC > RA > RB, optimal process: A3B3C3

Table 7. Penetration range analysis results.

Test
Number

Shear
Time

Shear
Rate

Shear
Temperature

Blank
Group

Penetration

1 1 1 1 1 4.9
2 2 2 1 2 4.4
3 3 3 1 3 4.1
4 1 2 2 3 3.8
5 2 3 2 1 3.7
6 3 1 2 2 4.0
7 1 3 3 2 3.9
8 2 1 3 3 3.8
9 3 2 3 1 3.6

K1 12.59 12.66 13.37 12.12 -
K2 11.91 11.83 11.50 12.28 -
K3 11.69 11.70 11.32 11.79 -
k1 4.20 4.22 4.46 4.04 -
k2 3.97 3.94 3.83 4.09 -
k3 3.90 3.90 3.77 3.93 -
R 0.30 0.32 0.68 0.16 -

RC > RB > RA, optimal process: A3B3C3

From Table 8, the factors affecting the index of ductility were A (shear time) > B (shear
rate) > C (shear temperature) in order, and the optimal preparation parameters were
A1B1C1. It can be found that the ductility decreased with an increase in the three factors.
The reason for this was mainly due to the transformation of the components and the aging
of the asphalt to improve the stiffness of the asphalt binder.

The extreme difference analysis method can reflect the influence of different factors
on performance, while it was still unclear whether the influence of different levels on the
performance index was significant. Therefore, the following will combine the results of the
ANOVA and further optimize the preparation parameters in terms of energy consumption
and preparation efficiency.

31



Coatings 2023, 13, 544

Table 8. Ductility range analysis results.

Test
Number

Shear
Time

Shear
Rate

Shear
Temperature

Blank
Group

Ductility

1 1 1 1 1 9.0
2 2 2 1 2 7.1
3 3 3 1 3 6.8
4 1 2 2 3 8.4
5 2 3 2 1 7.2
6 3 1 2 2 7.1
7 1 3 3 2 7.6
8 2 1 3 3 7.5
9 3 2 3 1 7.2

K1 25.00 23.60 22.90 23.40 -
K2 21.80 22.70 22.70 21.80 -
K3 21.10 21.60 22.30 22.70 -
k1 8.33 7.87 7.63 7.80 -
k2 7.27 7.57 7.57 7.27 -
k3 7.03 7.20 7.43 7.57 -
R 1.30 0.67 0.20 0.53 -

RA > RB > RC, optimal process: A1B1C1

3.1.2. Analysis of Variance

From Tables 9–12, shear temperature had a significant effect on the failure temper-
ature, softening point and penetration. Shear time had a significant effect on the failure
temperature and softening point, and the shear rate had no significant effect on any of the
four indices. Therefore, the shear rate can be reduced appropriately.

Table 9. Failure temperature variance analysis results.

Test Number Shear Time Shear Rate Shear Temperature Blank Group

Sj 7.50 0.08 10.42 0.38
DOF 2.00 2.00 2.00 2.00
MSE 3.75 0.04 5.21 0.19

F 19.61 0.22 27.25 1.00
P 0.05 0.82 0.04 0.50

Sig
√ × √

Note:
√

indicated that the selected factors had a significant impact on the index and × indicated that the selected
factors had no significant effect on the index.

Table 10. Softening point variance results.

Test Number Shear Time Shear Rate Shear Temperature Blank Group

Sj 2.57 0.49 9.76 0.12
DOF 2.00 2.00 2.00 2.00
MSE 1.28 0.25 4.88 0.06

F 20.72 3.99 78.76 1.00
P 0.05 0.20 0.01 0.50

Sig
√ × √

-
Note:

√
indicated that the selected factors had a significant impact on the index and × indicated that the selected

factors had no significant effect on the index.

32



Coatings 2023, 13, 544

Table 11. Penetration variance results.

Test Number Shear Time Shear Rate Shear Temperature Blank Group

Sj 0.15 0.18 0.86 0.04
DOF 2.00 2.00 2.00 2.00
MSE 0.07 0.09 0.43 0.02

F 3.53 4.34 20.64 1.00
P 0.22 0.19 0.05 0.50

Sig × × √
-

Note:
√

indicated that the selected factors had a significant impact on the index and × indicated that the selected
factors had no significant effect on the index.

Table 12. Ductility variance results.

Test Number Shear Time Shear Rate
Shear

Temperature
Blank
Group

Sj 2.88 0.67 0.06 0.43
DOF 2.00 2.00 2.00 2.00
MSE 1.44 0.33 0.03 0.21

F 6.72 1.56 0.15 1.00
P 0.13 0.39 0.87 0.50

Sig × × × -
Note: × indicated that the selected factors had no significant effect on the index.

In addition, by comparing the k values in the results of the extreme difference analysis,
it can be found that, for the failure temperature, softening point and penetration, the
difference between k3 at the optimal level and k2 was not significant. For the ductility, the
difference between k1 at the optimal level and k2 was not significant. Therefore, considering
the high- and low-temperature performance and energy consumption, A3B2C3 (shear time,
rate and temperature of 40 min, 6000 rpm and 150 ◦C, respectively) was selected as the best
process parameter for preparing the SPMA.

3.2. High-Temperature Rheological Properties
3.2.1. Brookfield Viscosity

(1) Apparent viscosity

The SPMA with different dosages were prepared using optimal process parameters.
Figure 6 manifested the viscosity–temperature curves of the asphalt binder, showing
the effect of modifier and temperature on the apparent viscosity of the asphalt binder.
Enhancement in temperature intensified the thermal movement of molecules, manifested as
a gradual decrease in the viscosity–temperature curve of asphalt binder, easier to overcome
the frictional resistance between molecules and produce flow deformation [33]. To ensure
that the asphalt binder had good constructability, the specification requires the apparent
viscosity of less than 3 Pa·s at 135 ◦C. Figure 5 displayed that the viscosity of the different
asphalt binders was already less than 3 Pa·s at 115 ◦C. This demonstrated that the modified
asphalt can be applied at lower temperatures, which reduced energy consumption and
waste gas emissions [34].

In addition, the modifier enhanced the viscosity of the asphalt binder. With the boost
in dosage, the improvement in viscosity was more obvious. For example, at 135 ◦C, the
viscosity of 6%, 9% and 12% modified asphalt binders increased by 10.8%, 28.5% and 52.2%,
respectively, compared to the base asphalt binder. This revealed that addition of modifiers
impeded the flow of asphalt binder and had a positive effect on the high-temperature
performance [35,36].
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Figure 6. Apparent viscosity of asphalt binders.

(2) Activation energy

In addition, the temperature sensitivity of the asphalt binder was calculated by Arrhe-
nius Equation (13) [37]. The specific calculation formula is as follows:

η = A·e Eα
RT (13)

where η was the apparent viscosity of asphalt binder, A was the fitting parameter, Eα (kJ/mol)
was the activation energy of asphalt mastic, R was the gas constant, R = 8.314 J/(mol·K)
and K was the absolute temperature.

After processing, the Arrhenius Equation (13) can be expressed by Equation (14).

lnη = lnA +
Eα

R
× 1

T
(14)

The activation energy of the asphalt binders is exhibited in Figure 7. The specific
calculation results are shown in Table 13. The R2 was greater than 0.97, which expressed a
good fitting result. With the addition of 6%, 9% and 12% modifiers, the activation energy
of the asphalt binders grew by 7.4%, 8.8% and 13.0% compared to the base asphalt binder.
As a result, the asphalt binder required more external energy when it produced flow
deformation. This implied that mounting the modifier content improved the temperature
sensitivity of the asphalt binder [34,38]. It may be related to the following reasons: first,
the polymer modifier will absorb the light component of the asphalt binder in the process
of swelling, which indirectly enhanced the content of heavy components in the asphalt
system [39]. Second, when the polymer modifier was mixed with the asphalt binder, the
stiffness and internal friction resistance will be increased, which will hinder the flow of the
asphalt binder [37,40]. Under the synergistic action of the above two reasons, the activation
energy of asphalt binder improved with the addition of modifier content.

Table 13. The fitting result of activation energy.

Asphalt Type Eα (Slope, kJ/mol) A (Intercept) R2

Base asphalt 21.5 −7.4 0.98
SPMA6 23.1 −8.1 0.98
SPMA9 23.4 −8.2 0.97

SPMA12 24.3 −8.5 0.97
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Figure 7. Activation energy of asphalt binders.

3.2.2. PG Test

(1) Rutting factor

Figure 8a shows the G*/sinδ of asphalt binder as a function of temperature. It was
obvious that the enhancement in temperature reduced the G*/sinδ, revealing a negative
effect on the deformation resistance at high temperatures. Meanwhile, in agreement with the
prediction, the addition of modifiers improved the G*/sinδ. Moreover, the high-temperature
failure temperature of the asphalt binder was calculated according to the specification. In
the specification, the high-temperature failure temperature was defined as the temperature
at the G*/sinδ of 1 kPa, and the calculation results are shown in Figure 8b. It can be found
that the failure temperature gained by 5.89 ◦C, 6.23 ◦C and 9.8 ◦C respectively with the
addition of modifier dosage. This meant that the modifier improved the high-temperature
deformation resistance of the asphalt binders, which was equivalent to expanding the
ambient temperature range that the asphalt binder can withstand during the service life.
This was due to the absorption of light components and polymer network formation by
the modifier [17].

Figure 8. Rutting factor of asphalt binders.
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It was noteworthy that the failure temperatures of the modified asphalt with 6%, 9%
and 12% dosage were increased by 9.1%, 9.6% and 15.1% relative to the base asphalt binder.
It can be found that the G*/sinδ of the modified asphalt binder did not produce a significant
increase when increasing from 6% to 9%, and the same phenomenon was reflected in the
G*/sinδ curve. This may be related to the sensitivity of the test method to the viscoelastic
properties of the asphalt binder.

In order to investigate the applicability of the G*/sinδ of the PG test to the characteri-
zation of the high-temperature properties, two improved rutting factors: G*/(sinδ)9 and
G*/[1 − 1/(tanδsinδ)] were also used in this paper to analyze the test results. The specific
results are manifested in Figure 9. The results demonstrated that the two improved rutting
factors can obviously reflect the performance difference between modified asphalt and base
asphalt but still cannot effectively reflect the high-temperature performance of modified
asphalt at 6% and 9% dosage.

Figure 9. Improved rutting factor.

(2) Phase angle

Figure 10 reveals the results of the phase angle for the PG test. As the temperature
increased, the phase angle showed a gradual increase. It meant that the improvement in
temperature caused the asphalt binder to gradually lose its elastic properties and trans-
formed into a fully cohesive material. Compared with the base asphalt, the SPUA can
effectively reduce the phase angle, and the reduction was enhanced with an increase in the
dosage. For example, at 40 ◦C, the phase angles of the modified asphalt with 6%, 9% and
12% dosage decreased by 3.5◦, 6.1◦ and 7.6◦ compared to the base asphalt. This signaled
that the modifier played a positive role in the elastic recovery performance of the asphalt
binder, enabling it to recover quickly after deformation. This was because the modifier
changes the colloidal structure of the asphalt binder and improves the internal elasticity of
the components.

(3) Temperature susceptibility

In addition, The G*/sinδ-T curves in logarithmic coordinates were used to characterize
the temperature sensitivity:

ln|G∗|= AlnT + B (15)

Parameter A was the temperature sensitivity index; its larger absolute value repre-
sented higher temperature sensitivity of asphalt binder. The fitting results are shown in
Figure 11 and Table 14. The temperature sensitivity of asphalt binder was boosted with
the addition of modifier dosage in the range of 40–70 ◦C, which signified that, the greater
the dosage of SPMA, the more obvious the magnitude of high-temperature performance
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deterioration in the process of temperature rise. This was because of the incompatibility
between the modifier and the asphalt binder, and the strength of the bonding interface was
susceptible to weakening due to temperature effects, which reduced the contribution of the
bonding properties to the strength of the asphalt binder. The higher the modifier dose, the
more the bonding interface inside the asphalt binder and the greater the strength weaken-
ing at elevated temperatures, which explained the increase in temperature sensitivity of
asphalt binder with additional modifier dosage from 40–70 ◦C.

Figure 10. The phase angle of asphalt binders.

Figure 11. Temperature sensibility.

Table 14. The fitting result of temperature sensibility.

Asphalt Type |A| (Slope) B (Intercept) R2

Base asphalt 8.32 18.10 0.99
SPMA6 8.53 18.79 0.99
SPMA9 8.61 18.97 0.99

SPMA12 8.64 19.20 0.99

Notably, this was not consistent with the temperature-sensitive results for Brookfield
viscosity. This was probably due to the different contributions of internal friction resistance,
bonding properties, etc., to temperature sensitivity in different temperature ranges. In
the range of 40–70 ◦C, the internal friction resistance and the bonding properties of the
modifier and the asphalt binder together played a positive role in the temperature sensitivity.
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However, as the temperature enhanced to within the Brookfield viscosity test temperature
range, the asphalt binder took on a liquid state. At this time, the bonding effect between
the asphalt binder and the modifier disappears and the internal friction resistance into the
impact for the main factors of temperature sensitivity. The internal friction resistance was
positively correlated with the modifier dosage, so the temperature sensitivity of the asphalt
binder improves with increasing admixture at the Brookfield viscosity test temperature.

3.2.3. MSCR Test

In response to the inability of the PG test to effectively distinguish the difference in
high-temperature performance between 6% and 9% modified asphalt binders, this study
used the MSCR test for asphalt binders. Figure 12 shows the stress–strain relationship of
the asphalt binder during the loading process. As can be seen from the figure, the strain of
asphalt binders in the cyclic loading process constantly made the accumulation, resulting in
irrecoverable deformation. Compared with 0.1 kPa load, the asphalt binder under 3.2 kPa
load had higher cumulative deformation. This explained the greater susceptibility to rutting
on asphalt roads with high traffic volumes and overloaded vehicles [18].

Figure 12. MSCR test results of asphalt binders.

Meanwhile, the strain value of asphalt binder decreased with an increase in modifier
dosage. This indicated that the addition of the modifier reduced the deformation of asphalt
binders, playing a positive effect on the anti-deformation performance. It had a positive
effect on the deformation resistance, and the high-temperature performance can be further
improved by increasing the modifier content.

Interestingly, at a load of 0.1 kPa, there was a significant difference between the 6%
and 9% dosage of modified asphalt, implying a higher sensitivity of the MSCR test to the
viscoelastic properties of the asphalt binders.

In addition, two other viscoelastic indices of asphalt binders can be obtained from the
MSCR test: the recovery rate (R) and the irrecoverable creep flexibility (Jnr), where the R
reflects the deformation recovery performance of the asphalt binder after unloading and
Jnr reflects the level of permanent deformation of the asphalt binder under the load. As
shown in Figure 13, the R of the base asphalt was only 0.02 at 0.1 kPa load, which almost
completely lost the elastic recovery performance, and, after adding the modifier, the R
of the asphalt binder improved significantly and gradually enhanced with an increase in
modifier dosage The R of SPMA improved by 0.85, 1.59 and 1.72 over the base asphalt
binder with the addition of 6%, 9% and 12% doping modifiers, respectively. At 3.2 kPa
load, with an increase in modifier dosage, the trend of R of asphalt binder was the same
as that at 0.1 kPa load. The R of asphalt binders increased by 0.048, 0.058 and 0.148 at 6%,
9% and 12% modifier dosage, respectively. This illustrated that increasing the amount of
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modifier was conducive to improvement in elastic recovery properties of asphalt binder.
This was because the modifier improved the elastic component of the asphalt binders.

Figure 13. Calculating values of R and Jnr.

From Figure 13, the Jnr of asphalt binder decreases with the addition of modifier. At
0.1 kPa load, Jnr of asphalt binders with 6%, 9% and 12% modifier content was reduced by
12.5%, 2.3% and 53.3% compared with base asphalt binder, respectively. At 3.2 kPa load,
Jnr of asphalt binders with 6%, 9% and 12% modifier content decreased by 27.2%, 34.0%
and 60.4% compared with that of base asphalt binder, respectively. This meant that the
modified asphalt with larger dosage had higher deformation resistance.

In addition, Jnr-diff was used to characterize the stress sensitivity of the asphalt binder
in the MSCR test. Figure 14 demonstrates the relationship between Jnr-diff values and
modifier dosage. As can be seen from the figure, the addition of the modifier reduced
the stress sensitivity of the base asphalt binder. However, the stress sensitivity of the
modified asphalt gradually increased with an increase in the modifier. It should be noted
that, although the modified asphalt binders with high admixture were more sensitive to
stress, this did not mean that the high admixture modifier was detrimental to the high-
temperature performance of the asphalt binders. This was because the index only reflected
the sensitivity of the asphalt binder to the applied stress.

Figure 14. Calculating values of Jnr-diff.
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3.3. Fatigue Performance Characterization
3.3.1. Fatigue Performance Analysis Based on LAS Test

Figure 15 describes the stress–strain curves of the asphalt binder in the LAS test. With
an increase in strain, the stress rose rapidly at first and then decreased rapidly after reaching
the maximum value. The relevant literature referred to the strain corresponding to the peak
stress in the curve as the yield strain and defines it as the breaking point of the asphalt
binder [41]. The yield strains of the base asphalt binder and the modified asphalt with
different admixtures were 7.6%, 7.99%, 8.28% and 9.26%, respectively. This indicated that
the modifier advanced the hardness of the asphalt binder [42].

Figure 15. Stress–strain curve of asphalt binders.

Figure 16 displays the fatigue damage characteristic curves obtained by fitting the
S-VECD model. The vertical coordinate of S-VECD was the integrity parameter (C) and the
horizontal coordinate was the cumulative damage intensity. The high C signified that the
asphalt mastic had excellent fatigue resistance [43]. It can be found that, when the damage
intensity was small, the integrity parameters of different asphalt binders were the same.
As the damage intensity gradually escalated, the integrity of the base asphalt decreased
rapidly and the difference with the SPMA gradually became distinct. This suggested that
both the base asphalt binder and the modified asphalt binder had essentially the same
fatigue resistance in the early stages of loading. However, the fatigue resistance of the base
asphalt binder decayed rapidly as the damage intensity gradually grew, demonstrating a
higher strain sensitivity of the base asphalt binder.

To quantitatively analyze the effect of modifiers on the fatigue resistance of asphalt
binders, the fatigue performance parameters A and B and the fatigue life of asphalt binders
were calculated. Parameter A represented the integrity of the asphalt binder, and, the larger
parameter A, the better the fatigue resistance of the asphalt binder. Parameter B represented
the strain sensitivity of the asphalt binder in the fatigue test; the larger parameter B, the
stronger the strain sensitivity of the asphalt binder [44]. As shown in Figure 17a, the
integrity of the asphalt binder boosted with an increase in modifier dosage: 6%, 9% and
12% modifier dosage of asphalt binder increased the parameter A by 99.1%, 135.3% and
539.6%, respectively, compared to the base asphalt binder, while the B parameter illustrated
that the modifier was detrimental to the stress sensitivity of the asphalt binder under cyclic
loading. This may predict a more substantial decay in the fatigue life of the SPMA with
enhancing strain.
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Figure 16. C–D curve of asphalt binders.

Figure 17. LAS test result of asphalt binders.

The fatigue life of the asphalt binder is shown in Figure 17b. When the strain was
2.5%, the fatigue life enhanced by 40.1%, 66.5% and 223.9%, respectively, with an increase
in modifier content. When the strain is 5%, the fatigue life improved by 7.4%, 27.8% and
92.6%, respectively, with the increase in modifier content. This indicated that increasing the
modifier content can significantly improve the fatigue properties of asphalt binder [45,46].

It can also be noted that, compared to the fatigue life at 2.5% applied strain, the
fatigue life of the base asphalt binder and modified asphalt binder at 5% applied strain was
reduced by 76.4%, 81.9%, 81.8% and 85.9%, respectively. This meant that the fatigue life of
the modified asphalt binders was more sensitive to stress, and this sensitivity was more
pronounced in the high admixture of the modified asphalt binder, which was consistent
with the results predicted by parameter B. Similarly, an increase in sensitivity did not imply
an improvement in fatigue life or decay. In conclusion, the fatigue life of asphalt binders
can be effectively improved by increasing the content of modifiers.

3.3.2. Fatigue Performance Analysis Based on Time Scanning Test

Figure 18 displays the relationship between loading times and normalized modulus
(|G*|/|G*|initial) of the asphalt binder. The |G*|/|G*|initial of the asphalt binder
gradually decreased as the number of loadings increased. This was due to the accumulation
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of fatigue damage in the asphalt binder during cyclic loading, which caused its integrity
to be destroyed and the modulus to decay rapidly [46]. The fatigue life Np50 of the base
asphalt binder and modified asphalt binders were 1302, 1398, 1500 and 2202, respectively.
Compared to the base asphalt binder, the Np50 of the modified asphalt binder with 6%, 9%
and 12% dosage increased by 7.3%, 15.2% and 69.1%, respectively. This was as expected; the
modifier enhanced the |G*|/|G*|initial of the asphalt binders and improved the fatigue
performance. This was consistent with the LAS test results. The difference was that the
|G*`|/|G*|initial curves of the modified asphalt binder at 6% and 9% admixture are
similar. This may be related to the loading methods of the TS test and LAS tests. A 0% to
30% strain, amplitude sweep was used in the LAS test to accelerate the fatigue damage,
where some of the strains exceeded the linear viscoelastic range of the asphalt binders. In
contrast, the TS test used 5% of the strain in the linear viscoelastic energy range. This may
be the reason why the LAS test was more sensitive to viscoelastic energy and can effectively
distinguish the fatigue performance of different asphalt binders.

Figure 18. Normalized modulus curve of asphalt binders.

Meanwhile, the fatigue performance of the asphalt binder was analyzed from the
perspective of energy dissipation. Figure 19 demonstrates the DER of asphalt binders versus
the number of cyclic loading. At the early stage of the experiment, DER and N followed
the lossless state curve with a slope of 1. As fatigue damage gradually accumulates, the
DER gradually deviated from the lossless state curve. The number of loads corresponding
to a 20% deviation of the DER-N curve from the nondestructive state curve was used as the
fatigue life Np20 of the asphalt binder [17,25]. As shown in Figure 19, the modifiers had a
positive effect on the fatigue life of the asphalt binder. The fatigue life Np20 of the base
and modified asphalt binder were 601, 702, 799 and 1379, respectively. Compared to the
base asphalt binder, the Np50 of the modified asphalt binder with 6%, 9% and 12% dosage
increased by 16.8%, 32.9% and 129.5%, respectively. However, the DER-N curves of the
modified asphalt binders at 6% and 9% admixture were similar.

It is worth noting that there was a significant difference between the fatigue life Nf
obtained using the LAS test, Np50 obtained using the normalized modulus calculation and
Np20 obtained using the dissipative energy calculation. This was because the selection
of applied loads, frequencies and fatigue failure determination criteria in the TS test was
artificially determined and highly empirical [25]. The fatigue life of the same asphalt binder
can range from a few thousand to tens of thousands depending on the fatigue failure
judgment criteria of the TS test. In contrast, the fatigue failure of asphalt binders should
be a material’s characteristic and should have obvious material dependence. Therefore,
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from the sensitivity of the test to the asphalt binder and the accuracy and completeness
of the evaluation system, the LAS test was more suitable as a test method for the fatigue
performance of asphalt binders.

Figure 19. DER curve of asphalt binders.

3.4. Applicability of High-Temperature and Fatigue Indicators to the Performance Evaluation of
Asphalt Binders

In summary, the SPUA had an excellent performance on asphalt binders for both
high-temperature performance and fatigue performance improvement. However, it can be
seen from Figures 20 and 21 that some of the tests were unable to effectively differentiate
the viscoelastic properties of the modified asphalt binders in some of the admixture ranges
(e.g., 6% and 9%), and this will be an obstacle to application and promotion of SPUA modi-
fiers in practical engineering. Therefore, it was necessary to investigate the applicability of
different tests and their corresponding metrics.

In this study, the correlation between the amount of modifier dosing and the perfor-
mance index was used to reflect the applicability of the evaluation index. The greater the
correlation, the better the applicability of the index. Among them, the high-temperature
performance indexes included failure temperature, softening point, R, Jnr and Brookfield
viscosity at 135 ◦C. The specific calculation results are listed in Table 15. The correlation
coefficients revealed a good linear relationship between the SPUA modifier admixture and
each high-temperature performance index. Among them, the correlation coefficients of
apparent viscosity at 135 ◦C, Jnr at two loading levels and R at 3.2 kPa were greater than
0.9, while the correlations of softening point, failure temperature and R at 0.1 kPa were
relatively low. This expressed that the apparent viscosity and MSCR tests are more sensitive
to the viscoelastic properties of asphalt binders and can evaluate the effect of modifier
admixture on the high-temperature properties of asphalt binders more precisely. Therefore,
it was recommended to use a Brookfield viscosity test (such as 135 ◦C) and MSCR test (R
and Jnr) as the evaluation index of high-temperature performance of the SPMA.

Similarly, correlations between several fatigue performance indices of modified asphalt
binders and modifier admixtures were calculated, as shown in Table 16. It can be found
that all four fatigue lives showed good linear relationships with the modifier doping. The
correlation between the fatigue life and modifier dose obtained from the LAS test was
greater than 0.85, while the correlation between the fatigue life Np50 and Np20 obtained
from the TS test was 0.84 and 0.85, respectively. This indicated that the LAS test was more
suitable as a means to evaluate the fatigue performance of asphalt binder characterization.
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Figure 20. High-temperature performance index of asphalt binders.

Figure 21. Fatigue Performance index of asphalt binders.
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Table 15. Standard deviation of high-temperature index.

High-Temperature Index Slope Intercept Correlation Coefficient

Failure temperature 65.2 66.242 0.81
Softening point 61.7 47.62 0.83

Viscosity at 135 ◦C 2533.3 252.33 0.99
Jnr (at 0.1 kPa) −2725.0 527.1 0.91
Jnr (at 3.2 kPa) −2750.0 542.6 0.90
R (at 0.1 kPa) 13.9 0.14 0.83
R (at 3.2 kPa) 0.8 −0.005 0.93

Table 16. Standard deviation of high-temperature index.

Fatigue Index Slope Intercept Correlation Coefficient

Nf at 2.5% applied stress 12,767 135 0.91
Nf at 5% applied stress 116,283 −2458.2 0.86

Np50 13,400 494 0.84
Np20 11,283 −55.9 0.85

3.5. Thermal Properties Analysis

Figures 22 and 23 are the result of DSC test. It can be seen from the figure that the
overall trend of DSC curves of base asphalt binder and three kinds of modified asphalt
was basically the same. The DSC curves and thermodynamic parameters between base
asphalt binder and modified asphalt binders had obvious changes. Compared with the
base asphalt binder, the DSC curves of the SPMA6 moved up significantly, and the peak
temperature rose from 26.3 ◦C of the base asphalt binder to 38.5 ◦C, the peak range from
13.2–40.4 ◦C to 29.3–48.6 ◦C and the enthalpy change decreased from 10.1 J/g of the base
asphalt binder to 2.18 J/g. When the content was 9%, the DSC curve moved up again
to a certain extent, but its thermodynamic parameters were almost the same as those of
6% modified asphalt binder. When the modifier content reached 12%, the DSC curve and
thermodynamic parameters changed obviously again, the DSC curve moved up, the peak
temperature of the endothermic peak further increased and the enthalpy change decreased.

Figure 22. Thermodynamic parameters of asphalt binders.
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Figure 23. DSC curve of asphalt binders.

This showed that the modifier had a significant effect on the thermal stability of asphalt
binders [36]. When the modifier was added, the thermal stability of the corresponding
modified asphalt binder was significantly improved. This meant that higher temperature
was needed in the process of aggregation transformation in SPUA modified asphalt binder
during heating; that is, more energy was needed to complete the transformation of the
asphalt phase. The macroscopic performance was improvement in temperature stability
of modified asphalt. This explained why SPUA-modified asphalt binder had higher high-
temperature performance.

4. Conclusions

The purpose of this study was to evaluate the effect of SPUA as the modifier on
asphalt binders. First, the optimum process parameters of the modified asphalt binder
were determined based on the orthogonal test. On this basis, by changing the amount of
modifier in the asphalt binder, the high-temperature and fatigue properties of the asphalt
binder were tested and the applicability of each index to the modified asphalt binder
was analyzed. According to the limited experimental results obtained in this study, the
following conclusions can be drawn:

(1) Combined with extreme difference analysis and ANOVA, the best preparation pro-
cess parameters of modified asphalt binder under the condition of 9% content were
determined as follows: shear time, rate and temperature of 40 min, 6000 rpm and
150 ◦C, respectively.

(2) The SPUA enhanced the apparent viscosity and improved the high-temperature shear
resistance while reducing the temperature sensitivity in the test temperature range.

(3) Addition of SPUA admixture had a positive effect on high-temperature deformation
resistance and elastic recovery performance of asphalt binders but hurt temperature
sensitivity. There was higher sensitivity of the MSCR test to the viscoelastic properties
of asphalt binders compared to the PG test.

(4) Increasing the modifier admixture could promote the modifier’s effect on fatigue
resistance of asphalt binders, but this was detrimental to stress sensitivity of as-
phalt binders.

(5) The performance indexes obtained from the MSCR test, Brookfield viscosity and LAS
test were more correlated with modifier dosage. Therefore, the MSCR test and Brook-
field viscosity test were recommended to evaluate high-temperature performance of
asphalt binders and the LAS test to evaluate fatigue resistance of asphalt binders.
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(6) The SPUA modifier had a positive effect on thermal stability of asphalt binders, and
the effect increased with an increase in dosage. Higher thermal stability corresponded
to better high-temperature performance.

(7) Excellent high-temperature performance and fatigue resistance of SPMA showed that
SPUA material has great potential and application value in asphalt pavement.
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Abstract: This content introduces a novel Ultraviolet (UV)-shielding material, Zn2Al-MADS-LDH
(MADS-LDH), which was synthesized through co-precipitation method to insert sodium dodecyl
diphenyl ether disulfonate (MADS) into the interlayer of Zn2Al-LDH layered double hydroxide
(LDH), to improve the photoaging resistance of polyvinyl chloride (PVC). The characterization results
indicated that MADS-LDH had a host-guest interaction between the LDH host layer and MADS
guest anion, and it exhibited superior UV absorption capabilities than Zn2Al-CO3-LDH (CO3-LDH)
and a broader absorption spectrum compared to MADS. A series of LDHs/PVC film composite
materials containing LDHs nanosheets were prepared by incorporating the prepared LDHs into
a PVC matrix via a solvent casting method. As expected, the MADS-LDH/PVC film composite
materials exhibited enhanced photoaging resistance. The results of photoaging tests indicated that
MADS-LDH inhibits the rate of carbonyl generation during photoaging of MADS-LDH/PVC film
composite materials, resulting in a decrease in the carbonyl index (ΔCl) and relative degradation rate
(RDR) compared to pristine PVC film and CO3-LDH/PVC film composite materials. Furthermore,
the study evaluated the influence of different UV light wavelength ranges, such as UVB (280~315 nm),
UVC (200~280 nm), and UV (200~400 nm), on the aging performance of PVC film and LDHs/PVC
film composite materials. The results demonstrated that UV had the highest aging effect on PVC
composite films, followed by UVC and UVB. Therefore, the MADS-LDH is a highly efficient and
promising UV-shielding material with excellent potential for wide applications in the field of PVC.

Keywords: hydrotalcite; polyvinyl chloride; intercalation; UV-shielding materials; film composite
materials

1. Introduction

Polyvinyl chloride (PVC) is a highly versatile and commonly used polymer materials in
modern industries [1,2]. However, as a polymer material, PVC is susceptible to degradation
and aging under the influence of external factors such as light, water, heat, and oxygen.
This degradation can lead to discoloration, brittleness, and hardening, which ultimately
reduces its physical properties [3,4]. Research has shown that UV light from sunlight is
the primary contributor to the aging of polymer materials [3,5]. Therefore, incorporating
UV-shielding materials is crucial to improve the stability of PVC film composite materials.

In recent years, there has been a growing interest in the development and utilization of
inorganic-organic hybrid nanomaterials, such as hydrotalcite, due to their unique properties
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that arise from the interaction between the inorganic matrix and the organic material.
Layered double hydroxides (LDHs), also known as hydrotalcite-like compounds or anionic
clays, are a diverse group of layered materials that can be either natural or synthetic.
LDHs are characterized by the general formula: [M2+

1−xM3+
x(OH)2]x+(An−)x/n·mH2O,

where M2+ and M3+ represent divalent and trivalent metal cations, respectively, and An−
represents exchangeable anions with negative charge n, which can be organic or inorganic
in nature [6].

By regulating its plate and interlayer structure, hydrotalcite can be customized for var-
ious functional purposes. It has important applications in various fields including catalysis,
environmental protection [7–10], electrochemistry [11,12], and polymer additives [13,14].

The use of organic UV absorbers and inorganic nanoparticles to delay the photoaging
degradation of polymeric materials, such as PVC, is common. However, these materials
have certain limitations, such as high lipophilicity [15] and a narrow range of UV wave-
lengths shielding ability [16]. Moreover, the UV absorption ability of anionic surfactant
intercalated hydrotalcite, containing a conjugated structure and dodecyl chain length as
UV-shielding materials, is insufficiently studied. Existing studies mainly focus on the
adsorption capacity of such anionic surfactants after intercalation of hydrotalcite. They can
adsorb heavy metals or organic pollutants through hydrogen bonding and electrostatic
interactions after anion insertion into hydrotalcite, and physical adsorption by increased
layer spacing [9,17–21].

Although numerous studies have examined the effect of single UV wavelength range
on the photoaging of PVC films [22,23], there is a lack of comparison between the results
obtained and different wavelength ranges. Additionally, when adding intercalated hydro-
talcite powders to polymers, it is important to consider their compatibility and interlayer
crystalline water content, a factor that has not been thoroughly explored in previous studies.

To address these gaps in knowledge, this study investigates the mechanism of MADS-
LDH fillers to inhibit the photoaging degradation of PVC film composite materials under
different UV wavelength range irradiation. This is based on the existing oxidation reaction
mechanism of photo-oxidation reaction generating carbonyl during PVC aging [24]. As a
result, the objectives of this study are to: (1) study and compare the UV absorption range
and absorption intensity between CO3-LDH and MADS-LDH; (2) analyze and discuss the
desorption behavior of adsorbed water and crystalline water during the thermal decompo-
sition of MADS-LDH; (3) analyze the morphology and pore size of MADS-LDH fillers, and
their effect on structure and compatibility of PVC; (4) investigate the influence of different
wavelength ranges of UV light on the MADS-LDH/PVC film composite materials’ irradia-
tion aging behavior, and the mechanism by which MADS-LDH inhibits the photoaging
degradation of MADS-LDH/PVC film composite materials.

2. Materials and Methods

2.1. Materials

ZnCl2 (98.0%), AlCl3·6H2O (97.0%), and NaOH (96.0%) were supplied by Shang-
hai Macklin Biochemical Co., Ltd. (Shanghai, China), Sodium dodecyl diphenyl ether
disulfonate (45% aqueous solution) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China), and ethanol (99.7%) was supplied by Anhui
Zesheng Technology Co., Ltd. (Anqing, China). Further, 1, 2-dichloroethane (99.5%) was
purchased from Meryer (Shanghai) Biochemical Technology Co., Ltd. (Shanghai, China).
PVC (99.0%) and was supplied by Zhangmutou Ruixiang Polymer Materials Business
Department, Dongguan City (Dongguan, China). Deionized water was decarbonized by
boiling for 5 min before use.

2.2. Preparation of MADS Anion-Intercalated LDH

MADS-LDH was prepared by co-precipitation method as follows: a mixture of 0.625 M
ZnCl2 and 0.313 M AlCl3·6H2O (Zn/Al molar ratio = 2:1) was slowly added to 100 mL of
MADS solution (0.125 M) with stirring in N2 atmosphere. The pH of the reaction solution
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was adjusted to 9.0 by dropwise addition of 1 M NaOH alkaline solution. The resulting
slurry was crystallized at 70 ◦C for 24 h. The white precipitates were filtered and separated.
They were rinsed with hot decarbonated deionized water and anhydrous ethanol until
reaching a state of neutrality. Finally, the sample was subjected to a 24 h drying process
at 100 ◦C, followed by grinding and sieving. Instead of MADS, Na2CO3 was utilized
as the precursor. Meanwhile, the preparation of CO3-LDH was exactly following the
same method.

2.3. Preparation of LDHs/PVC Composite Materials

Prepared MADS-LDH of 1.0 g dry weight was added to a round bottom flask contain-
ing 100 mL of 1,2-dichloroethane for dispersion and stirring for 30 min to ensure uniform
dispersion. Then, 10.0 g of PVC was added to the same round-bottom flask and stirred at
25 ◦C for 2 h. The resulting dispersion system of MADS-LDH and PVC was defoamed and
poured onto a flat and smooth glass plate. The dispersion system solution was immediately
scraped with a wet applicator and placed in a fume hood for static drying. The resulting
film was then cut into dimensions of length × width × height= 30 mm × 20 mm × 0.1 mm
was and used for subsequent testing. The reference samples of pure PVC and 10.0 wt%
CO3-LDH/PVC film materials were also prepared using the same method described above.

2.4. UV Photoaging Test

The UV photoaging tests were performed in a custom-made UV-aging chamber that
was equipped with individually controllable UVA (315~400 nm, 8 W), UVB (280~315 nm,
8 W), and UVC (200~280 nm, 8 W) lamps. The chamber was designed to have a cooling
system to eliminate the influence of thermal aging during the photoaging test of PVC films.
The PVC films were subjected to photoaging treatment three times with a total UV exposure
time of 144 h.

2.5. Characterization

The X-ray diffraction (XRD) patterns were analyzed using a Shimadzu XRD-6000
diffractometer (Shimadzu Corporation, Japan) with monochromatic Cu Kα radiation
(λ = 0.15406 nm, 40 kV, 40 mA) from 2 to 70◦ at a scan speed of 10◦·min−1. Fourier transform
infrared (FT-IR) spectra were recorded on a Bruker Vector 22 infrared spectrophotometer
(Bruker Corporation, Billerica, MA, USA) with a scan range of 4000~400 cm−1 and a res-
olution of 1 cm−1. The surface and internal morphology of the sample were examined
using scanning electron microscope (TESCAN MIRA LMS SEM, TESCAN Orsay Hold-
ing, a.s., Brno, Czech Republic) and transmission Electron Microscope (Hitachi HT7700
TEM, Hitachi High Technologies Corporation, Tokyo, Japan). Thermogravimetric analysis
(TGA) was carried out on a PCT-IA instrument (Thermal Analysis Instruments, Inc., New
Castle, DE, USA) in the range of 25~800 ◦C with a heating rate of 10 ◦C·min−1 under N2
atmosphere. BET analysis was performed on a Micromeritics ASAP 2460 instrument (Mi-
cromeritics Instrument Corporation, Norcross, GA, USA). The ultraviolet–visible (UV-vis)
absorption spectra were obtained using a Shimadzu UV-2501 PC instrument (Shimadzu
Corporation, Kyoto, Japan).

3. Results and Discussion

3.1. XRD Analysis

The XRD patterns of powder CO3-LDH and MADS-LDH are shown in Figure 1. These
two samples have characteristic diffraction peaks of LDHs materials. From Table 1, the
planar spacing of LDHs (003), (006), and (009) showed good multiplicative relationships,
with (d003) = 2 (d006) = 3 (d009) [25], confirming the successful preparation of LDHs materials.
The XRD spectrum LDH of MADS-LDH (Figure 1) shows only one set of typical (00l) (l = 3,
6, 9) Bragg reflections, indicating the successful intercalation of MADS into the interlayer
of Zn2Al-LDH with only a single crystalline phase. The basal spacings (d003) of CO3-LDH
and MADS-LDH are approximately 0.75 and 2.87 nm, respectively. Subtracting the LDH
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plate layer thickness of 0.48 nm [26], the interlayer spacings of CO3-LDH and MADS-LDH
are approximately 0.27 and 2.39 nm, respectively. Additionally, we propose a possible
orientation for MADS intercalated in Zn2Al-LDH interlayer (Figure 2).

Figure 1. XRD patterns of CO3-LDH and MADS-LDH.

Table 1. Crystal spacing for CO3-LDH and MADS-LDH.

Parameter (nm) CO3-LDH MADS-LDH

d003 0.75 2.87
d006 0.38 1.41
d009 0.26 0.93
d110 0.15 0.15

Figure 2. The probable orientation of MADS intercalated in Zn2Al-LDH interlayer.

It has been reported by Yanjun Lin et al. [27] that an increase in LDHs layer spacing
can improve the stability of PVC films. This is because a larger interlayer spacing facilitates
the entry of Cl− into the LDHs interlayer channels, thereby inhibiting the autocatalytic
dechlorination decomposition of PVC by Cl−. Therefore, MADS-LDH, with a layer spacing
of 2.39 nm, is expected to improve the UV aging resistance of PVC.

3.2. FT-IR Analysis

The resulting FT-IR spectra of CO3-LDH, MADS-LDH, and MADS are shown in
Figure 3. The broad absorption band near 3430 cm−1 in the spectra of CO3-LDH and
MADS-LDH can be attributed to the O-H stretching vibration of the LDH plate layer and
interlayer water molecules [18,20]. The intense band at very low wavenumber (428 cm−1)
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was only observed for CO3-LDH and MADS-LDH, which is attributed to the Zn-O-bound
for LDH structures [28,29]. The absence of CO3

2− groups at 1360 cm−1 indicates that
there were no CO3

2− anions in the interlayer of MADS-LDH [30]. The C-H of alkyl chains
formed strong peaks at 2958, 2928, and 2858 cm−1, while the C-C of diphenoxy produced
strong peaks at 1590 and 1482 cm−1, and the -O- of diphenoxy resulted in a peak at
1245 cm−1 [31,32].

 

Figure 3. FT-IR spectra of CO3-LDH,MADS-LDH and MADS.

In the FT-IR spectra of MADS-LDH, most of the characteristic absorption bands
of MADS were observed, indicating that MADS was successfully intercalated into the
interlayer of Zn2Al-LDH. However, some subtle differences were observed between MADS-
LDH and MADS. The asymmetric and symmetric vibrational absorption peaks of the -SO3

−
groups of MADS were shifted from 1190 and 1092 cm−1 to 1186 and 1088 cm−1, respectively,
due to the host-guest interaction between the Zn2Al-LDH layer and interlayer MADS
anion [31]. These shifts suggest that the environment experienced by MADS anion in the
interlayer gallery of LDHs is distinct from that of UV absorber. The successful preparation
of a new organic-inorganic UV shielding material, MADS-LDH, is confirmed by XRD and
FT-IR analyses. Similarly, the XRD and FT-IR spectra of CO3-LDH (Figures 1 and 3) verified
the successful intercalation of CO3

2− into Zn2Al-LDH.

3.3. SEM and TEM Analysis

Figure 4 illustrates the SEM images of CO3-LDH and MADS-LDH. The obtained CO3-
LDH exhibited flaky morphological features, while the SEM image of MADS-LDH showed
aggregation of irregular flaky particles. This aggregation is attributed to the intercalation
of MADS anions, which leads to the aggregation of Zn2Al-LDH crystals [33]. To further
confirm the successful intercalation of MADS anion into Zn2Al-LDH, transmission electron
microscopy (TEM) was used, and the obtained TEM image of MADS-LDH was displayed
in Figure 5. Clusters with irregularly shaped MADS-LDH nanosheets stacked in the
TEM images were observed. The surfactant intercalated samples exhibit a rather different
morphology. The agglomeration of MADS-LDH resulted in a decrease in its crystallinity,
which is consistent with the XRD results.
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Figure 4. SEM images of (a,b) CO3-LDH and (c,d) MADS-LDH.

 

Figure 5. TEM image of MADS-LDH.

3.4. BET Analysis

Figure 6 shows the N2 adsorption–desorption isotherms of CO3-LDH and MADS-
LDH. The nitrogen adsorption method revealed that both CO3-LDH and MADS-LDH are
mesoporous materials with type IV isotherms and H3 hysteresis loops [34]. The BET surface
areas were calculated to be 30.430 m2/g for CO3-LDH and 23.927 m2/g for MADS-LDH [35].
The decrease in the specific surface area of MADS-LDH after MADS anion intercalation
is consistent with the increase in the unit mass of MADS-LDH due to agglomeration [36],
which further confirms the successful intercalation of MADS anion into Zn2Al-LDH.
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Figure 6. N2 adsorption–desorption isotherms of CO3-LDH and MADS-LDH.

Figure 7 presents the pore diameter distribution of CO3-LDH and MADS-LDH. The
results show that MADS-LDH has a narrower pore diameter distribution with a maximum
effective pore diameter of 4.6 nm compared to CO3-LDH. These findings are consistent with
the adsorption isotherm results, which indicate that both CO3-LDH and MADS-LDH have
a mesoporous structure with pore diameters ranging from 2 nm to 50 nm. These findings
are crucial in the development of new UV-shielding materials based on MADS-LDH, as
they provide insights into the specific surface area and porosity of the materials.

 

Figure 7. Pore diameter distribution curves of the (a,b) MADS-LDH and (c,d) CO3-LDH.

Table 2 show Constitutive properties of CO3-LDH and MADS-LDH. As shown in
Table 2, the specific surface area of CO3-LDH (SBET = 30.430 m2/g) is much larger than
that of MADS-LDH (SBET = 23.927 m2/g). Meanwhile, the pore volume Vp and the pore
diameter Dp of both were almost equal. This indicates that the MADS anion intercalation
into the interlayer of Zn2Al-LDH has the greatest effect on its specific surface area.
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Table 2. Constitutive properties of CO3-LDH and MADS-LDH.

Sample SBET (m2/g) Vp (cm3/g) Dp (nm)

CO3-LDH 30.430 0.119 16.610
MADS-LDH 23.927 0.117 16.187

3.5. TGA Analysis

Thermogravimetric analysis (TGA) was utilized to assess the thermal stability of the
prepared LDHs. Figure 8 displays the TG curves of CO3-LDH, MADS-LDH, and MADS.
The mass loss stage for MADS occurred within the range of 25~765 ◦C, with 10% mass loss
temperature (T0.1) and 50% mass loss temperature (T0.5) at 58 and 156 ◦C, respectively. In
comparison, the weight loss rate of LDHs was substantially lower than that of MADS within
the thermal decomposition temperature of 25~800 ◦C, indicating a better thermal stability.

 
Figure 8. TG curves of CO3-LDH, MADS-LDH, and MADS.

Specifically, the weight loss rate of MADS-LDH between 120~452 ◦C was lower
than that of CO3-LDH. At this stage, the weight loss for LDHs is primarily caused by the
desorption of water of crystallization between its layers [18]. The hydrophobic environment
created by the alkyl chain of the MADS anion within the MADS-LDH interlayer made it
difficult for water molecules to enter and form crystalline water [36]. Furthermore, the
weight loss rate of MADS-LDH between 452~800 ◦C was higher than that of CO3-LDH due
to the thermal decomposition of organic carbon constituted of the MADS anion present in
the MADS-LDH interlayer [37]. The detailed T0.1 and T0.5 for MADS and LDHs are listed in
Table 3, where ΔT represents the difference between MADS and LDHs at the temperature of
T0.1 or T0.5. Notably, the T0.1 and T0.5 values of MADS-LDH were at least 41 ◦C higher than
those of MADS, indicating the superior thermal stability of MADS-LDH over MADS alone.

Table 3. Summary of TG analysis results (unit: ◦C).

Sample T0.1 ΔT0.1 T0.5 ΔT0.5

MADS 58 − 156 −
CO3-LDH 104 46 >800 >644

MADS-LDH 99 41 685 529

3.6. UV Absorption of CO3-LDH, MADS-LDH and MADS

The UV-vis absorption spectra of CO3-LDH, MADS-LDH, and MADS are presented
in Figure 9. CO3-LDH displayed moderate UV absorption in the wavelength range
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of 200~228 nm and 300~400 nm, with low UV absorption in the range of 228~300 nm.
In comparison with CO3-LDH, MADS exhibited stronger absorption in the range of
228~300 nm. After intercalation, MADS-LDH showed a wider absorption band in the
range of 200~400 nm and stronger UV absorption in the range of 228~320 nm. The ab-
sorbance of MADS-LDH reached a maximum of 0.835, which was about 28% higher than
that of MADS. These results could be attributed to supramolecular interactions, such as
hydrogen bonding, electrostatic and gravitational forces, and van der Waals forces, be-
tween the cations on the LDHs plate layer and the interlayer MADS anion [38]. The π-π
conjugation interactions between the aromatic groups of the MADS-LDH interlayer MADS
anion resulted in a lower excitation energy, leading to a red-shifted and broadened absorp-
tion band [39,40]. Therefore, the Zn2Al-LDH not only inherits the strong UV absorbing
capabilities of MADS but also broadens the absorption band through π-π conjugate interac-
tions between the interlayer guest anions, resulting in a new material with superior UV
shielding performance.

 
Figure 9. UV absorbance curves of CO3-LDH, MADS-LDH and MADS.

3.7. Effect of LDHs on the Structure of PVC Film Composite Materials

The structural and dispersion effects of CO3-LDH and MADS-LDH on PVC film
composite materials were illustrated using X-ray diffraction (XRD) patterns. The XRD
patterns of PVC, CO3-LDH/PVC, and MADS-LDH/PVC film composite materials are
presented in Figure 10. For the MADS-LDH/PVC film composite materials, the absence of
characteristic diffraction peaks of MADS-LDH in the range of 2~10◦ on the test scale, as
well as the increased half-peak width of the XRD diffraction peaks, indicated that the PVC
macromolecular chains were intercalated within the pore channels of MADS-LDH [41].
This is related to the formation of a hydrophobic environment within the interlayer space of
hydrotalcite by the alkyl chains on the interlayer MADS anion after intercalation [41,42], and
the excellent compatibility of PVC with the alkyl chains on the MADS anion. During film
preparation, hydrophobic solvated PVC molecules, which are soluble in 1,2-dichloroethane,
preferred to enter the MADS-LDH interlayer [43], leading to the disappearance of the
(003) characteristic diffraction peak of MADS-LDH. Conversely, the interlayer of CO3-LDH
constitutes a hydrophilic environment that is not conducive to the entry of hydrophobic
PVC molecules into the interlayer. Consequently, all the characteristic X-ray diffraction
peaks of CO3-LDH were present in the XRD pattern of CO3-LDH/PVC.
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Figure 10. XRD patterns of PVC, CO3-LDH/PVC, and MADS-LDH/PVC film composite materials.

3.8. Film Color Change of LDHs/PVC Film Composite Materials during Photoaging

Table 4 presents a comparison of the photostability of PVC film, CO3-LDH/PVC,
and MADS-LDH/PVC film composite materials. During UVB band irradiation aging, no
significant color changes were observed in any of the films.

Table 4. Film color change process of PVC, CO3-LDH/PVC, and MADS-LDH/PVC films during
UVB, UVC, and UV ultraviolet light aging, respectively.

UVB UVC UV

Sample

Time
0 h 48 h 96 h 144 h 48 h 96 h 144 h 48 h 96 h 144 h

PVC

MADS-LDH/PVC

CO3-LDH/PVC

However, under UVC band irradiation aging, PVC and CO3-LDH/PVC film composite
materials experienced significant color changes, turning orange-red after 96 h of aging and
finally brown after 144 h. In contrast, the MADS-LDH/PVC film composite materials had a
longer aging time before showing significant color changes and did not undergo an abrupt
jump in color as observed in the other films.

During the aging process of UV band irradiation, the PVC film changed color rapidly.
It turned brown after 48 h of aging, turns dark brown after aging to 96 h, and finally
photoages to black after 144 h. Similarly, CO3-LDH/PVC films underwent a similar change
process during the aging process, but with relatively light aging. The color change during
aging of CO3-LDH/PVC film was more evident than that of MADS-LDH/PVC film. The
color change process of MADS-LDH/PVC films when aged under UV band irradiation for
144 h was similar to the change process when aged under UVC band irradiation conditions.
These findings suggest that the MADS-LDH/PVC films exhibit better photostability under
UVC and UV band conditions.

The improved photostability of the MADS-LDH/PVC film composite materials can
be further verified by the increase in carbonyl index values and relative degradation rates,
as shown in Figure 11 and Table 5. Specifically, PVC film composite materials containing
MADS-LDH exhibited good photostability.
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Figure 11. (a–c) The increase in carbonyl index (ΔCl) with aging time for PVC, CO3-LDH/PVC,
and MADS-LDH/PVC films during UVB (a), UVC (b), and UV (c) aging, respectively; (d) ΔCl of
UVB, UVC and UV on PVC, CO3-LDH/PVC, and MADS-LDH/PVC films after aging for 144 h,
respectively.

Table 5. Carbonyl index (ΔCl) and relative degradation rate (RDR) of pristine PVC, CO3-LDH/PVC,
and MADS-LDH/PVC films after irradiation aging for 144 h.

UVB UVC UV

Sample ΔCl RDR ΔCl RDR ΔCl RDR

PVC 0.439 100% 1.185 100% 6.401 100%
CO3-LDH/PVC 0.393 89.522% 0.697 58.819% 2.687 41.978%

MADS-LDH/PVC 0.215 48.975% 0.507 42.785% 0.705 11.014%

Moreover, by comparing the color changes during the aging process of the films, it
could be inferred that the degree of influence of UVB, UVC, and UV band on the aging of
MADS-LDH/PVC film composite materials was in the order of UV > UVC > UVB, which
was consistent with the results obtained in Figures 11d and 12d below.
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Figure 12. (a–c) FT-IR patterns of MADS-LDH/PVC films at different aging times under UVB,
UVC, and UV photoaging conditions, respectively; (d) FT-IR patterns of UVB, UVC, and UV on
MADS-LDH/PVC films after 144 h aging, respectively.

3.9. Light Stability of LDHs/PVC Film Composite Materials

To evaluate the UV-light aging resistance of MADS-LDH/PVC film composite ma-
terials, the surface chemical properties of pristine PVC, CO3-LDH/PVC, and MADS-
LDH/PVC film composite materials were analyzed and compared during UV photoaging.
Previous studies have shown that carbonyl compounds are the primary molecules pro-
duced on the surface of PVC films during photo-oxidative aging [44]. PVC undergoes
de-hydrogen chloride and photo-oxidative aging under UV-light, which results in the
production of C=O compounds [45].

UV accelerated photoaging tests were conducted to assess the photostability of the
pristine PVC and LDHs/PVC film composite materials. The degree of aging during
photoaging was determined by analyzing the variation of ΔCl values with irradiation
time [42,46]. When exposed to UV light radiation, PVC undergoes photoaging through
oxidation reactions, which leads to the production of numerous carbonyl groups [44].
The ΔCl value represents the increase in the number of carbonyl groups induced by UV
light [28]. Figure 11a–c display the curves of irradiation time vs. carbonyl index increase for
pristine PVC, CO3-LDH/PVC, and MADS-LDH/PVC film composite materials under UVB,
UVC, and UV band ultraviolet light conditions, respectively. The increase in carbonyl index
(ΔCl) during aging was calculated using the peak area method, with the absorption peak
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area A1430 at 1430 cm−1 as the internal standard. This method provided a more intuitive
way of evaluating the degree of photoaging. The calculation equations were as follows:

ΔCl =
(A1730,t − A1730,0)

A1430
(1)

The absorption peak areas at 1730 cm−1 at the aging times t and 0 were denoted
as A1730,t and A1730,0, respectively, to calculate the carbonyl index increase. Figure 11a–c
shows the ΔCl values of both the pristine PVC and LDHs/PVC film composite materials
increased with increasing photoaging time, indicating the occurrence of photooxidation
reactions with different oxidation rates. The ΔCl value of the LDHs/PVC film composite
materials was smaller during aging than that of the pristine PVC, suggesting that the LDH
samples could reduce the formation of peroxides during PVC aging and improve its UV
stability. Moreover, the ΔCl curves of the MADS-LDH films had the smallest values during
the aging process, indicating a slower oxidation rate and better UV shielding properties
compared to CO3-LDH.

The relative degradation rates (RDR) were calculated using the following equations,
and the results are presented in Table 5. After 144 h of UVB, UVC, and UV band irradiation
aging, the MADS-LDH/PVC films showed RDR values of 48.975%, 42.785%, and 11.014%,
respectively, compared to the original PVC. Furthermore, analysis of Table 5 and Figure 11d
indicated that the magnitude of the aging effect on all three films follows the order of UV >
UVC > UVB.

Relative degradation rate = (ΔClLDH/PVC/ΔClPVC)× 100% (2)

where ΔClPVC and ΔClLDH/PVC are the increase values of carbonyl index of the original
PVC and LDHs/PVC film composite materials after irradiation aging process for 144 h,
respectively.

Figure 12a–c present the FT-IR spectra of MADS-LDH/PVC film composite materials
subjected to different photoaging times under UVB, UVC, and UV wavelength aging
conditions. It is known that photoaging of pristine PVC under UVB irradiation produced
a considerable number of carbonyl groups through oxidation reactions. The C-H anti-
stretching vibrational absorption peak at 1430 cm−1 in the R-CH2-R’ structure of the PVC
molecular chain was accompanied by the peaks in the range of 1620 cm−1 and 1730 cm−1,
which were associated with the C=C stretching vibrational absorption peaks in the R-C=C-
R’ polyene structure and C=O in the R-C=O-R’ carbonyl structure [47]. Both C=C and C=O
stretching vibration absorption peaks in the sample were produced by the UV photoaging
process. Therefore, the carbonyl group’s absorption intensity at 1730 cm−1 was selected to
represent the degree of photoaging. As shown in Figure 12a–c, the intensity of the carbonyl
absorption peak at 1730 cm−1 increased to different degrees with increasing photoaging
time, indicating different levels of photoaging degradation of the MADS-LDH/PVC film
composite materials. Comparing with Figure 12d, it can be seen that the effect of UV, UVC,
and UVB band irradiation conditions on the aging of MADS-LDH/PVC film composite
materials followed the order of UV > UVC > UVB, which was consistent with the results
obtained in Figure 11d above.

4. Conclusions

This study focused on the preparation and characterization of MADS-LDH and its po-
tential to improve the photoaging resistance of PVC films. The mechanism of MADS-LDH
inhibition of photoaging degradation of MADS-LDH/PVC film composite materials was
also investigated. The results indicate that MADS-LDH effectively inhibits the production
rate of carbonyl groups during photoaging, thereby improving the photoaging resistance
of MADS-LDH/PVC film composite materials. Based on the experimental results obtained
in this study, the following conclusions can be drawn:
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(1) The successful preparation of MADS-LDH was confirmed through XRD and FT-IR
analysis, which presented a d003 peak position at 3.08◦, a proportional relationship be-
tween planar spacing in (d003) = 2 (d006) = 3 (d009), and a single set of Bragg reflections
(00l) (l = 3, 6, 9). Most of the characteristic absorption bands of MADS were detected
in the FT-IR spectra of MADS-LDH.

(2) The agglomeration of MADS-LDH nanosheet particles through stacking was observed
using SEM and TEM. BET and TGA analysis indicated that the pore size of MADS-
LDH is mesoporous with a homogeneous pore size distribution, and that the MADS
anion intercalation created a hydrophobic environment within the layer, reducing the
formation of interlayer crystalline water in MADS-LDH.

(3) MADS-LDH/PVC film composite materials exhibited the least color change and the
lowest degree of aging under both UVC and UV band irradiation compared to pristine
PVC and CO3-LDH/PVC films. The color of PVC films changed significantly under
both UVC and UV band irradiation, with similar changes in CO3-LDH/PVC films,
but the degree of aging was relatively low.

(4) The addition of MADS-LDH inhibited the generation of carbonyl groups in the MADS-
LDH/PVC film composite materials during photoaging, resulting in lower values of
both carbonyl index (ΔCl) and relative degradation rate (RDR) compared to pristine
PVC and CO3-LDH/PVC films. The degree of influence of UVB, UVC, and UV bands
on the photoaging of PVC film and LDHs/PVC film composite materials was found
to be UV > UVC > UVB.
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Abstract: Graphene Tourmaline Composite Micropowder (hereinafter referred to as GTCM) modified
asphalt was prepared by the ball milling method. The effects of different temperatures and different
frequencies on the high-temperature performance of composite-modified asphalt were evaluated
by dynamic shear rheological test, and the viscoelastic properties of composite-modified asphalt
under different stresses and different temperatures were analyzed. The low-temperature rheological
properties of GTCM-modified asphalt were analyzed by bending beam rheological test, and its
mechanism was analyzed by Fourier transform infrared spectroscopy (FTIR) test. The results show
that the temperature sensitivity and anti-aging resistance of GTCM-modified asphalt are significantly
higher than that of tourmaline-modified asphalt. The improvement effect gradually increases with
the increase in graphene powder content, and its addition does not change the viscoelastic properties
of asphalt. The complex shear modulus and phase angle of GTCM-modified asphalt at appropriate
temperatures are more conducive to tourmaline-modified asphalt and matrix asphalt, which can
improve the rutting resistance of asphalt. In the same type, with the increase in composite modified
micropowder content, the rutting resistance of modified asphalt is better. The improvement of rutting
resistance of GTCM-0.5, GTCM-1.0 and GTCM-1.5-modified asphalt can reach 12.95%, 10.12% and
24.25%, respectively; the improvement range is more complicated due to temperature and frequency
changes. The GTCM-modified asphalt has good low-temperature crack resistance. The creep stiffness
modulus of GTCM-modified asphalt decreases with the increase in load time under different types
and dosages, and its stiffness modulus is smaller than that of tourmaline-modified asphalt and
mineral powder asphalt mastic. The creep rate increases with the extension of load time, which is
greater than that of tourmaline-modified asphalt and mineral powder asphalt mastic. When the
load was 60 s, the creep stiffness modulus of GTCM-0.5, GTCM-1.0 and GTCM-1.5-modified asphalt
decreased by 5.75%, 6.97% and 13.73%, respectively, and the creep rate increased by 1.37%, 2.52%
and 4.35%, respectively. After adding GTCM or tourmaline to the matrix asphalt, no new functional
groups were produced due to the chemical reaction with the asphalt.

Keywords: pavement material; tourmaline; graphene; asphalt mastic; rheological properties

1. Introduction

The overload problem of asphalt pavement is escalating in severity due to the nation’s
fast growth in car ownership. It is difficult for matrix asphalt to solve the problem of the
long fatigue life of the pavement. However, the performance of traditional modified asphalt
has gradually failed to meet the current requirements of asphalt pavement, resulting in
frequent diseases of asphalt pavement and the actual service life cannot reach the design
life, resulting in a serious waste of resources and economic losses [1–3]. At present, SBS
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modified asphalt and crumb rubber modified asphalt are the most widely used types
of modified asphalt. Due to their inherent component incompatibility, easy oxidation
degradation and density difference, there are still some inevitable problems such as low
road performance, poor durability, and insufficient stability [4,5], which seriously restrict
the service life of pavement laid with such materials. Therefore, it is urgent to develop
high-performance and long-life asphalt pavement materials.

Due to its unique material properties, the modification of asphalt by inorganic com-
pounds has emerged as a research hotspot in the field of asphalt modification in light
of the issues with conventionally treated asphalt. wide sources, and simple production
equipment. To a certain extent, inorganic ingredients can enhance the overall performance
of asphalt mastic and asphalt mixture, hence enhancing the quality of asphalt pavement [6].
Compared with organic-modified asphalt, inorganic powder-modified asphalt has the char-
acteristics of a simple production process, low price, and excellent performance. Therefore,
many scholars at home and abroad have carried out a series of studies on inorganic powder-
modified asphalt. The commonly used inorganic micropowder materials are carbon black,
fiber, diatomite, cement, hydrated lime, silica fume, layered silicate, nano-calcium carbon-
ate, etc. Inorganic micropowder-modified asphalt is by adding inorganic micropowder
materials into asphalt, through physical adsorption and chemical reaction, etc., to improve
the road performance of asphalt and asphalt mixture, improve the performance of asphalt
pavement, and improve the performance of asphalt mastic to a certain extent.

Graphene has been widely used in composite materials, nano-electronic devices, cat-
alyst carriers, sensors, and energy storage due to its excellent thermal conductivity, high
strength and large specific surface area [7–10]. The existing results show that the high-
temperature rutting resistance and high-temperature stability of asphalt can be improved
by means of the high thermal conductivity, high specific surface area and excellent mechan-
ical properties of graphene [11–15]. Amirkhanian S et al. [16,17] studied the interaction
between graphene oxide and asphalt and its road performance. The results show that
graphene oxide does not chemically react with asphalt, but only a simple physical blending,
but the adhesion between them is good. Graphene oxide-modified asphalt will reduce
the ductility of asphalt and increase the viscosity. It significantly enhances the rutting
resistance of modified asphalt within the range of 30 to 80 ◦C. M. Marasteanu et al. [18,19]
studied the performance changes of graphene-modified asphalt before and after aging.
Graphene modifiers can lessen asphalt’s aging rate, postpone the production of carbonyl
and sulfoxide groups during aging, and increase the resilience of asphalt to fatigue cracking.
Christiansen S. [20] proposed a method for graphene to enhance the strength of foamed
asphalt, indicating that graphene oxide can improve the mechanical properties of foamed
asphalt. Wang Chaohui et al. [21–24] systematically studied the effects of tourmaline on the
high-temperature performance, low-temperature crack resistance, water temperature quali-
tative and fatigue resistance of asphalt and its mixture, as well as the functions of thermal
companion emission reduction, flame retardant smoke suppression and air purification.
The results show that tourmaline has a good improvement effect on asphalt pavement
performance and environmental efficacy. Haibo Ding et al. [25] prepared polymer-modified
asphalt containing different proportions of tourmaline modifier and found that a small
amount of modifier could improve the mechanical properties of asphalt binder, and the
modification effect of tourmaline ion powder was the best. Kim S. J. et al. [26] prepared
a TiO2 photoanode with different content of tourmaline by using the spontaneous polar-
ization characteristics of tourmaline and compared it with the original TiO2 photoanode
by electrochemical impedance spectroscopy, current density, and voltage. Compared with
the original TiO2 photoanode, the electron lifetime and power conversion efficiency of the
TiO2 photoanode with 3% tourmaline were increased by about 42% and 20%, respectively.
Kang S. J. et al. [27] added tourmaline particles into nylon fibers doped with TiO2 particles
and found that tourmaline can play a synergistic role with TiO2 to improve the ability of
photocatalytic degradation of organic pollutants. Moreno-Navarro et al. [28] tested the
rheological and thermal properties of binders prepared with different amounts of graphene
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sheets. It was found that the addition of graphene to asphalt can produce a greater elastic
response. The impact of tourmaline content on the photocatalytic activity of TiO2-graphene
was investigated by Baeissa et al. [29]. Tourmaline’s spontaneous polarization effect can
enhance photocatalytic activity, and the composite material with the highest performance
has a G-to-T ratio of 1% to 2.5%.

In summary, although graphene and tourmaline are two environmentally friendly
materials that belong to different substances, they can exert excellent adsorption capacity
and play a major role in environmental protection. When used alone as modifiers, they can
greatly enhance the asphalt’s rheological characteristics and fatigue resistance. However,
there are few studies on the combination of the two in the road field. Therefore, this paper
prepared GTCM asphalt mastic by graphene/tourmaline, and systematically studied the
rheological properties of inorganic micropowder asphalt mastic, to produce composite
asphalt-modified materials with cheap cost, environmental protection, excellent quality,
and long life.

2. Materials and Tests

2.1. Materials
2.1.1. GTCM

The composite inorganic powder refers to a powder mixture made by ball milling
of graphene and tourmaline. Among them, graphene (Figure 1) is provided by Suzhou
Carbonfeng Graphene Technology Co., Ltd. (Suzhou, China). The main physical properties
are shown in Table 1.

Figure 1. Graphene. (a) photo. (b) SEM picture.

Table 1. Technical specifications of graphene.

Performance
Parameter

Appearance Purity (wt%) Thickness (nm)
Specific Surface

Area (m2/g)
Layer Diameter (μm)

measured value black
powder 95 1.35 89 47

The appearance of the tourmaline used is a black powder (Figure 2), 2000 mesh, and
the main components are shown in Table 2.
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Figure 2. Tourmaline. (a) photo. (b) SEM picture.

Table 2. The main components and content of tourmaline.

Essential Component SiO2 Al2O3 B2O3 MgO FeO Fe2O3 CaO TiO2 Na2O H2O

content (%) 33.54 31.98 11.21 0.49 2.88 16.32 0.01 0.28 0.72 2.51

GTCM (Figure 3) is based on tourmaline as the main material. By adding a certain
mass fraction of graphene to the tourmaline powder material, the two are combined with a
certain process to form a composite material with a certain process. It is expected that the
two will play a synergistic role and play a synergistic role in enhancing the performance of
asphalt and environmental efficacy. In view of the high price of graphene with superior
quality sold in the market, the amount of graphene should be appropriately controlled
when preparing the composite material. The ball milling method is used to obtain [30], in
which the mass ratio of graphene to tourmaline is 0.5%, 1.0% and 1.5%, respectively. They
are denoted as GTCM-0.5, GTCM-1.0 and GTCM-1.5, respectively.

Figure 3. GTCM. (a) photo. (b) SEM picture.
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2.1.2. Asphalt

AH-70 # asphalt is used as asphalt, and Table 1 displays its technical indications.

2.2. Preparation of GTCM Asphalt Mastic

The performance of modified asphalt is directly impacted by the preparation procedure
used to create the inorganic micropowder modified asphalt mastic. To ensure the dispersion
of inorganic powder, modified asphalt was prepared using the following method:

(1) Weigh the dried asphalt after quantitative dehydration. Based on the quality of asphalt
and the content of GTCM, titanate coupling agent TC-131 and quantitative dry GTCM
were weighed and well combined. When the asphalt is heated to good fluidity, the
uniformly mixed powder material is poured into it, and one side is added for manual
stirring for 5 min.

(2) The high-speed shearing instrument was started. First, after shearing and dispersing at
1000 rpm for ten minutes, the speed was increased to 3000 rpm for thirty minutes. The
rotor was taken out of the mixing barrel by adjusting the speed, and the temperature
of asphalt in the modification process was controlled at 150 ◦C.

(3) To get rid of the air bubbles in the GTCM-modified asphalt, it was manually stirred
with a stirring rod for 10 min before being placed in storage.

2.3. Basic Performance Test Method

According to the relevant provisions of “Test Specifications for Asphalt and Asphalt
Mixtures for Road Construction” (JTG E20-2011), the penetration index (PI) and equivalent
softening point (T800) of asphalt were also evaluated. The penetration, softening point,
and ductility of asphalt were examined. Asphalt was aged using the Rotating Film Oven
Heating Test (RTFOT) (Ai Yao Scientific Instrument Co., Ltd., Shanghai, China) according
to ASTM D2872. Aged asphalt was tested for penetration and softening point, and the
residual penetration ratio and softness point increase were computed.

2.4. Test Method for Rheological Properties
2.4.1. Test Method for Dynamic Shear Rheological Properties

The H-PTD200 dynamic shear rheometer was produced by Anton Paar (Graz, Austria),
as shown in Figure 4. The temperature control range of the instrument is −40~+200 ◦C,
supporting the speed control range of 10−6 μrad/s~314 rad/s, equipped with a variety
of parallel plates and fixtures, and supporting the test of asphalt samples under various
modes such as temperature scanning and frequency scanning.

Figure 4. Dynamic shear rheometer.
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In the experiment, the specimen was removed from the mold and placed between
two parallel plates with either an 8 or 25 mm diameter. The distance between the plates
was adjusted to meet the experimental requirements. A scraper was used to remove extra
asphalt outside the plates. The upper plate spun around the central axis at a predetermined
angular rate while the lower square circular plate remained fixed during the test. A sensor
recorded the test results.

Dynamic shear rheological tests were conducted on GTCM-modified asphalt at varying
temperatures and frequencies, with different types and dosages. The resulting data allowed
for a comprehensive and objective evaluation of the dynamic shear rheological properties
of the modified asphalt. Table 3 shows the specific test plan which includes a control strain
of 1% and a frequency of 10 rad/s, with a temperature range of 30~80 ◦C. Additionally, a
frequency scanning control strain of 10% will be used with a temperature of 60 ◦C and a
frequency range of 0.1~100 rad/s.

Table 3. DSR test scheme of GTCM asphalt mastic.

Order Number Types Dosage (%)

1 asphalt -
2 T asphalt mastic 20
3 GTCM-0.5 asphalt mastic 20
4 GTCM-1.0 asphalt mastic 10; 20; 30
5 GTCM-1.5 asphalt mastic 20

2.4.2. Low-Temperature Rheological Property Test Method

The TE-BBR-F type low temperature bending beam rheometer produced by CANNON
company (Peschiera Borromeo (MI), Italy) was used. As shown in Figure 5, according to
the ASTM D6648-01 test method, the test temperature of −12 ◦C and the stress continuous
action of 100 g weight for 240 s were selected to study the low-temperature creep properties
of composite inorganic powder-modified asphalt under different types and dosages. At
the same time, two test temperatures of −18 and −24 ◦C and 100 g weight were selected
to apply stress for 60 s. To thoroughly assess the low-temperature performance of GTCM-
modified asphalt, the bending creep test of several types of GTCM-modified asphalt was
conducted. The law of change with temperature. During the test, tourmaline-modified
asphalt, mineral powder asphalt mastic and matrix asphalt were used as control tests. The
specific test scheme is shown in the dynamic shear rheological performance test method.

Figure 5. Asphalt low temperature bending beam rheometer.
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2.5. FTIR Spectral Analysis Method

The infrared spectra of samples were measured by TENSOR27 FTIR Fourier transform
infrared spectrometer produced by Thermo Nicolet Corporation from Madison, WI, USA,
as shown in Figure 6. The instrument can measure the spectral range of 8300~30 cm−1.
SNR better than 40,000: 1 (peak–peak); resolution less than or equal to 4 cm−1; the test site
is the Key Laboratory of Applied Surface and Colloidal Chemistry, College of Chemical
Engineering, Shaanxi Normal University, Xi’an, China.

Figure 6. Fourier transform infrared spectrometer.

3. Result and Discussion

3.1. Basic Performance

To clarify the content of different types of GTCM in asphalt and its influence on asphalt
performance, inorganic micropowder modified asphalt with different contents has been
prepared, and a thorough investigation of the temperature sensitivity, high temperature,
and anti-aging characteristics of modified asphalt. Table 4 presents the outcomes.

Table 4. Main technical indexes of matrix asphalt.

Test Project Unit Test Results

Penetration (25 ◦C) 0.1 mm 64
Penetration index PI - −1.37

Ductility (10 ◦C) cm 38.3
Softening point (R&B) ◦C 47.9
60 ◦C Kinetic viscosity Pa·s 226

After TFOT
Quality change % 0.12

Penetration ratio % 74.1
Ductility (10 ◦C) cm 12.4

According to Table 5.

(1) The temperature sensitivity of GTCM-modified asphalt is superior to tourmaline
micropowder-modified asphalt under the same circumstances, and the improvement
impact is more pronounced the more graphene micropowder is present. Compared to
tourmaline micropowder modified asphalt, the temperature sensitivity of composite
micropowder modified asphalt is increased by up to 87.2%.

(2) The high-temperature stability of asphalt changed with GTCM is superior to asphalt
modified with tourmaline micropowder under the same circumstances. The improve-
ment effect is more significant with higher graphene micropowder content. Compared
to tourmaline micropowder modified asphalt, the GTCM-modified asphalt showed a
6.35% improvement in 25 ◦C penetration, 7.62% improvement in softening point, and
7.17% improvement in equivalent softening point.
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(3) Under the same circumstances, the anti-aging performance of asphalt modified with
composite micropowder is superior to that of asphalt modified with tourmaline
micropowder. Additionally, the higher the content of graphene micropowder, the
more significant the improvement effect. In comparison to tourmaline micropowder
modified asphalt, the GTCM-modified asphalt showed an improvement of 8.60% in
25 ◦C penetration residual ratio and 57.58% in softening point increment.

Table 5. Basic performance test results of inorganic powder modified asphalt.

Asphalt
Type

Dosage
(%)

Needle Penetration (100 g, 5 s, 0.1 mm) Residual
Needle

Penetration
Ratio
(%)

Softening Point (◦C)

Before Aging
After

Aging Before
Aging

Equivalent
Softening Point

T800

After
Aging Increment

15 ◦C 25 ◦C 30 ◦C PI 25 ◦C

Matrix
asphalt - 25 75 138 −1.317 43 57.2 41.5 45.5 49.5 8.0

T asphalt
10 23 65 116 −1.031 40 61.8 49.0 48.0 52.0 3.0
20 22 61 107 −0.909 39 63.7 51.0 49. 52.5 1.5
30 20 58 99 −0.895 38 64.3 52.5 50.0 53.5 1.0

GTCM-
0.5

10 24 64 115 −0.826 41 63.7 49.5 49.0 52.0 2.5
20 22 61 103 −0.669 40 65.3 52.0 50.0 53.0 1.0
30 21 57 95 −0.536 38 67.6 53.0 51.5 54.5 1.5

GTCM-
1.0

10 24 63 109 −0.581 42 66.2 50.5 50.0 52.5 2.0
20 23 60 98 −0.369 40 66.9 52.5 51.5 53.5 1.0
30 22 55 91 −0.244 40 71.3 55.5 53.0 56.5 1.0

GTCM-
1.5

10 24 62 107 −0.446 42 67.6 51.5 50.5 53.0 1.5
20 24 59 100 −0.228 41 69.0 53.0 52.0 54.0 1.0
30 23 55 93 −0.115 40 72.9 56.5 53.5 57.5 1.0

The high-temperature stability of asphalt changed with GTCM is superior to asphalt
modified with tourmaline micropowder under the same circumstances, that is, GTCM-
modified asphalt had much better temperature sensitivity, high-temperature resistance, and
anti-aging capabilities than tourmaline-modified asphalt, and as the amount of graphene
micropowder rose, the improving impact steadily grew, which has been proved in the
existing research [21,30,31].

3.2. Dynamic Shear Rheological Property Analysis
3.2.1. Temperature Scanning

The temperature scanning test of GTCM-modified asphalt was carried out. The
outcomes are displayed in Figures 7–10, and the rheological properties of GTCM-modified
asphalt in the continuous temperature range are analyzed.

Figure 7. Curves of complex shear modulus and phase angle of different types of GTCM-modified
asphalt with temperature.
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Figure 8. Curves of complex shear modulus and phase angle of GTCM with different contents
changing with temperature.

Figure 9. Rutting factor of different types of GTCM-modified asphalt and its improvement trend
with temperature.

Figure 10. Rutting factor of different types of GTCM-modified asphalt and its improvement trend
with temperature.

It is shown in Figure 7.

(1) Similar to matrix asphalt and tourmaline micropowder modified asphalt, the com-
plicated shear modulus change trend of various types of GTCM-modified asphalt is
the temperature under the same dose. Temperature increases cause an exponential
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decline in the complex modulus, indicating that the GTCM is used for modified
asphalt. Asphalt’s viscoelastic characteristics remained the same, but the complex
modulus of different types of GTCM-modified asphalt at the same temperature was
higher than that of tourmaline micropowder modified asphalt and matrix asphalt.

(2) Similar to matrix asphalt and tourmaline-modified asphalt, the phase angle of GTCM-
modified asphalt has the same content. Additionally, the phase angle increases with
temperature. During dynamic mechanical testing, the phase angle δ of stress and
strain hysteresis indicates the ratio of viscosity and elasticity of viscoelastic materials.
The phase angle of completely elastic material is 0◦, and the phase angle of completely
viscous material is 90◦, while the phase angle of viscoelastic material is in the range
of 0–90◦. The phase angle of various asphalt kinds is within 88◦ as the temperature
rises from 30 ◦C to 80 ◦C. It also shows that the addition of GTCM to asphalt does not
change the viscoelastic properties of asphalt.

It is shown in Figure 8.

(1) The complex shear modulus and phase angle fluctuation trends of modified asphalt
varying GTCM concentrations and temperature are essentially identical to those of
matrix asphalt. The temperature rises cause an exponential decline in the complex
modulus and an increase in the phase angle. It shows that the viscoelastic properties
of asphalt are not changed after the GTCM material is used for modified asphalt in
the range of 30%.

(2) The complex modulus between matrix asphalt and GTCM-modified asphalt is notice-
ably different in the region of 30 to 50 ◦C, and the higher the content, the higher the
complex shear modulus. When the temperature exceeds 50 ◦C, the content has less
of an impact on the complex modulus of GTCM-modified asphalt, and the complex
modulus between different contents is very small, but the overall trend is still 30%.
The complex modulus of GTCM-modified asphalt is the largest.

(3) In the range of 30~55 ◦C, the phase angle between different content of GTCM-modified
asphalt and matrix asphalt is obvious, and the larger the content, the smaller the phase
angle. When the temperature exceeds 55 ◦C, the content has less of an impact on the
phase angle of GTCM-modified asphalt. The phase angle between different content
composite modified asphalt is small, but the overall trend is still 30%. The phase angle
of GTCM-modified asphalt is the smallest.

It is shown in Figure 9.

(1) Under the condition of the same content, the rutting factor of different kinds of GTCM
is similar to that of tourmaline-modified asphalt and matrix asphalt, which falls down
dramatically as the temperature rises, but the rutting coefficient of GTCM to asphalt
is larger than that of tourmaline and matrix asphalt, indicating that the rutting factor
of GTCM to asphalt is better than that of tourmaline composite powder.

(2) According to the results, between 30 and 50 ◦C, the rutting factors of matrix asphalt
and modified asphalt are very different, while the rutting factors of different types of
GTCM-modified asphalt are small. In the temperature range of more than 50 ◦C, the
rut factor of various types of asphalt has little difference and is at a low level.

(3) When the temperature rises, the improvement of the rutting factor decreases first, then
increases, and finally increases again. At different temperatures, the improvement of
the rutting coefficient of different types of GTCM-modified asphalt is different. Below
50 ◦C, with the addition of GTCM, the improvement of the rutting factor is gradually
increasing. In the temperature range of 50~70 ◦C, with the addition of graphene
powder, the improvement of the rutting factor shows a trend of decreasing first and
then increasing. At the temperature of 50~70 ◦C, with the addition of graphene
powder, the improvement degree of the rutting factor shows a trend of increasing
first and then decreasing, indicating that GTCM-1.5-modified asphalt has the best
anti-rutting ability when the temperature does not exceed 70 ◦C, while GTCM-1.0 has
the best anti-rutting ability at the temperature of 70~80 ◦C.

75



Coatings 2023, 13, 1068

It is shown in Figure 10.

(1) The change trend of the rut factor of GTCM-modified asphalt with temperature is
basically the same as that of matrix asphalt, and the rut factor decreases exponentially
with the increase in temperature. The rutting factor of modified asphalt increases
with increasing GTCM content at the same temperature, suggesting that adding more
GTCM can help asphalt become more resistant to rutting.

(2) The improvement range of the rutting factor of modified asphalt with different content
of GTCM is basically the same as that of temperature, which decreases first, then in-
creases and then increases with the increase in temperature. At the same temperature,
the improvement range of the rutting factor of modified asphalt with GTCM increases
with the increase in content.

(3) At 60 ◦C, the rut factor of matrix asphalt is 2.97 kPa, and the rut factor of GTCM-
modified asphalt is 3.25 kPa at 10% dosage, which is 9.43% higher than that of matrix
asphalt. In comparison to matrix asphalt, the rutting factor of GTCM-modified asphalt
with a 20% component is 19.53% greater at 3.55 kPa. The 30% GTCM-modified asphalt
has a rutting factor of 4.23 kPa, which is 42.42% more than matrix asphalt.

3.2.2. Frequency Scanning Results and Analysis

To clarify the viscoelastic properties of GTCM-modified asphalt under different load
frequencies, it is necessary to study the rheological properties of GTCM-modified asphalt
under different load frequencies. In Figures 11–13, the precise test results are displayed.

Figure 11. Curves of complex modulus and phase angle of GTCM-modified asphalt with frequency
under different types and contents.

Figure 12. Rutting factor of GTCM-modified asphalt and its improvement trend with frequency
under different types and contents.
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Figure 13. The curve of complex viscosity of GTCM-modified asphalt with frequency under different
types and contents.

It is shown in Figure 11.

(1) The complex shear modulus and phase angle fluctuation trends of various types of
GTCM-modified asphalt with frequency are essentially identical to those of matrix as-
phalt and tourmaline micropowder-modified asphalt. The complex modulus increases
exponentially with the increase of frequency, and the phase angle decreases gradually
with the increase of frequency, indicating that the viscoelastic properties of asphalt
are not changed after the GTCM is used for modified asphalt. However, the phase
angle of various types of GTCM-modified asphalt is smaller than that of tourmaline
micropowder-modified asphalt and matrix asphalt, and the complex modulus of these
modified asphalt types is larger at the same frequency.

(2) The complex shear modulus and phase angle of GTCM-modified asphalt has the
same trend with frequency under the same type and different content. At the same
frequency, the complex shear modulus increases with increasing GTCM amount while
the phase angle decreases.

It is shown in Figure 12.

(1) Under the same dosage, the rutting factor of different types of GTCM-modified asphalt
increases exponentially with the increase of frequency, which is basically consistent
with the trend of the rutting factor of tourmaline micropowder-modified asphalt and
matrix asphalt with frequency. However, under the same conditions, the finding that
matrix asphalt and tourmaline micropowder-modified asphalt have lower rutting
factors than GTCM-modified asphalt suggests that GTCM has the best impact on
enhancing the rutting resistance of asphalt.

(2) The rut factor of GTCM-modified asphalt with the same type and different content is
basically the same as the frequency change trend, it gets bigger when the frequency
gets bigger. At the same frequency, the larger the content of GTCM, the greater the
rut factor, indicating that increasing the content helps to improve the rut resistance of
GTCM-modified asphalt.

(3) When the frequency is 10 rad/s, the rut factor of tourmaline micropowder modified
asphalt is 2.78 kPa. The rut factors of GTCM-0.5, GTCM-1.0 and GTCM-1.5-modified
asphalt are 2.87, 3.00 and 2.99 kPa, respectively, which are 3.24%, 7.91% and 7.55%
higher than that of tourmaline micropowder modified asphalt.

(4) When the frequency is 10 rad/s, the rut factor of the matrix asphalt is 2.69 kPa, and
the rut factors of the graphene tourmaline composite powder-modified asphalt at 10%,
20%, and 30% are 2.79, 3.00, and 3.14 kPa, respectively. Compared with the matrix
asphalt, it increased by 3.72%, 14.20%, and 16.73%, respectively.

It is shown in Figure 13.
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(1) Under various kinds and contents, the complex viscosity of GTCM-modified asphalt falls
as frequency increases. When compared to matrix asphalt, GTCM-modified asphalt has
a greater complex viscosity, and is higher than that of tourmaline micropowder-modified
asphalt at the same content, indicating that the shear performance of GTCM-modified
asphalt is better than that of tourmaline micropowder-modified asphalt matrix asphalt.

(2) At the same frequency, by comparing the complex viscosity of different types of
GTCM-modified asphalt, It can be shown that the complex viscosity of composite-
modified asphalt increases with increasing graphene micropowder amount, that is,
the shear resistance of GTCM-1.5-modified asphalt is the best.

(3) When the frequency is 10 rad/s, the complex viscosity of tourmaline micropowder
modified asphalt is 278.28 Pa·s. The complex viscosity of GTCM-0.5, GTCM-1.0 and
GTCM-1.5-modified asphalt is 286.81, 298.92 and 301.85 Pa·s, respectively, which
is 3.07%, 7.42% and 8.46% higher than that of tourmaline micropowder modified
asphalt.

(4) When the frequency is 10 rad/s, the complex viscosity of the matrix asphalt is 263.81
Pa·s. The complex viscosity of the GTCM-modified asphalt at 10%, 20% and 30% is
279.42, 298.92 and 322.9 Pa·s, respectively, which is 5.92%, 13.31% and 22.40% higher
than that of the matrix asphalt.

Existing studies have shown that GO can improve the rutting resistance of 90 A
and SBS MA in the temperature range of 30–80 ◦C [16]. The existing research shows that
tourmaline can significantly improve the high-temperature rheological properties of asphalt.
The dynamic shear rheological properties of tourmaline-modified asphalt steadily improve
with increasing tourmaline amount. When the tourmaline content exceeds 14%, The effect
of tourmaline content on the enhancement of asphalt’s high-temperature performance
is insignificant [32]. Through comprehensive comparative analysis of the rheological
properties of GTCM-modified asphalt at different temperatures and frequencies, it can be
concluded that the anti-rutting performance of GTCM-modified asphalt is better than that of
tourmaline micropowder-modified asphalt. Compared with the same content of tourmaline
micropowder-modified asphalt, The anti-rutting performance of GTCM-0.5, GTCM-1.0 and
GTCM-1.5-modified asphalt can be increased by 12.95%, 10.12% and 24.25%, respectively.

3.3. Analysis of Rheological Properties at Low Temperature

The low-temperature creep tests of GTCM-modified asphalt with different types and
contents were carried out at −12, −18 and −24 ◦C by low-temperature bending beam
rheometer. The test outcomes are displayed in Figures 14–16.

(1) The stiffness modulus (−12 ◦C) of GTCM-modified asphalt under different types
and contents.

It is shown in Figure 14.
Under various kinds and doses, the creep stiffness modulus of GTCM-modified asphalt

falls as loading time increases, as with matrix asphalt, tourmaline micropowder-modified
asphalt, and mineral powder asphalt mastic, the change pattern is essentially the same.
However, during the 240 s loading period, the stiffness modulus of graphene micropowder
reinforced tourmaline-modified asphalt is smaller than that of tourmaline micropowder-
modified asphalt and mineral powder asphalt mastic, indicating that the low-temperature
performance of GTCM-modified asphalt is better than that of tourmaline micropowder
modified asphalt.
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Figure 14. Stiffness modulus of GTCM-modified asphalt with different types and contents.
(a) Different kinds. (b) Different dosage.

The creep stiffness modulus of GTCM-modified asphalt with the same type and
different content also decreases with the extension of load action time. The different content
only changes the creep stiffness modulus of asphalt and does not affect the rheological
properties of asphalt under low-temperature load. The larger the content of GTCM, the
larger the creep stiffness modulus of modified asphalt, indicating that too much content
will adversely affect the low-temperature performance of asphalt.

When the loading time is 60 s, the creep stiffness modulus of tourmaline powder
modified asphalt is 150.95 MPa, and the creep stiffness modulus of GTCM-0.5-modified
asphalt is 142.74 MPa, which is 5.75% higher than that of tourmaline powder modified
asphalt. The creep stiffness modulus of GTCM-1.0-modified asphalt is 140.43 MPa, which
is 6.97% higher than that of tourmaline powder-modified asphalt. The creep stiffness
modulus of GTCM-1.5-modified asphalt is 130.22 MPa, which is 13.73% higher than that
of tourmaline powder modified asphalt, that is when the loading time is 60 s, the low-
temperature performance of GTCM-1.5-modified asphalt is the best.
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Figure 15. Creep rate of GTCM-modified asphalt under different kinds and contents. (a) Different
kinds. (b) Different dosage.

(2) Creep rate (−12 ◦C) of GTCM-modified asphalt under different types and contents
It is shown in Figure 15.
Under different types and contents, the creep rate of GTCM-modified asphalt gradually

increases with the extension of load time, and its change trend is basically the same as that
of matrix asphalt, tourmaline micropowder-modified asphalt and mineral powder asphalt
mastic. However, in the 240 s load period, the creep rate of GTCM-modified asphalt is
greater than that of tourmaline micropowder-modified asphalt and mineral powder asphalt
mastic, indicating that the low-temperature performance of GTCM-modified asphalt is
better than that of tourmaline micropowder modified asphalt.

The creep rate of GTCM-modified asphalt with the same type and different content
also increases with the extension of load action time. The different content only changes
the creep rate of asphalt and does not affect the rheological properties of asphalt under
low temperature load. The larger the content of GTCM, the smaller the creep rate of
modified asphalt, indicating that too much content will have an adverse effect on the
low-temperature performance of modified asphalt.

80



Coatings 2023, 13, 1068

Figure 16. Creep stiffness modulus and creep rate of GTCM-modified asphalt at different tempera-
tures, (a) Creep stiffness modulus and (b) Creep rate.

When the loading time is 60 s, the creep rate of tourmaline powder-modified asphalt is
0.437, and the creep rate of GTCM-0.5-modified asphalt is 0.443, which is 1.37% higher than
that of tourmaline powder-modified asphalt. The creep rate of GTCM-1.0-modified asphalt
is 0.448 MPa, which is 2.52% higher than that of tourmaline powder-modified asphalt.
The creep rate of GTCM-1.5-modified asphalt is 0.456, which is 4.35% higher than that of
tourmaline powder-modified asphalt. When the loading time is 60 s, the low-temperature
performance of GTCM-1.5-modified asphalt is the best.

(3) The stiffness modulus and creep rate of GTCM-modified asphalt at different
temperatures (60 s)

It can be clearly seen from Figure 16.
With a drop in temperature, the creep stiffness modulus of GTCM-modified asphalt

steadily rises. At the same temperature, although the creep stiffness modulus of GTCM-
modified asphalt is higher than that of matrix asphalt, it is lower than the creep stiffness
modulus of tourmaline micropowder-modified asphalt and mineral powder asphalt mastic
under the same dosage.

With a drop in temperature, the creep rate of GTCM-modified asphalt steadily reduces.
The creep rate of GTCM-modified asphalt is higher than that of tourmaline micropowder
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modified asphalt and mineral powder asphalt mastic at the same dose, yet it is less than
that of matrix asphalt at the same temperature.

When the ambient temperature is −12 and −18 ◦C, the creep stiffness modulus of the
GTCM-modified asphalt is lower than 300 MPa, and the creep rate is only greater than 0.3
at −12 ◦C, indicating that the GTCM-modified asphalt has good low-temperature crack
resistance at −12 ◦C.

In summary, the low-temperature crack resistance of GTCM-modified asphalt is better
than that of tourmaline micropowder-modified asphalt, and the greater the content of
graphene micropowder, the more obvious the improvement effect on low-temperature
performance. Relevant research shows that tourmaline powder-modified asphalt has lower
flexibility and weaker stress relaxation ability than matrix asphalt. Tourmaline reduces the
low-temperature crack resistance of asphalt to a certain extent [33]. Adding graphene oxide
can effectively absorb the load. Thus, the flexibility and deformation ability of asphalt are
enhanced, and the low-temperature cracking resistance of asphalt binder is improved [21].
The reason may be that the flexibility of graphene is better than that of tourmaline. Because
graphene has a far bigger specific surface area than tourmaline, it is distributed throughout
asphalt at a considerably higher density than tourmaline, which improves the flexibility
of asphalt in low-temperature environments. At the same time, asphalt molecules may
partially permeate the graphene lattice because of its stable two-dimensional lamellar
structure, and some stress is absorbed by graphene during loading, which weakens the
direct effect of stress on asphalt, thereby improving the low-temperature crack resistance
of asphalt.

3.4. Analysis of Fourier Infrared Spectrum

The infrared spectra of matrix asphalt, tourmaline-modified asphalt, GTCM-0.5-
modified asphalt, GTCM-1.0-modified asphalt and GTCM-1.5-modified asphalt were tested,
respectively. The test results are shown in Figure 17.

Figure 17. FTIR spectrum of GTCM-modified asphalt.

From the FTIR spectra of different types of asphalt in Figure 17, it can be seen that
there are some differences in the absorption peaks of different types of asphalt in the
infrared spectrum. In the FTIR spectrum of matrix asphalt, there are strong absorption
peaks at 2920.05 and 2850.96 cm−1, which are antisymmetric and symmetric stretching
vibrations of CH2 in long-chain alkanes and cycloalkanes. The absorption peaks of C = C
and C–C skeleton vibration in the benzene ring of aromatic compounds were 1601.98,
1456.26 and 1376.34 cm−1. The absorption peak of S = O stretching vibration of dibenzyl
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sulfoxide at 1031.10 cm−1. The four smaller characteristic peaks at 864~721 cm−1 are the
C–H out-of-plane bending vibration on the benzene ring of aromatic compounds.

The difference between the FTIR spectra of the tourmaline-modified asphalt and the
GTCM-modified asphalt and the matrix asphalt mainly appears in the low-frequency
region, which is reflected in the absorption peaks with low sharp strength in the range of
720~400 cm−1. The tourmaline-modified asphalt has obvious absorption peaks at 483.64,
and 433.04 cm−1. GTCM-0.5-modified asphalt showed obvious absorption peaks at 704.48,
634.90, 493.69 and 417.97 cm−1. The absorption peaks of the low-frequency region in the
FTIR spectrum of GTCM-1.0-modified asphalt mainly appeared at 641.50, 504.64, 491.36 and
419.06 cm−1. The different absorption peaks of GTCM-1.5-modified asphalt FTIR spectrum
are mainly distributed at 704.50, 634.98, 606.84, 505.78 and 418.85 cm−1. Compared with
the tourmaline FTIR spectrum, the primary source of the low-frequency region’s small
and sharp absorption peaks is the lattice vibration of some oxides such as ZnO, Fe2O3,
Fe3O4, Al2O3, MgO, TiO2, and SiO2. This part of the absorption peak in the modified
asphalt FTIR spectrum mainly comes from tourmaline. After adding tourmaline or GTCM
material to asphalt, asphalt does not undergo a chemical reaction that would create new
functional groups, but only increases the infrared activity of asphalt material in a lower
frequency range.

4. Conclusions

In this paper, GTCM-modified asphalt is taken as the object. Firstly, the influence of
different temperatures and different frequencies on the high-temperature performance of
GTCM-modified asphalt is evaluated by dynamic shear rheological test, and the viscoelastic
properties of GTCM-modified asphalt under different stress and different temperatures are
analyzed. Secondly, the low-temperature rheological properties of GTCM-modified asphalt
were analyzed by bending beam rheological test. Finally, the mechanism was analyzed by
FTIR. The main conclusions are as follows:

(1) Compared to tourmaline-modified asphalt, GTCM-modified asphalt has much better
temperature sensitivity, high temperature resistance, and anti-aging capabilities. The
improved impact will also rise when the graphene powder content is increased, and
the temperature sensitivity of GTCM-modified asphalt can be increased by up to
87.2%. The improvement of penetration, softening point, and equivalent softening
point at 25 ◦C can be up to 6.35%, 7.62% and 7.17%, respectively. The improvement of
penetration residual ratio and softening point increment at 25 ◦C can be up to 8.60%
and 57.58%, respectively.

(2) The viscoelasticity of asphalt was unaffected by the addition of GTCM. The anti-
rutting performance of GTCM-modified asphalt is better than that of tourmaline-
modified asphalt. At the same temperature, it increases with the increase in composite
powder content. At different temperatures, the modification effect of the composite
powder is still optimal. Compared with the same amount of tourmaline-modified as-
phalt, the anti-rutting performance of GTCM-0.5, GTCM-1.0 and GTCM-1.5-modified
asphalt can be improved by 12.95%, 10.12% and 24.25%, respectively.

(3) Under various load frequencies, GTCM-modified asphalt with various contents per-
forms better than tourmaline-modified asphalt in terms of anti-rutting and shear
resistance, and its performance improves as the amount of graphene powder and
GTCM rises. When the load was 60 s, the creep stiffness modulus of GTCM-0.5,
GTCM-1.0 and GTCM-1.5-modified asphalt decreased by 5.75%, 6.97% and 13.73%,
respectively, and the creep rate increased by 1.37%, 2.52% and 4.35%, respectively.

(4) GTCM has stronger low-temperature crack resistance than tourmaline, and the im-
provement in low-temperature performance is increasingly noticeable as graphene
powder gets larger. However, the high content of GTCM will have a negative im-
pact on its low-temperature performance. When the ambient temperature is 12 ◦C,
GTCM-modified asphalt has good low-temperature crack resistance.
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(5) FTIR analysis showed that after adding GTCM material or tourmaline to the matrix
asphalt, no new functional groups were produced due to the chemical reaction with
the asphalt.
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Abstract: In recent decades, the application of modified bitumens has experienced tremendous
growth. However, due to the varying modification mechanism of different modifiers, the creep and
recovery properties of modified bitumen have not been comprehensively understood. This study
aims to evaluate the creep and recovery properties of several representative modified bitumens
using the multi-stress creep recovery (MSCR) test. The MSCR test can highlight the unique delayed
elasticity of modified bitumen and it uses a high stress level, which is more comparable to the field.
In particular, this test also aims to identify the effects of different aging conditions. To do so, a total
of 15 bitumens, including 7 elastomeric-modified bitumens, 5 non-elastomeric-modified bitumens,
and 3 plain bitumens, were prepared and examined. Furthermore, 10 different aging conditions
were considered. The results suggest that the generation mechanism of elasticity varies for different
modified bitumens. There are two types of elasticities, which are energy elasticity and entropy
elasticity, and their differences need more attention in the road bitumen material community. Aging
changes the percentages of contributions from energy elasticity and entropy elasticity to the bitumen’s
overall recovery performance. The increase in “bad” energy elasticity may compensate for part of the
“good” entropy elasticity loss, but overall, the bitumen’s recovery rate is decreasing and the ratio of
energy elasticity is increasing, which might hinder the bitumen’s road performance.

Keywords: bitumen; PMB; elasticity; creep and recovery

1. Introduction

As a result of the increased demand placed on highways from higher traffic volumes
and heavier loads, bitumen with better rheological properties is gaining more attention [1].
Bitumens modified with polymers and other additives show improved rheological prop-
erties such as higher modulus and higher elasticity, which can significantly enhance the
pavement deformation resistance at high temperatures. In recent decades, the application
of modified bitumens has experienced tremendous growth. There are numerous modifiers
available, and the Styrene-Butadiene-Styrene (SBS) polymer is among one of the most used
ones [2]. SBS polymer can form a three-dimensional rubbery network within the bitumen,
which significantly benefits pavement performance [3].

Besides using SBS, a more economical approach to modifying the bitumen could be
possible via the use of small amounts of modifiers. In this sense, polyphosphoric acid (PPA)
might be a good alternative [4]. Some studies have suggested that small amounts of PPA
show a comparable effect as other polymers [5]. Yang et al. [6] evaluated the possibility
of a composite modifying PPA with SBS and bio-oil and achieved good performances.
Besides SBS and PPA, ethyl vinyl acetate (EVA) [7,8] and natural rock bitumen [9] are also
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commonly used modifiers to improve the bitumen performance. Wentao et al. [10] reviewed
the recent progress of EVA bitumen and claimed the utilization of EVA sees notable growth
due to its rigid three-dimensional network structure and special functional groups.

The application of recycled and environmentally friendly materials is also trending
in the road bitumen material community. Two representative examples are crumb rubber
particles and bio-oil. Abundant researchers have reported that crumb rubber can improve
the bitumen’s rheological properties by increasing the bitumen viscosity, modulus, and
elasticity [11,12]. Bio-oil, as a renewable material, can enhance the bitumen’s fatigue and
low-temperature properties [13]. Some also claimed that bio-oil facilitates the swelling
of the polymer and thus helps with the compatibility between the polymer and base
bitumen [14].

Bitumen is a typical viscoelastic material, and some of them (especially modified
ones) exhibit notable elasticities. Many studies have indicated there are obvious positive
correlations between the elasticity of bitumen and its mechanical properties [15,16], as good
elasticities improve the bitumen’s overall properties such as better rutting resistance and
better fatigue resistance. To better evaluate the modified bitumen regarding its elasticity
and creep/recovery behaviors, D’angelo [17] proposed a test named multi-stress creep
recovery (MSCR). The MSCR test uses the well-established creep and recovery test concept
from polymer testing to evaluate the bitumen’s elasticity and potential for permanent
deformation [18]. The MSCR test is operated in rotational mode using 1 s creep load
followed by 9 s recovery, and then the compliance and recovery rate are recorded for
analysis. MSCR has been quickly accepted as one of the most popular experiments for
modified bitumens. Yanlei’s [19] study used MSCR as a useful method to optimize the
preparation procedures of various modified bitumens.

The MSCR test has two main advantages. First, it utilizes a relatively high stress level
(3.2 kPa or even higher), which is comparable with the field. Second, the MSCR test leaves
much time for the material to recover. Therefore, the effects of time-dependent entropy
elasticity or delayed elasticity from elastomeric modifiers are revealed. These two aspects
allow the MSCR to accurately quantify the performance of both plain bitumen and modified
bitumen. Moreover, since the strain and stress data during the MSCR can be recorded
with a high resolution, researchers can fit the creep and recovery behavior using physical
modeling or numerical simulation to achieve in-depth and quantitative analysis [20,21].

Besides the influence of modification, aging is another essential factor that changes
the bitumen’s creep and recovery properties. It has been widely accepted that aging can
negatively influence the performance of asphalt mixtures. In recent research carried out
by Haichuan et al. [22], dynamic modulus and uniaxial fatigue tests were performed
to investigate the stiffness and cracking properties of specimens after different aging
durations, and the results suggest that aging can notably impair the mixtures’ fatigue
resistance. However, currently, there is no clear conclusion on how aging will change
the bitumen’s elasticity. Some claimed that thermal aging could stiffen the bitumen and
push it to a more elastic end [23]. Li et al. [24] indicated that asphaltenes had a skeleton
function so the modified bitumen with a high content of asphaltene presented a strong
elastic response after long-term aging. However, on the other hand, numerous studies
have reported that polymer-modified bitumen could be vulnerable to thermal aging and
polymer oxidative degradation will weaken the modified bitumen’s elasticity [25,26]. To
overcome the negative consequences of aging, Lijun et al. [27] even explored the possibility
of lignin, quercetin, and gallic acid as antioxidants in asphalt.

This study aims to evaluate the creep and recovery properties of several representative
modified bitumens using the MSCR test. It can highlight the unique delayed elasticity of
modified bitumen and it uses a high stress level, which is more comparable to the field. In
particular, this test aims to investigate the effects of aging and different testing temperatures.
To achieve this aim, a total of 15 bitumens, including 7 elastomeric-modified bitumens,
5 non-elastomeric-modified bitumens, and 3 plain bitumens, were prepared and examined.
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Furthermore, 10 different aging conditions were considered. After the MSCR test, the
recovery rate and non-recoverable compliance were recorded for analysis.

2. Experimental Design

2.1. Materials
2.1.1. Raw Materials

In this study, a total of 15 bitumens, including 7 elastomeric-modified bitumens, 5 non-
elastomeric-modified bitumens, and 3 plain bitumens, were investigated and compared.
Modified bitumens were prepared with either ES base bitumen, SK base bitumen, or ES
base bitumen coupled with 10% bio-oil. The basic information on raw materials for bitumen
preparation is summarized in Table 1. The raw materials were selected based on common
selections in the industry.

Table 1. Properties of raw materials for bitumen preparation.

Material Basic Properties

Plain bitumen

Two Perfomance-Grading (PG) 58–22 plain bitumen are utilized
in this study. One is from the United States of America, under the
brand name of ESSO, and the other is from South Korea under the

brand name of SK

EVA 24% vinyl acetate content, with a melting index of 19

SBS Linear SBS polymer with a S/B ratio of 30/70

Crumb rubber 30 mesh recycled truck radial tire crumbs, natural/synthesis
rubber content: 54%

PPA 85% P2O5 content

Bio oil Treated waste cooking oil with a viscosity of 37.2 m2/s (100 ◦C)

Natural rock bitumen Density: 1.066 g/cm3, bitumen content: 98.4%, ash content: 0.72%,
1.18 mm passing: 100%

2.1.2. Bitumen Modification and Preparation

In this study, 13 modified bitumens were prepared and examined. They were all
laboratory prepared by mixing the plain bitumen with selected modifiers. The specific
mixing processes varied based on the type of modifier used. For EVA, PPA, and rock
bitumen-modified bitumens, plain bitumen was first heated to 160 ◦C to achieve fluidity
and then the desired modifiers were added to the hot bitumen. Subsequently, the blend was
sheared for 20 min (4000 rpm) and then stirred for 60 min (800 rpm). For the SBS-modified
bitumen (SBSMB) and crumb rubber-modified bitumen, mixing was carried out at 180 ◦C,
and the shearing stage was extended to 120 min to achieve better swelling and homogeneity.
The stability of modified bitumens used in this study has been verified using the cigar-tube
separation test.

2.1.3. Laboratory Aging

According to AASHTO T350, a standard MSCR test requires RTFO aging before testing
to simulate the short-term aging during asphalt mixture mixing and paving. To discuss the
influence of aging, this study used 10 different laboratory aging processes including RTFO
aging. The applied aging processes are summarized in Table 2.

2.1.4. Summary of Tested Bitumen Samples

A summary of the experimental matrix is presented in Table 3. The content of the
modifiers was selected based on the common ranges of their applications in the industry.
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Table 2. Summary of aging processes used in this study.

Aging Level Standard Explanation

VG None Virgin, unaged

R163, R193 AASHTO T240 Rolling Thin Film Oven Test (RTFOT), conducted
at either 163 ◦C or 193 ◦C

M163, M193 Bahia’s work [28]

Modified Rolling Thin Film Oven Test
(MRTFOT), where a steel rod is put into the glass

bottle to create extra shearing forces to spread
the bitumen film. It was conducted at either

163 ◦C or 193 ◦C

PAV, 2PAV, 4PAV AASHTO R28 Standard Pressure Aging Vessel (PAV), double
PAV, four times PAV

S135, S163, S193 AASHTO PP2

Short-term Oven Aging (STOA), conducted at
either 135 ◦C, 163 ◦C or 193 ◦C, then aged

bitumens were recovered from the aged mixture
following AASHTO T164

Table 3. Summary of tested samples.

Type No Bitumen ID Modifier Aging Level

Plain bitumen

1 ES None VG, R163, R193,
2PAV, 4PAV

2 SK None VG, R163, 4PAV

3 ES: 10%Bio 10% Bio oil VG

Non-elastomeric
modified bitumen

4 ES: 12%Rock 12% Rock bitumen VG, R163

6 ES: 0.8%PPA 0.8% PPA VG, R163

7 ES: 2%PPA 2% PPA VG, R163

8 ES: 2%EVA 2% EVA VG

9 ES: 4%EVA 4% EVA VG

Elastomeric modified
bitumen

10 ES: 4.5%SBS 4.5%SBS VG, R163, R193,
PAV, 2PAV

11 ES: 7.5%SBS 7.5%SBS
VG, R163, M163, M193,
R193, 2PAV, 4PAV, S135,

S163, S193

12 ES: 4.5%SBS + 10%Bio 4.5%SBS + 10%Bio VG

13 ES: 7.5%SBS + 10%Bio 7.5%SBS + 10%Bio VG

14 ES: 6%SBS 6%SBS VG

15 SK: 7.5%SBS 7.5%SBS VG, R163, R193, 2PAV

16 ES: 10% Crumb rubber 10% Crumb rubber VG

17 ES: 20% Crumb rubber 20% Crumb rubber VG

In this study, samples at different aging levels are coded as “Bitumen ID [Aging
level]”. For instance, “SK: 7.5%SBS” and “SK: 7.5%SBS [2PAV]” refer to unaged SK-based
7.5% SBS-modified bitumen and double PAV-aged SK-based 7.5% SBS-modified bitumen,
respectively (“VG”, which represents the unaged status, is omitted).

2.2. MSCR Testing Procedure

The TA DHR-3 type DSR was used to perform the MSCR test. The 25 mm parallel
plate with a 1 mm gap was selected. The bitumen was first heated to 165 ◦C to remove any
thermal history, and then the liquid bitumen sample was dripped into a silicon mold to
prepare the sample for MSCR testing.

89



Coatings 2023, 13, 1445

According to AASHTO T350, the MSCR test was operated in rotational mode using
a 1 s creep load followed by a 9 s recovery for each cycle. Twenty creep and recovery
cycles were run at 0.1 kPa creep stress followed by ten cycles at 3.2 kPa creep stress.
Figure 1 presents a typical creep and recovery cycle. For each cycle, two parameters, the
percent recovery (R) and non-recoverable creep compliance (Jnr), are calculated following
Equations (1) and (2):

R =
εp − εu

εp
×100% (1)

Jnr =
εu

σ
(2)

where εp represents the peak strain, εu represents the unrecovered strain, and σ is the stress
level (either 0.1 kPa or 3.2 kPa).

Figure 1. A typical creep and recovery cycle in the MSCR test.

Then, the average percent recovery at 0.1 kPa and 3.2 kPa is calculated and expressed
as R0.1 and R3.2, respectively. The average non-recoverable creep compliance at 0.1 kPa and
3.2 kPa is expressed as Jnr0.1 and Jnr3.2. This study only investigates the measurements of
3.2 kPa (R3.2 and Jnr3.2) because a higher stress level is considered to be more comparable
with the field. Some European agencies are even running MSCR at 10 kPa. The test was
conducted at 4 different temperatures (64 ◦C, 70 ◦C, 76 ◦C, and 82 ◦C), hence the influence
of temperature could be discussed.

2.3. MSCR Curve

The AASHTO T350 specification also includes a technique to further evaluate the
bitumen creep and recovery behavior. This technique is referred to as the MSCR curve or
polymer curve [29]. An MSCR curve is established by plotting R3.2 against Jnr3.2 (shown
in Figure 2). A standard curve depicted as Equation (3) is used to examine whether the
bitumen has enough elastic response for elastomeric-modified bitumen.

y = 29.37x−0.2633 (3)

where y is R3.2 and x is Jnr3.2.
According to D’angelo’s work [17], this standard curve is an empirical decision based

on numerous modified bitumen samples. This curve will assure that the polymer-modified
bitumens have well-developed polymer networks. The MSCR curve is not commonly
employed in the literature, but authors find it could be a useful tool to analyze the bitumen
creep and recovery properties. In this study, the MSCR curve is applied for more in-
depth analysis.

A flowchart is shown in Figure 3 to help understand the methodology of this study.
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Figure 3. Methodology of this study.

3. Results and Discussion

3.1. Comparison between Different Modifiers

In this section, all seven elastomeric-modified bitumens, five non-elastomeric-modified
bitumens, and three plain bitumens are compared in terms of their R3.2 and Jnr3.2. Only
unaged virgin bitumens are discussed in this section. The influence of aging will be discussed
later. The testing results of R3.2 and Jnr3.2 are summarized in Figures 4 and 5, respectively.

Figure 4 shows that elastomeric-modified bitumens have the highest recovery rate,
followed by non-elastomeric-modified bitumens and plain bitumens. Specific to each
modifier, SBS shows the highest recovery rate, followed by crumb rubber and rock bitu-
men. EVA and PPA do not show any evident improvement in the recovery rate. Bio-oil
notably diminishes bitumen’s recovery rate as bio-oil-modified SBSMBs are less elastic than
conventional SBSMB with the same SBS content.

The summary of Jnr3.2 is shown in Figure 5. It shows that elastomeric-modified
bitumens have the best permanent deformation resistance (lowest Jnr3.2), followed by the
non-elastomeric-modified bitumens and plain bitumens. Specific to each modifier, SBS
shows the smallest Jnr3.2, followed by crumb rubber and rock bitumen. EVA and PPA
modification slightly decrease the Jnr3.2 for plain bitumen. Bio-oil notably diminishes
bitumen’s deformation resistance as bio-modified bitumens show much more increased
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Jnr3.2 than conventional plain bitumen-based bitumens. These observations are consistent
with previous studies that show that SBS polymer-modified asphalt has good rutting
resistance [30] and bio-oil may hinder the bitumen rutting resistance [31].
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Figure 4. R3.2 from MSCR testing at different temperatures (64 ◦C, 70 ◦C, 76 ◦C, and 82 ◦C).
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Figure 5. Jnr3.2 from MSCR testing at different temperatures (64 ◦C, 70 ◦C, 76 ◦C, and 82 ◦C).

It is worth mentioning that SK: 7.5%SBS only shows comparable Jnr3.2 and R3.2 with
ES: 4.5%SBS. This observation highlights the significant influence of the base bitumen
source on the rheological properties of SBS-modified bitumen. The SBS polymer swells
better in an aromatic fraction. Since ES bitumen contains a higher proportion of the aromatic
fraction, it is often considered an ideal base bitumen for modification.
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3.2. MSCR Testing Results for Plain Bitumens

A separate discussion on R3.2 or Jnr3.2 is not sufficient to fully explain the creep and
recovery behavior of bitumens. In this section, the MSCR curve is applied for more in-depth
analysis. Moreover, laboratory-aged bitumens are examined.

An MSCR curve for plain bitumen is established in Figure 6. Three plain bitumens,
which are ES, SK, and ES: 10%Bio, and their aged replicates are evaluated. For each bitumen
at each aging level, results from four different temperatures (64 ◦C, 70 ◦C, 76 ◦C, and 82 ◦C)
are plotted together as a series, highlighting the temperature-induced trends. Noted for the
purpose of conciseness, the testing temperature is not labeled in the graph. To tell which
data point corresponds to which temperature, the data points of 64 ◦C are always at the
left-top end of the series line because 64 ◦C yields the highest stiffness and highest recovery
rate, followed by data points of 70 ◦C, 76 ◦C, and 82 ◦C.
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Figure 6. MSCR curve for plain bitumens of different aging conditions.

From Figure 6, it is very interesting to see that all points converge onto a smooth “mas-
ter curve”, irrespective of the bitumen type or aging level. This master curve is lower than
the standard curve, indicating these plain bitumens are not elastic enough to be categorized
as elastomer-modified asphalt. Aging and reduced testing temperatures will bring the
recovery rates to a higher level but will not make the curve cross the standard curve.

This smooth master curve suggests that there is a strong correlation between the
plain bitumen’s recovery rate and its stiffness. Due to its relatively low molecular weight
and absence of a long-chain polymer network, plain bitumen relies predominantly on
molecular internal energy changes for its elasticity [32]. This type of elasticity, referred to
as energy elasticity, exhibits a significant dependence on bitumen stiffness. In other words,
variables such as the testing temperature and aging level affect the bitumen recovery rate
by changing its stiffness.

3.3. MSCR Testing Results for Non-Elastomeric-Modified Bitumens

Three non-elastomeric modifiers, which are rock bitumen, PPA, and EVA, are evaluated
in this section. The MSCR curve for non-elastomeric-modified bitumens is drawn in Figure 7
following the same pattern as Figure 6. Results show that these non-elastomeric-modified
bitumens behave very much like plain bitumen. Similarly, a smooth and continuous master
curve is observed, and it almost overlaps with the one generated from plain bitumens. Their
master curves both start from (0.1, 40) and cross the Jnr3.2 axis around 10. This similarity
can be comprehended as a non-elastomeric modifier also acquiring its elasticity mainly
from internal energy changes. According to Cheng’s work [33], adding rock bitumen will
increase the asphaltene/heavy molecule ratio and result in an increase in stiffness. The
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mechanism is quite similar to aging because aging will also bring more heavy molecules
into the system. With the increase in heavy molecular and chemical fractions, the inter-
molecular interaction becomes stronger, and thus the bitumen becomes stiffer and shows
an increased elastic response.
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Figure 7. MSCR curve for non-elastomeric-modified bitumens.

3.4. MSCR Testing Results for Elastomeric-Modified Bitumens

Two commonly used elastomeric modifiers, namely SBS and crumb rubber, are tested
in this study. Note that only unaged modified bitumens are discussed in this section
because it is found that in terms of aging, elastomeric-modified bitumens’ responses are
much more complicated and thus will be discussed in a separate section.

Following the same fashion, a master curve is established for elastomeric-modified
bitumens. The results are shown in Figure 8. For comparison, plain bitumens and non-
elastomeric-modified bitumens are also included in Figure 8.
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Figure 8. MSCR curve for all kinds of modified bitumens.

According to Figure 8, SBSMB shows the most improved elastic response. Crumb
rubber-modified bitumen also shows higher elasticity than plain bitumen, but the improve-
ment is not comparable with SBSMB. Moreover, 20% crumb rubber-modified bitumen meets
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the standard curve at 64 ◦C and 70 ◦C. However, further increases in temperature will make
it unqualified. In addition, 10% crumb rubber-modified bitumen fails the standard curve
at all testing temperatures. The relatively lower recovery rate of crumb rubber-modified
bitumen is possibly explained by the poor compatibility between crumb rubber and plain
bitumen [34].

It can be seen that SBSMB shows more elasticity (R3.2) than plain/non-elastomeric
bitumen at any specific stiffness (Jnr3.2). This highlights the different origins of elasticity
between these bitumens. For plain bitumen and non-elastomeric-modified bitumen, the
elasticity is mainly attributed to internal energy change, whereas SBSMB acquires its
elasticity from both the internal energy change (energy elasticity) and the rubbery polymer
network (entropy elasticity).

According to thermodynamics, the elastic behavior of materials is governed by
Helmholtz’s free energy [35], which is expressed as Equation (4) and has two parts: The
energy term and the entropy term.

F = U − TS (4)

where F is free energy, U is (internal) energy, T is temperature, and S is entropy.
When deformed, molecules “want” to go back to the state with minimal free energy,

that is, to minimize their internal energy and maximize their entropy. Therefore, depending
on whether the energy or the entropy term dominates the free energy, the elasticity can be
classified as energy-elasticity and entropy-elasticity. While low-molecular-weight materials
such as plain bitumen usually show energy elasticity, high-molecular-weight materials
such as elastomer and elastomer-modified bitumen can exhibit a considerable portion of
entropy elasticity.

Due to the fundamental difference in the generating mechanism, entropy elasticity has
a much higher yield strain and is less temperature-sensitive than energy elasticity. In fact,
entropy elasticity is positively proportional to the temperature increase because a higher
ambient temperature facilitates molecular thermal motions [36]. Both energy elasticity and
entropy elasticity lead to improved recovery rates but energy elasticity does not always
translate to better field performance. Stiff bitumen that shows considerable energy elasticity
could also be vulnerable to fatigue and cracking damage.

In terms of applications in bitumen concrete pavement, entropy elasticity might be
considered a “better” kind of elasticity. It improves the bitumen’s overall properties such as
better rutting resistance (higher recovery rate), better fatigue resistance (higher yield strain),
and better low-temperature cracking resistance (less temperature-sensitive). Many studies
have indicated there are obvious correlations between the elasticity of bitumen and its
mechanical properties [15,16]. However, no wide-accepted performance standard has been
established based on bitumen’s elasticity properties. This might be because insufficient
attention has been paid to differentiating the origin of elasticity (energy or entropy). This
research field requires more in-depth studies.

3.5. Temperature Sensitivity of Recovery Rate

The difference between energy elasticity and entropy elasticity in terms of temperature
sensitivity is examined in this section. The influence of temperature on the bitumen
recovery rate (R3.2) is shown in Figure 9. To highlight the difference, only six representative
bitumens are listed in this section, and the testing temperature range is broadened to
40 ◦C~82 ◦C with a 6 ◦C gap.

Based on the available data, stiff samples such as non-elastomeric-modified bitumen
(ES:12%Rock) and seriously aged bitumen (SK [4PAV]) show the most obvious temperature
sensitivity, highlighting the strong temperature sensitivity of energy elasticity. This sen-
sitivity is explained by the fact that stiff material has higher intermolecular forces, which
translate to higher internal force and consequently higher temperature sensitivity. SBSMB
on the other hand does not show much temperature sensitivity because it does not rely on
stiffness to gain its elasticity. Instead, entropy elasticity is the main source, and it is much
less temperature-sensitive. SBSMB does not show a noticeable decrease in the recovery rate
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until 76 ◦C. Bio-oil-modified SBSMB (marked with squares) show a higher temperature
sensitivity than conventional ones, and this is attributed to the viscous nature of bio-oil.
This is favorable with related studies showing that bio-oil can hinder the elasticity of
bitumens [37].
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Figure 9. Influence of temperature on bitumen recovery rate.

From Figure 9, it is also interesting to notice that SBSMB exhibits an R3.2 reduction at
lower temperatures (marked in red circle). This might be explained by two reasons. First,
entropy elasticity is fundamentally attributed to the thermal motion of polymer chains, and
thus a lower ambient temperature will weaken the molecular thermal motion, as well as
the entropy elasticity. Second, bitumen stiffens at lower temperatures, and it hinders the
relaxation of polymer chains. Either way, this is a noteworthy phenomenon because the
MSCR test is always conducted at relatively high temperatures (usually PG temperatures)
while the pavement spends most of its service life at intermediate temperatures. Recovery
rate measurements at intermediate temperatures may require more attention.

3.6. Effects of Aging on SBS-Modified Bitumens

The influence of aging on SBSMB is discussed in this section. Depending on the differ-
ence in base bitumen source and SBS content, three representative SBSMB are investigated
in this section, which are ES: 7.5%SBS, SK: 7.5%SBS, and ES: 4.5%SBS. The results for aged
ES: 7.5%SBS bitumens are presented in Figure 10.

Based on Figure 10, the aging behavior of SBSMB notably differs from plain bitumen
or non-elastomeric-modified bitumens in two aspects. First, after aging, SBSMB’s recovery
rates tend to decrease rather than increase. Second, the data points of aged SBSMB no
longer form a smooth master curve. This phenomenon suggests that the aging process
changed the percentages of contributions from energy elasticity and entropy elasticity to
the SBSMB’s overall creep and recovery performance. During aging, SBSMB experienced
oxidative stiffening coupled with polymer degradation [38], which led to an increase in
energy elasticity and a decrease in entropy elasticity. The increase in “bad” energy elasticity
may compensate for part of the “good” entropy elasticity loss, but overall, the bitumen’s
recovery rate is decreasing and the ratio of energy elasticity is climbing. This variation is
not preferable from the perspective of field performance, especially for anti-cracking and
anti-fatigue performance.

The results for aged SK: 7.5%SBS bitumens are presented in Figure 11. A similar
outcome is seen for SK: 7.5%SBS as a smooth master curve is no longer observed and the
recovery rate tends to decrease after aging.
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Figure 11. MSCR curve for aged SK: 7.5%SBS bitumens at 3.2 kPa.

The results for aged ES: 4.5%SBS bitumens are presented in Figure 12. Similarly, no
smooth master curve is seen. Due to the relatively lower SBS dosage and the consequently
lower degree of entropy elasticity, it can be seen that part of the data points for the PAV and
2PAV aged ES: 4.5%SBS samples have failed the standard curve. The PAV and 2PAV aged
bitumens behave very much like seriously aged plain bitumens. This is a coupled result
of oxidative stiffing and polymer degradation. The SBS polymer has a readily oxidizable
nature, thus SBSMA is vulnerable to aging. Due care should be taken to prevent excessive
aging of SBSMA in case it becomes stiff and brittle like aged plain bitumen.
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4. Conclusions

This study aims to evaluate the creep and recovery properties of 15 kinds of represen-
tative modified bitumens used in the field based on the MSCR test. The MSCR test can
highlight the unique delayed elasticity of modified bitumen and it uses a high stress level,
which is more comparable to the field. The bitumens’ temperature sensitivity was exam-
ined, and their aging behavior was evaluated based on the consideration of 10 different
laboratory aging conditions. The detailed conclusions were as follows:

• For plain bitumen and non-elastomeric-modified bitumen, the elasticity is mainly at-
tributed to the internal energy change (energy elasticity), whereas elastomeric-modified
bitumens acquire their elasticity from both energy elasticity and entropy elasticity.

• The difference between energy elasticity and entropy elasticity needs more attention
in the road bitumen material community. Compared with energy elasticity, entropy
elasticity is less temperature-sensitive and has a higher yield strain. It is considered a
“better” kind of elasticity from the field performance perspective.

• High strain creep and recovery tests such as MSCR could be a promising technique
to analyze bitumen’s elasticity properties. An interesting “master curve” is observed
for different bitumens and can be utilized to discriminate energy elasticity from
entropy elasticity.

• The aging process changes the percentages of contributions from energy elasticity and
entropy elasticity to the bitumen’s overall recovery performance. The increase in “bad”
energy elasticity may compensate for part of the “good” entropy elasticity loss, but
overall, the bitumen’s recovery rate is decreasing and the ratio of undesirable energy
elasticity is climbing, which might hinder the bitumen’s performance.
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Abstract: In order to address the issues of high viscosity and excessive fume exhaust associated with
high-viscosity modified asphalt (HVMA), the objective of this study was to develop an eco-friendly
HVMA by incorporating fume suppressants and viscosity-retarding agents (VRAs). To begin with,
desulfurization rubber powder (DRP) was utilized as a modifier, and fume suppressants, including
activated carbon, a chemical reaction fume suppressant, and a composite fume suppressant combining
activated carbon and chemical reaction fume suppressant were added to the HVMA separately. The
fume suppression effect and odor level were observed to determine the optimal fume suppressant
composition for this study. Based on these observations, an area integration method was proposed,
utilizing rotational viscosity testing and temperature sweeping experiments, evaluating the viscosity-
retarding effect and mixing temperature when different amounts of Sasobit VRA, Evotherm3G VRA,
and a composite VRA of Sasobit and Evotherm3G were added to the HVMA. This approach aimed to
identify the eco-friendly HVMA with the most effective fume suppression and viscosity-retarding
abilities. Furthermore, the morphology and rheological properties of the eco-friendly HVMA were
examined through fluorescence microscopy, zero shear viscosity test, multiple stress creep recovery
analysis, liner amplitude sweep test, and frequency sweep test. The results demonstrated that
the HVMA formulation consisting of 15% DRP and 1% composite fume suppressant exhibited a
satisfactory fume suppression effect and odor level. Based on this, the HVMA formulation containing
0.6% Evotherm3G and 3% Sasobit VRAs displayed the best viscosity-retarding effect while reducing
the mixing temperature. Moreover, when compared to common HVMA, the eco-friendly HVMA
exhibited excellent high-temperature resistance, successfully accomplishing the dual objectives of
ecological friendliness and superior performance.

Keywords: eco-friendly high-viscosity modified asphalt; viscosity retarding; fume suppression;
rheological properties

1. Introduction

During the process of urban construction, high-viscosity modified asphalt (HVMA)
had attracted significant attention from researchers due to its remarkable performance in
both high and low temperatures as well as its superior durability. However, the high mixing
temperature of HVMA led to the emission of a considerable amount of asphalt smoke
during the production process, particularly for CRMA. The production process of CRMA
often generated more asphalt smoke compared to ordinary HVMA. This not only posed
a serious threat to human health but also resulted in severe pollution to the surrounding
environment. Consequently, these issues greatly impeded the extensive adoption and
application of HVMA in pavement engineering [1–3].

Asphalt fume predominantly consisted of volatile organic compounds (VOCs), poly-
cyclic aromatic hydrocarbons (PAHs), sulfur oxides, and nitrogen oxides. VOCs, in terms
of content and type, represented the majority, with alkanes, olefins, alkynes, benzene
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series, and hydrocarbon derivatives (such as aldehydes and ketones) being the main con-
stituents [4]. Inhalation of these compounds could lead to respiratory difficulties, organ
damage, and even cancer [5]. PAHs, which were a distinct category of VOCs, were typically
considered to be separate components of asphalt fume. They contained highly carcinogenic
substances like acyclic naphthalene, fluoroanthracene, fluorene, naphthalene, benzene, and
pyrene, posing significant threats to human health [6]. Therefore, reducing the release of
asphalt fumes and energy consumption of HVMA have nowadays become a prominent
research area in road engineering [7].

Fundamentally, variations in production temperature played a crucial role in causing
changes in asphalt fume emissions. Elevated temperatures caused the macromolecular
organic compounds in asphalt materials to undergo thermolysis, resulting in the formation
of smaller molecules. With increasing temperatures, the intensity of Brownian motion
was heightened, enabling the escape of small molecules from the organic interface. By
disrupting the Van der Waals forces between asphalt molecules, these small molecules
subsequently combined with gases, steam, and aerosols external to the organic interface,
forming asphalt fumes [7,8]. However, it is important to note that there were significant
differences in the physical and chemical properties between waste rubber and asphalt.
These differences resulted in the poor stability and compatibility of asphalt when waste
rubber was used as an additive. Specifically, at high temperatures, the components of waste
rubber were more susceptible to separation, which led to the release of sulfur-containing
smoke and volatile organic compounds [2,9].

Currently, fume detection methods primarily consist of indoor and on-site detection
techniques, including gravimetric, UV–Vis, and sampling detection techniques [10,11]. The
gravimetric method only permits the measurement of asphalt fume mixture concentration,
whereas the UV visible method allows for the determination of both the concentration
of asphalt fume mixtures and the content of individual polycyclic aromatic hydrocar-
bons [1,11,12]. Sampling detection technology enables the measurement of the composition
and concentration of polycyclic aromatic hydrocarbons (PAHs) in asphalt smoke. Gas
chromatography–mass spectrometry (GC-MS) is presently one of the principal methods
employed for quantitatively characterizing and qualitatively analyzing different compo-
nents of asphalt fume [13–15]. Tang et al., conducted an analysis of fume emissions from
the production process of CRMA using activated carbon adsorption tubes. The collected
samples were further analyzed through GC-MS. The researchers discovered that CRMA
contained nine new compounds that were not present in pure asphalt [3]. Moreover, the
presence of internal sulfur bonds in CRMA led to the release of more volatile sulfur com-
pounds (VSCs). These VSCs included hydrogen sulfide, benzothiazole, 3-methylthiophene,
2-methylthiophene, and others [2,16]. It is worth noting that these compounds possess
strong carcinogenic properties, posing a significant threat to human health [2,4].

In order to mitigate asphalt fume pollution, researchers typically added different types
of fume suppressants to HVMA [17–19]. Lv et al., developed a fume suppressant named
UiO-66 and evaluated its effectiveness in reducing fume production. Its impact on the
concentration of class 1 carcinogens in CRMA was assessed through GC-MS analysis. The
results showed that the addition of UiO-66 resulted in the reduction in class 1 carcinogens
concentration in CRMA by 70% [18]. Li et al., aimed to address the root cause of malodorous
gases in rubber-modified asphalt and devised a composite modifier using desulfurized
rubber powder (DRP) and styrene–butadiene–styrene (SBS). Through desulfurization, the
number of disulfide bonds in the rubber was reduced, thereby minimizing the release of
malodorous gases. The study determined that the optimal proportions were 15% DRP and
4% SBS. Remarkably, the performance of the modified asphalt with this composite modifier
surpassed that of the single-component SBS, resulting in a reduction of over 40% in SO2
emissions, as well as reductions exceeding 50% in nitrogen dioxide (NO2) and nitrogen
oxide (NOx) emissions [19]. This provided a new approach for this study. However, it was
worth noting that during this period, most studies only added traditional smoke inhibitors
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during the process and did not develop efficient target smoke suppressants for asphalt and
asphalt fume components, which should be the direction of future research.

Nowadays, people often reduce the viscosity of HVMA by adding warm mixing
agents, thereby indirectly reducing the energy consumption of HVMA [20]. Various warm
mix additives such as organic waxes, surfactants, and foaming techniques have been
utilized [21–24]. In terms of organic waxes, Jamshidi et al., conducted a review on the
rheological properties and performance of asphalt-containing Sasobit, along with its po-
tential for energy-saving and reduction in greenhouse gas emissions. They found that the
incorporation of Sasobit resulted in a 17.9% reduction in natural gas consumption and a
10% reduction in the use of recycled oil as industrial fuel [21]. Furthermore, Wan et al.,
investigated the modification of asphalt using a surfactant called Evotherm, along with
aluminum hydroxide (ATH). Their findings indicated that the modified asphalt exhibited
improved thermal stability [22]. Additionally, researchers such as Valdes-Vidal et al., had
utilized natural zeolite in the preparation of WMA. Their study demonstrated that the in-
corporation of recycled pavement allowed for lower-temperature mixing and construction,
with promising road performance [23]. However, despite the benefits they offer, warm
mix additives still have some drawbacks as they can potentially negatively impact the
performance of asphalt while lowering the mixing temperature. Therefore, further research
is needed to investigate the effects of additive types and dosages on the performance of
WMA [24].

To enhance the performance of WMA, researchers have proposed a technology called
warm-mix-based viscosity-retarding asphalt (WM-VRA) [25]. This innovative approach
reduces the mixing temperature by implementing higher-temperature viscosity-retarding
techniques, extends the working time through medium-temperature viscosity-retarding
methods, and improves the service viscosity within lower temperature ranges. By achieving
both viscosity-retarding and energy-saving goals, WM-VRA ensures the performance of
HVMA. Furthermore, this paper introduces an area integration method for viscosity–
temperature curves. By comparing the integration areas of viscosity–temperature curves
between various types of WM-VRA and traditional HVMA at different temperatures, we
can evaluate the viscosity-retarding effect of WM-VRA. This research provides a foundation
for selecting HVMAs that could maintain their performance while also being energy-saving
and viscosity-retarding.

This study aims to address the limitations of traditional fume suppressants on modi-
fied asphalt components and the decreased performance of traditional WMA. To achieve
this, an eco-friendly HVMA was developed through the optimization of fume suppressants
and viscosity-retarding agents (VRAs), and the rheological properties of this eco-friendly
asphalt were assessed against standards. The study focused on several key factors. First,
indoor fume evaluations and odor level were conducted to compare the fume suppression
effects of activated carbon, chemical reaction fume suppressants, and composite fume sup-
pressants on DRP-modified HVMA and rubber-modified HVMA. The optimal combination
of fume suppressants was then identified. Building on these findings, different amounts
of Sasobit VRA, Evotherm3G VRA, and a composite VRA of Sasobit and Evotherm3G
were added to screen for the most effective eco-friendly HVMA in terms of fume sup-
pression and viscosity-retarding effects. The mixing temperature and viscosity-retarding
properties of the HVMAs were evaluated using rotating viscosity, temperature sweep, and
viscosity–temperature line integral area tests. Finally, the morphological characteristics
and rheological properties of the eco-friendly HVMA were confirmed through fluorescence
microscopy and dynamic shear rheological tests, demonstrating the feasibility of its per-
formance. This study presented a research and development framework for eco-friendly
HVMA, which aims to reduce asphalt fume emissions and decrease energy consump-
tion during asphalt pavement construction, thereby promoting a green and low-carbon
approach to asphalt pavement development.
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2. Materials and Methods

2.1. Raw Materials

This study utilized Shell 70# asphalt as the base matrix asphalt. Based on a series of
preliminary experiments and the relevant literature, the following additives were selected to
prepare the high-viscosity modified asphalt (HVMA): 0.15% sulfur, 4% styrene–butadiene–
styrene (SBS), 0.75% polyphosphoric acid (PPA), 0.5% antioxidant, and 15% desulfurization
rubber powder (DRP) [17,19]. To determine the most effective fume suppressant, 1% acti-
vated carbon, 1% chemical reaction fume suppressant, and 1% composite fume suppressant
were added to the HVMA separately. Comparative samples included rubber-powder
HVMA with the same components, blank rubber-powder HVMA, and blank DRP-modified
asphalt. Indoor fume and odor-level evaluations were conducted to assess the feasibility
of reducing fume emissions using DRP and to identify the optimal fume suppressant
formulation (as shown in Figure 1).

 

Figure 1. Eco-friendly asphalt determination process.

Subsequently, in the previously optimized fume-suppressing HVMA, different percent-
ages of Sasobit were incorporated, namely 2% Sasobit, 3% Sasobit, 0.5% Sasobit, 0.6% Saso-
bit, 0.5% Evotherm3G + 2% Sasobit, and 0.6% Evotherm3G + 3% Sasobit [19,20]. Through
FM analysis, rotational viscosity testing, and rheological performance testing, eco-friendly
HVMA with a remarkable viscosity-retarding effect and exceptional rheological properties
was chosen.

In this experiment, the chemical reaction fume suppressant utilized a mixture com-
prising 75% zinc ricinoleate, 20% sulfurization promoter, 2.5% magnesium sulfate, and
2.5% silane coupling agent. The sulfurization promoter component consisted of stearic acid
and zinc oxide. To obtain the composite fume suppressant, the chemical fume suppressant
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was combined with activated carbon in a 1:1 ratio. The silane coupling agent was prepared
by blending KH550 and KH560 in a 1:1 ratio.

2.2. Preparation of the Modified Asphalt Samples

The preparation process of eco-friendly HVMA was as follows:

(1) The base asphalt was heated to a temperature of 180~190 ◦C, SBS was then added and
stirred for 10 min, followed by shearing for 15 min at a speed of 1000~3000 r/min.
DRP was added in batches, stirred for 10 min, and sheared for 60 min at a speed of
4000~6000 r/min.

(2) PPA and sulfur were added and sheared for 10 min at a speed of 4000~6000 r/min.
Viscosity-retarding agents (VRAs) and antioxidants were then added and sheared
for 10 min at a speed of 3000~5000 r/min. Finally, fume suppressant was added and
sheared for 10 min at a speed of 4000~6000 r/min.

(3) The temperature was lowered to a range of 170~180 ◦C, and a four-blade mixer
operating at a speed of 600 r/min was used for low-speed stirring for 30 min to
eliminate foaming. Subsequently, the mixture was taken out and placed in an oven at
170~180 ◦C for 30 min to undergo swelling and development.

(4) Once the product was inspected and deemed qualified, it was certified as an eco-
friendly HVMA and stored for insulation.

2.3. Experimental
2.3.1. Fluorescence Microscopy (FM) Observation

The FM sample of HVMA was prepared through the hot casting method. The FM
micrographs were captured at room temperature using the Olympus Fluorescence micro-
scope system, and a series of images with magnifications of 10 and 20 were obtained. This
method was used to observe the crosslinking of HVMA and the distribution of modifiers.

2.3.2. Indoor Fume Assessment

In this study, the fume suppression effect was evaluated by observing the fume release
of different fume-reducing asphalt materials. Firstly, in a fume hood, the 10 g of asphalt
was heated to 185 ◦C for ten minutes. A video recording was then started with a duration
of 1 min to monitor the fume release of different HVMAs. Finally, images of HVMA fume
release at 30 s were collected for comparative analysis.

2.3.3. Odor-Level Evaluation

To assess the intensity of unpleasant odor emitted by high viscosity asphalt, this study
employed the Japan Odor Discomfort Scale (JODS) developed by the Ministry of Land,
Infrastructure, Transport, and Tourism (MLIT) in Japan. JODS categorized odor levels on
a scale ranging from 0 to 5, denoting the absence of discomfort (level 0) to the maximum
extent of discomfort (level 5) (Table 1).

Table 1. Japanese odor-level evaluation.

Strength Grade

0 No odor
1 Can barely feel the odor
2 The odor is weak but can distinguish properties
3 Easy to feel the odor
4 Strong odor
5 An unbearable strong odor

The experiment recruited 10 participants, including 5 males and 5 females, aged
between 25 and 50 years old. They were provided with standardized guidelines for
scoring the odorous experience. During the evaluation process, participants described and
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evaluated the odor based on their personal perception and experiences, taking into account
factors such as the intensity, discomfort level, color, and duration of the odor stimulus.

The scores provided by the participants, which ranged from 0 to 5, reflected their
individual perceptions of the intensity and level of discomfort associated with the odor.
Statistical analysis was employed to summarize and report the evaluation results. The
interpretation of these results allowed for a comprehensive description and understanding
of the odor levels, with higher scores indicating heightened levels of odor perception
and discomfort.

2.3.4. Viscosity Test Performed by Rotational Viscometer

In this study, the rotational viscosity test was conducted using the Brookfield vis-
cometer method [26]. The test was mainly performed using a rotational viscometer to
measure the apparent viscosity of road asphalt within the temperature range above 155 ◦C.
This measurement was used to determine the construction temperature of various asphalt
mixtures and provides a data basis for viscosity-retarding evaluation. The test results might
be influenced by external factors, so it was common practice to take the average of three
readings as the result during the experiment.

2.3.5. Temperature Sweep (TS) Test

In order to monitor the rheological properties of asphalt as it ages over a wide tem-
perature range, temperature scanning tests were conducted from low temperature to high
temperature (30 ◦C to 100 ◦C, intervals of 10 ◦C) at a constant frequency of 10 Hz and
a strain of 1%. Throughout the process, a plate with a geometry shape of 8 mm and
a gap of 1 mm was used for oscillation testing. The complex shear modulus (G*) and
phase angle (δ) at different temperatures were obtained. Three repeated averages were
used, and the coefficient of variation was kept within 5%. This method was used to mea-
sure the complex viscosity of HVMA from 30 ◦C to 100 ◦C, providing a data basis for
viscosity-retarding evaluation.

2.3.6. Shearing Rate Sweep Test

The zero shear viscosity test was conducted using a dynamic shear rheometer with a
shear rate scanning experiment. Combined with rheological modeling and fitting analysis,
the zero shear viscosity could be obtained. The shear rate scanning experiment measured
the rotation speed and torque of the circular plate to obtain viscosity. By continuously
applying different torques, the viscosity at different shear rates could be obtained, thus
obtaining the flow curve of the asphalt sample [27]. The specific calculation procedures
could be found elsewhere [28]. This method was used to evaluate the rheological properties
of HVMA.

2.3.7. Multiple Stress Creep Recovery (MSCR) Analysis

The multiple stress creep recovery (MSCR) test using a dynamic shear rheometer
(DSR) was conducted to evaluate the elastic recovery of HVMA at temperatures ranging
from 58 ◦C to 82 ◦C, under creep stresses of 0.1 kPa and 3.2 kPa with intervals of 6 ◦C.
The MSCR test involved applying a 1 s creep load followed by a 9 s recovery period for
each cycle. The strain recovery and nonrecoverable creep compliance were computed in
accordance with AASHTO 70-1 [29]. In this study, the recovery percentage at 3.2 kPa (R3.2)
and the non-recoverable creep compliance at 3.2 kPa (J3.2) were used as indicators, and
each sample was tested twice with duplicates, with the average value taken. The specific
calculation procedures could be found elsewhere [30].

2.3.8. Liner Amplitude Sweep (LAS) Test

The LAS test was utilized to evaluate the intermediate-temperature performance
based on AASHTO TP101 [31]. The standard loading procedure for the LAS test involved
applying controlled strain loadings, with the sinusoidal load amplitude increasing linearly
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from 0.1% to 30% within 5 min at a frequency of 10 Hz in, and a test temperature of 20 ◦C.
In this study, the LAS test conducted over a duration of 5 min was referred to as LAS-5.
This method was used to measure the fatigue life of HVMA.

2.3.9. Frequency Sweep (FS) Test

In this study, FS tests were conducted at temperatures of 85 ◦C, 65 ◦C, 45 ◦C, 25 ◦C, and
5 ◦C to provide sufficient data basis for constructing rheological master curves. Sweeping
from 5 ◦C to 35 ◦C used an 8 mm rotor, while scanning from 40 ◦C to 100 ◦C used a 25 mm
rotor. The frequency range of the scanning was 0.1 to 100 Hz. The strain level employed
was 1%. More detailed information could be found elsewhere in references. It should
be noted that each asphalt binder was tested twice, and the average values were used in
this study [32,33]. This method was used to evaluate the complex rheological properties
of HVMA.

2.4. Evaluation Method

This study employed an evaluation method to assess the effectiveness of viscosity-
retarding by comparing the area enclosed by the viscosity–temperature curve and the
coordinate axis (as shown in Figure 2). The figure below illustrates the ideal viscosity–
temperature curve for a warm-mixing-based viscosity-retarding asphalt (WM-VRA). It
could be observed that the viscosity–temperature curve of the WM-VRA intersected with
that of a typical HVMA. Within the lower temperature range of 50–100 ◦C, the viscosity of
the WM-VRA was higher. If the area S1* enclosed by the viscosity–temperature curve of
the WM-VRA and the coordinate axis was larger than the area S1 enclosed by the viscosity–
temperature curve of the common HVMA and the coordinate axis, then it indicated that
the WM-VRA demonstrated superior performance in viscosity-retarding:

SD = S1 − S∗
1 (1)

 
Figure 2. Mechanism diagram of viscosity-retarding effect.

When SD was less than 1, HVMA was considered to exhibit a lower-temperature
viscosity increase effect. A smaller SD value indicated that the lower-temperature viscosity
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of the WM-VRA was higher compared to the original sample, suggesting a better lower-
temperature viscosity increase effect.

In the higher temperature range (155–200 ◦C), the viscosity of the HVMA was lower,
and the area S2* enclosed by its viscosity–temperature curve and the coordinate axis was
smaller than the area S2 enclosed by the viscosity–temperature curve of common HVMA.

SG = S2 − S∗
2 (2)

When SG was greater than 1, it was considered that HVMA exhibited a higher-
temperature viscosity-retarding effect. As the SG value increases, the high-temperature
viscosity of HVMA decreased compared to the original sample, suggesting a more pro-
nounced improvement in higher-temperature viscosity reduction.

When both conditions were met simultaneously (i.e., SD < 1 and SG > 1), HVMA
was considered to have viscosity-retarding properties, and its viscosity-retarding effect
was evaluated using a formula. As the SV increased, the viscosity-retarding effect of
HVMA improved:

SV = SG − SD (3)

2.5. Test Process

The experimental procedure framework is showed in Figure 3. Firstly, through in-
door fume suppression assessment and odor level evaluation, optimal fume suppressants
and their respective dosages were determined. Subsequently, various types and dosages
of VRAs were added to the fume-suppressed modified asphalt. The HVMA viscosity–
temperature relationship was determined through the utilization of the Brookfield ro-
tational viscometer (RV) and temperature sweeping experiments, and the effectiveness
of viscosity-retarding was evaluated using the area method. Furthermore, the internal
network structure of the HVMA was examined using fluorescence microscopy, and the
rheological properties of the HVMA were assessed using a dynamic shear rheometer (DSR).

 

Figure 3. The framework of the experimental procedure.

The modification process of asphalt binder lasted for a period of two weeks, during
which, potential thermal and oxidative aging could occur. In order to prevent these aging
issues, it was ensured that all test quantities for each tank of HVMA samples were poured
in one attempt. This approach was adopted to avoid any thermal aging that could be
caused by subjecting the binder to multiple heating cycles. Simultaneously, after the
pouring and cooling process, each sample was individually wrapped with silicone oil
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paper. This precaution was taken to prevent any oxidation and aging problems that may
arise during storage.

3. Results and Discussion

3.1. Morphological Analysis

The FM images in Figure 4 depict the morphological features of HVMA modified with
varying types and concentrations of viscosity-retarding agents (VRAs) at a magnification
of 100×. In Figure 4a,b, the polymer phase is uniformly dispersed within the asphalt phase.
The addition of Evotherm3G, in comparison to the control group, enhanced the network
structure of high-viscosity modified asphalt (HVMA). With an increasing concentration
of Evotherm3G, the network structure became more pronounced. On the other hand, in
Figure 4c,d, the addition of Sasobit and fume suppressants did not impact the network
structure of SBS in the asphalt, and both Sasobit and fume suppressant particles were
evenly disseminated within the asphalt phase. Turning to Figure 4e,f, the presence of both
Sasobit and Evotherm3G led to a complex structure in HVMA, where the network structure
was less apparent compared to HVMA with a single component added. Nevertheless,
a continuous spatial network structure still existed. This observation might arise from
a series of unknown reactions that occur when both additives are simultaneously intro-
duced, potentially influencing the subsequent generation of a crosslinked network. Further
comprehensive investigation is required to unravel the underlying mechanisms.

 
Figure 4. Fluorescence micrograph of different HVMAs.

3.2. Fume-Suppressing Effect Evaluation

Figure 5 shows the fume release and odor levels of different HVMA based on indoor
fume assessment and odor level assessment described in Sections 2.3.2 and 2.3.3. According
to Figure 5, it is evident that the fume suppression effect and odor level of HVMA using
different types of fume suppressants (activated carbon; chemical reaction fume suppres-
sants) were usually better than unmodified asphalt without fume suppressants. Compared
with the use of chemical reaction fume suppressants, the addition of activated carbon had
a slightly better fume suppression effect, but had a higher odor level. The odor level of
HVMA chemical reaction fume suppressants with 15% DRP added was one level higher
than that of activated carbon. This difference might be attributed to the composition of
chemical reaction inhibitors—zinc castor oleate and vulcanization accelerators. The zinc
oxide presented in the vulcanization promoter forms a zinc salt with the help of stearic acid.
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This zinc salt was soluble in asphalt, improving the vulcanization efficiency of HVMA,
thereby enhancing its high-temperature stability, and indirectly reducing the emission
of foul gases such as H2S and SO2 during the vulcanization process of the stabilizer. In
addition, zinc castor oil effectively eliminated odors through chemical reactions between
internal active zinc atoms and the generated sulfur and nitrogen substances. Activated
carbon exhibited significant adsorption capacity for asphalt fume through its inherent
adsorption principle, visually reducing fume emissions.

 
Figure 5. Emission of HVMA fume gas under different fume suppressants.

The emission of fumes from HVMA was significantly improved when composite
odor-removing agents were added, compared to modified asphalt with single-component
additives. And the odor levels were all level 1, which is superior to the odor level of adding
chemical reaction fume suppressants and activated carbon separately. This suggested
a synergistic effect between activated carbon and chemical reaction fume suppressant.
Therefore, the 1% composite fume suppressant could be considered the optimal choice in
this study. Additionally, the fume emission and odor level from high-viscosity modified
asphalt (HVMA) with the addition of desulfurization rubber powder (DRP) were lower
than ordinary rubber-powder HVMA. This indicated that 15% DRP could be deemed as an
effective asphalt addictive in this study. This was because the desulfurized rubber powder
was a byproduct of ordinary rubber powder that underwent a desulfurization process,
resulting in a significant reduction in sulfur content compared to regular rubber powder.
As a result, it helped to prevent the generation of foul gases such as hydrogen sulfide,
which arose from the breaking of sulfur bonds in rubber.

3.3. Energy-Saving Effect Evaluation
3.3.1. Rotational Viscosity Test Analysis

As depicted in Figure 6a, the viscosity of all seven types of HVMAs showed a decreas-
ing trend as the temperature increases. HVMA conditioned with VRAs exhibited a more
pronounced decrease in viscosity compared to common HVMA. Among these, the most
significant viscosity reduction was achieved when adding 2% Sasobit, 2% Sasobit, and
0.6% Evotherm3G + 3% Sasobit to the asphalt separately. This could be attributed to the
fact that, at elevated temperatures, the solid particles of Sasobit dissolved completely in the
asphalt, leading to the formation of a liquid structural wax film, ultimately resulting in a
reduction in asphalt viscosity [34].
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(a) ( ) 

Figure 6. The viscosity temperature curve (a) and mixing temperature (b) of HVMAs under different
VRAs.

Compared to regular HVMA, the addition of Evotherm3G led to a reduction in
viscosity, although it still remained higher than that of Sasobit additives. The mixing
temperature of different HVMA formulations could be determined by analyzing the
viscosity–temperature curve, as depicted in Figure 6b. Notably, the mixing tempera-
ture of regular HVMA was the highest, reaching 193 ◦C, while the mixing temperature of
single-component VRAs asphalt was the lowest. The rotational viscosity of HVMA after
incorporating Evotherm3G did not differ significantly from that of regular HVMA, but
the mixing temperature was lower. This suggested that although the initial addition of
Evotherm3G might result in an increase in HVMA viscosity, its viscosity decreased more
rapidly as the temperature rises. In the end, there was no substantial difference in the final
mixing temperature when compared to HVMA supplemented solely with Sasobit as an
additive. Furthermore, when compared to single-component additives, the mixing temper-
ature of the two HVMA groups with composite VRAs was slightly higher. However, the
HVMA formulation with 0.6% Evotherm3G + 3% Sasobit did not significantly differ from
the HVMA formulation with 0.6% Evotherm3G alone. Hence, this specific combination
could be deemed as an appropriate dosage for achieving the desired viscosity reduction in
this eco-friendly HVMA formulation.

3.3.2. Evaluation of the Viscosity-Retarding Effect

Based on the previously obtained viscosity–temperature curve, a polynomial was
employed to accurately fit the data. Moreover, temperature scanning experiments were
conducted to measure the complex viscosity of different high-viscosity asphalt samples
within the temperature range of 30 ◦C to 100 ◦C (as depicted in Figure 7a). The viscosity-
retarding performance of HVMA was evaluated using the on the integral area method (as
shown in Table 1). The areas enclosed by each HVMA sample and the coordinate axes
conditions were separately calculated under higher temperatures and lower temperatures.
The outcomes of the integral area calculations for seven groups of HVMA samples are
presented in Figure 7. The results were accurate to one decimal place with Scientific notation
(Table 2).

111



Coatings 2023, 13, 1497

 
(a) (b) 

Figure 7. The low temperature complex viscosity curve (a) and viscosity-retarding effect results of
HVMAs under different VRAs (b).

Table 2. Results of the viscosity-retarding effect.

Addictive S1 S2 SG SD

Retarding
Viscosity Effect

Presence (Yes/No)
Sv

Base 5.9 × 1010 4.9 × 104 0 0 -- --
0.5% Evotherm3G 4.2 × 1010 6.5 × 104 1.7 × 1010 −1.6 × 104 No --
0.6% Evotherm3G 1.3 × 1011 4.2 × 104 −7.5 × 1010 7.0 × 103 Yes 7.5 × 1010

2% Sasobit 6.5 × 1010 3.9 × 104 −6.4 × 109 1.0 × 104 Yes 6.4 × 109

3% Sasobit 4.0 × 1010 4.2 × 104 1.9 × 1010 6.6 × 103 No --
2% Sasobit +

0.5% Evotherm3G 1.3 × 1011 4.2 × 104 −7.2 × 1010 7.1 × 103 Yes 7.2 × 1010

3% Sasobit +
0.6% Evotherm3G 7.7 × 1010 2.4 × 104 −1.8 × 1010 2.5 × 104 Yes 1.8 × 1010

According to the data in Table 1, it was evident that the SG value of HVMA containing
0.5% Evotherm3G and 3% Sasobit was greater than 0, indicating that these two HVMAs
did not achieve any low-temperature viscosity increasing effect. It could be seen that the
addition of single-component Sasobit and Evotherm3G not only reduced high-temperature
viscosity, but also led to a decrease in low-temperature viscosity. This was because when
Sasobit and Evotherm3G were added separately, the long-chain hydrocarbons in Sasobit
melted and formed an organic wax film inside HVMA, while Evotherm3G generated a
structural water film inside the asphalt during the addition process, thereby reducing
friction between asphalt molecules and further reducing the viscosity of the mixture [34].

The composition of HVMA with 0.6% Evotherm3G, 2% Sasobit, 0.5% Evotherm3G
+ 2% Sasobit, and 0.6% Evotherm3G + 3% Sasobit satisfied the criteria of SD values less
than 0 and SG values greater than 0. By comparing the Sv values of these three methods,
the ranking of the viscous effects could be established as follows: 0.6% Evotherm3G >
0.5% Evotherm3G + 2% Sasobit > 0.6% Evotherm3G + 3% Sasobit > 2% Sasobit (as indicated
in Figure 7). This analysis revealed that Evotherm3G played a primary role in promoting
slow adhesion in HVMA, with 2% Sasobit being the next most effective additive.
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3.4. Rheological Performance Characterization
3.4.1. Shearing Rate Sweep Test Analysis

The flow curve of the eco-friendly asphalt is shown in Figure 8. When the shear
stress surpassed the yield stress, the asphalt underwent gradual orientation, extension,
deformation, and dispersion in the direction of flow, which exhibited a Newtonian flow
state known as the Newtonian flow region. Within this region, the viscosity approaches
a constant value, which was referred to as zero shear viscosity (ZSV). A higher ZSV
for asphalt materials signified a greater resistance to long-term deformation under load,
improved asphalt film on aggregate surfaces, enhanced adhesion, increased water stability,
and heightened fatigue resistance.

 
(a) ( ) 

Figure 8. Scatter plots (a) and bar plots (b) of zero shear viscosity of HVMAs under different VRAs.

Figure 8 depicts that the ZSV of the modified asphalt, containing varying amounts
of single-component Sasobit, surpassed that of the blank control group. This observation
suggested that the incorporation of Sasobit enhanced the long-term load deformation
resistance of the modified asphalt to some extent. It is worth noting that compared to
HVMA with 2% Sasobit added, HVMA with 3% Sasobit added had a slightly lower zero
shear viscosity. This could be attributed to the organic wax-based nature of Sasobit, which
upon increasing dosage, formed an organic wax film within the asphalt. Consequently,
this film acted as a lubricant, thereby slightly reducing the viscosity of the HVMA [34].
Furthermore, the ZSV of the HVMA, incorporating single-component Evotherm3G, was
lower than that of the blank control group. This discrepancy might be attributed to
the formation of a structural water film due to the presence of the surfactant, which
subsequently led to a decrease in asphalt viscosity [35]. While the decrease in ZSV resulted
in a reduced deformation resistance of the HVMA after adding Evotherm3G, it also implied
that the HVMA could more easily attain the required viscosity for mixing, effectively
reducing the mixing temperature. The difference in ZSV between high and low contents
of Evotherm3G was not significant, indicating that the viscosity decrease in the HVMA
with increasing content of Evotherm3G was not pronounced, and it still maintained the
deformation resistance at low content.

The ZSV of the composite VRAs Sasobit/Evotherm3G at high and low contents
was significantly higher compared to the addition of either of the two single-component
additives or the blank control group. This indicated that the combination of these two
additives could significantly enhance the deformation resistance of the HVMA by possibly
operating through different mechanisms. These distinct mechanisms of action between
Sasobit and Evotherm3G resulted in varying effects of the two additives on the viscosity of
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the mixture, consequently leading to an increase in solute concentration within the mixture
system [21,24]. As a result, the ZSV was elevated. Although the ZSV of the high-content
composite additive was slightly lower than that of the low-content additive, the overall
difference between the two was minimal.

3.4.2. Multiple Stress Creep Recovery (MSCR) Analysis

The Multiple Stress Creep and Recovery (MSCR) test was widely considered as the
preferred method for characterizing the high-temperature performance of asphalt binders.
This test results accurately reflected the elastic recovery properties of HVMA, as shown in
Figure 9. Specifically, the parameter R3.2 provided a direct reflection of the binder’s elastic
recovery, allowing for the evaluation of its elastic response and dependency. Furthermore,
J3.2 represented the non-recoverable creep compliance of the binder, serving as an indicator
of the asphalt binder’s resistance to permanent deformation under repeated loading at
high temperatures. In this study, the recovery rates R0.1, R3.2, and non-recoverable creep
compliance Jnr0.1, Jnr3.2 of various HVMA types were plotted at stress levels of 1.0 kPa and
3.2 kPa, while considering a range of temperatures, respectively.

 
(a) ( ) 

 
(c) (d) 

Figure 9. The R0.1 (a), R3.2 (b), and J0.1 (c), J3.2 (d) of HVMAs under different VRAs.

Figure 9a illustrates the relationship between R0.1 and experimental temperature for
seven asphalt samples that were subjected to a stress of 0.1 kPa. The horizontal axis
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represents the experimental temperature, while the vertical axis represents the elastic
recovery rate. Initially, the creep recovery rate of the blank control group decreased slightly
as the temperature rose. However, when the temperature reached around 75 ◦C, the creep
recovery rate sharply decreased. The R0.1 of the other six modified HVMA samples also
decreased with increasing temperature. Among them, the sample with only one type of
VRA showed a much larger decrease compared to the blank control group, especially the
sample with 3% Sasobit, which exhibited the greatest decrease. This decrease could be
attributed to the degradation of polymers in HVMA at high temperatures, leading to a
significant decrease in creep recovery rate. On the other hand, samples with a combination
of two rejuvenators showed higher creep recovery rates than the blank control group, and
the rate of decrease was slower compared to the blank control group. This was because
the addition of both can improve the cohesion between asphalt molecules, forming a more
compact structure, thereby improving the elastic recovery performance of asphalt.

Figure 9b depicts the relationship between the R3.2 and experimental temperature
of seven asphalt samples under a stress of 3.2 kPa. The creep recovery rate of all seven
groups of samples continuously decreased with the increase in temperature. In the initial
stages, the decline rate of HVMA was relatively slow as the temperature rises. When the
temperature reached around 75 ◦C, the creep recovery rate sharply decreased. Except
for the HVMA with 0.5% Sasobit and 3% Sasobit added, the R3.2 of the six groups of
samples with VRA was not significantly different from the blank control group. Among
them, the R3.2 of HVMA after 0.6% Evotherm3G + 3% Sasobit was slightly higher than
that of ordinary HVMA. This indicated that the elastic recovery performance of HVMA
had been enhanced to a certain extent after the addition of composite VRA. Figure 9c
illustrates the relationship between Jnr0.1 and experimental temperature for seven asphalt
samples subjected to a stress of 0.1 kPa. Prior to reaching a temperature of 76 ◦C, the
increase in Jnr0.1 was relatively gradual compared to the control group. The differences in
Jnr0.1 among the seven groups of samples were not statistically significant, suggesting that
HVMA demonstrated similar resistance to rutting within this temperature range. However,
after the temperature surpassed 76 ◦C, Jnr0.1 displayed a sudden increase, and the samples
with a single VRA exhibited higher Jnr0.1 values compared to those with common HVMA.
This observed variance could be attributed to the degradation of polymers in HVMA at
high temperatures, which correlated with the trend observed in R0.1. It is noteworthy
that the introduction of combination VRAs demonstrated robust resistance to rutting.
Specifically, under high-temperature conditions, the upward trend of Jnr0.1 was noticeably
slower and considerably lower compared to common HVMA. These findings indicated that
HVMA with composite VRA had excellent resistance to rutting under a stress of 0.1 kPa in
high-temperature conditions.

Figure 9d depicts the relationship between Jnr3.2 and experimental temperature for
seven asphalt samples subjected to a stress of 3.2 kPa. Prior to reaching a temperature of
76 ◦C, the Jnr3.2 values of the seven HVMAs were found to be higher than that of common
HVMA. This suggested that HVMAs exhibited weaker resistance to rutting than common
HVMA within the mid-temperature range, although the difference was not statistically
significant. However, as the temperature exceeded 76 ◦C, the Jnr3.2 values of the three
groups with 3%Sasobit, 0.5% Evotherm3G + 2% Sasobit, and 0.6% Evotherm3G + 3% Sasobit
VRAs decreased compared to that of common HVMA. Among these, the reduction was
most pronounced for the 0.6% Evotherm3G + 3% Sasobit group. These findings indicated
that under a stress of 3.2 kPa, high-dosage combination VRAs exhibited excellent resistance
to rutting in high-temperature conditions for HVMA.

3.4.3. Analysis of Fatigue Life Prediction from LAS Test

Figure 10 illustrates the fatigue life values of different HVMAs under different strain
conditions (2.5%, 5%). For a strain condition of 2.5%, except for 0.6% Evotherm3G +
3% Sasobit, the fatigue life of HVMA with other additives exhibited higher values com-
pared to ordinary HVMA. It is worth noting that HVMA with the addition of 2% Sasobit,
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3% Sasobit, and 0.5% Evotherm3G + 2% Sasobit, respectively, had a higher fatigue life,
with an Nf value exceeding 40,000. The reason for this notable improvement could be
attributed to the addition of Sasobit, which increased the zero shear viscosity of HVMA.
This, in turn, ensured that the asphalt maintains high stability, effectively resisting road
reactions and preventing oxidation damage even under high temperature conditions. As a
result, the durability and fatigue life of the asphalt were substantially improved. While an
increase in the dosage of single-component Sasobit marginally improved the fatigue life
of HVMA, the enhancement was not particularly significant. Remarkably, the Nf value
of 0.5% Evotherm3G + 2% Sasobit reached as high as 45,300, which stood as the highest
fatigue life value among the seven groups of HVMA.

 

Figure 10. Fatigue life for tested HVMAs.

The fatigue life of HVMA with the addition of the VRA Evotherm3G was slightly
lower compared to Sasobit, but still higher than that of common HVMA. As the dosage of
Evotherm3G increased, the fatigue life began to decrease slightly. Among them, the fatigue
life of HVMA after adding 0.6% Evotherm3G + 3% Sasobit was 27,658, which had the lowest
fatigue life among the seven groups of HVMA, but still met the requirements for road
performance. It could be inferred that increasing the dosage of Sasobit further enhanced the
fatigue life of the HVMA, while increasing the dosage of Evotherm3G slightly decreased the
fatigue life of the HVMA. This could be attributed to a series of unknown reactions between
Evotherm3G and Sasobit, resulting in a decrease in fatigue life. However, further research
is needed to provide additional evidence. Considering various performance indicators of
the HVMA, adding 0.5% Evotherm3G + 2% Sasobit and 0.6% Evotherm3G + 3% Sasobit
remained the optimal choice for eco-friendly HVMA in this screening process.

3.4.4. Frequency Sweep Test Results

Figure 11 illustrates the relationship between the complex modulus and phase angle
of different HVMA samples with varying frequencies. A comparison of the seven images
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revealed that, during the high-temperature stage at 85 ◦C, the complex modulus of the
blended HVMA with Sasobit/Evotherm3G demonstrated a significantly higher value
compared to the other five groups. Specifically, the main curve of the complex modulus for
the sample containing 0.6% Evotherm3G + 3% Sasobit exhibited a particularly noticeable
increase when compared to the remaining six groups. This finding suggested that the
addition of both Saosbit and Evotherm3G enhanced the elasticity of HVMA, thereby
improving its high-temperature performance for road applications. This improvement
could be attributed to the ability of Sasobit and Evotherm3G to enhance the fluidity and
plasticity of asphalt by altering its viscosity and flow characteristics, resulting in a higher
deformation capacity and improved crack resistance. Consequently, the high-temperature
stability of HVMA was significantly enhanced [21].

Figure 11. Moduli and phase angles of HVMAs under different VRAs.

Figure 11 illustrates the relationship between the complex modulus and phase angle
main curves as a function of frequency. Upon observation, it was evident that the main
curves of the HVMA samples displayed an increasing trend in the complex modulus with
a higher frequency. Conversely, the main curves of the phase angle initially increased and
then decreased. The low-frequency region represented the high-temperature characteristics
of HVMA, whereas the high-frequency region represented its low-temperature behavior.
Consequently, an elevation in temperature corresponded to a decrease in the complex
modulus of HVMA. When comparing the main curves of the complex modulus for vari-
ous VRAs within the HVMA, it became apparent that, with the exception of the sample
containing 0.6% Evotherm3G + 3% Sasobit, the differences in complex modulus in the low-
frequency region were minimal; this indicated that the remaining HVMA groups exhibited
similar properties to common HVMA. However, due to the limitations imposed by high
frequencies (low temperatures) on the movement of asphalt molecules in HVMA, the im-
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pact of VRA type and dosage on the complex modulus gradually weakened. Consequently,
all the modulus curves converged to a single intersection point at high frequencies.

Upon analyzing the main curves of the phase angle, it was discerned that all seven
groups of HVMA exhibited an increase followed by a subsequent decrease in the phase
angle. This decrease in the high-frequency region was primarily attributed to the volatiliza-
tion and transformation of light components within the asphalt. These transformations
influenced the elastic response of the asphalt, ultimately leading to an enhancement in
its overall elasticity. Conversely, the dominant factor affecting the phase angle was the
degradation behavior of the polymer network within the HVMA. The degraded network
structure was unable to provide additional elasticity to the HVMA, resulting in an increase
in the phase angle. Notably, it was observed that as the dosage of the VRA increased,
the polymer content within the HVMA similarly rose, thereby causing a more significant
increase in the phase angle.

In high-temperature environments (specifically in the low-frequency region), the
inclusion of a higher dosage of Sasobit/Evotherm3G resulted in an amplified degree of
polymer crosslinking. Consequently, this led to a more noticeable decrease in the main
curve of the phase angle. Conversely, the phase angle experienced minimal changes in the
high-frequency region. This could be attributed to the fact that the viscoelastic properties
within the high-frequency region were predominantly governed by the asphalt phase itself.
Although the VRAs underwent reactions with certain functional groups within the asphalt,
these reactions were relatively limited in comparison to their interactions with the polymers.
As a result, the addition of the VRA did not exert a significantly impact the viscoelastic
proportion of the asphalt phase.

4. Conclusions and Outlook

This study evaluated the fume suppression effect and odor level of different fume
suppressants on high-viscosity modified asphalt (HVMA) through indoor fume assessment
firstly. Based on this, the influence of different viscosity-retarding agents (VRAs) on
the mixing temperature, viscosity-retarding, and rheological properties of HVMA were
investigated. The main conclusions of this research are as follows:

(1) According to the fume-suppressing effect and odor-level evaluation results, the fume
suppression effect and odor level effect of the DRP-modified HVMA was superior
to that of rubber-modified HVMA when different types of fume suppressants were
added. Furthermore, the ranking in terms of fume suppression effects was: composite
fume agent > activated carbon > chemical reaction fume suppressant. And the odor
level of adding composite fume suppressants sharply decreased to level one, far lower
than the level three of ordinary base HVMA. Ultimately, it was determined that the
1% composite fume suppressants was selected as the optimal fume suppression plan.

(2) The mixing temperatures of different HVMAs were determined based on their
viscosity–temperature curves. It was found that the addition of VRA could reduce
the mixing temperature of HVMA to 4–10 ◦C. A novel method based on the inte-
grated area of viscosity–temperature curve was proposed in this research to evaluate
the viscosity-retarding effect of different VRAs. Finally, the HVMA containing with
0.6% Evotherm3G + 3% Sasobit VRAs had the optimal viscosity-retarding effect and
lower mixing temperature, and was determined as the eco-friendly HVMA.

(3) The morphological characteristics and rheological properties of various HVMAs
were evaluated. After Sasobit/Evotherm3G was added, the network structure of the
HVMA was not as apparent as that of the HVMA with a single component added,
but a continuous spatial network structure still existed. The research results of ZSV,
MSCR, and LAS indicated that the selected eco-friendly HVMA exhibited better high-
temperature resistance compared to common HVMAs, and the fatigue life also met
the performance requirements.

Overall, the focus of this study was to study an eco-friendly HVMA and propose a
new evaluation method to contribute to the sustainable development of road materials.
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However, this study solely illustrated the inhibitory effects of composite fume suppressants
on visible fume and foul odor gases in asphalt fumes. In future research, our attention
would shift toward exploring the impact of composite fume suppressants on the invisi-
ble components of asphalt fume, as well as on enhancing the evaluation method for the
viscosity-retarding effect. Furthermore, we intended to broaden the scope of our inves-
tigation to encompass the fume release of asphalt mixtures during the paving process,
providing technical support for the development of high-performance and eco-friendly
asphalt. In addition, the material combinations selected in this study and the evaluation
methods for fume suppression still needed to be further optimized.
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Abstract: In order to address the high preparation cost of styrene–butadiene–styrene block copolymer
(SBS) modified asphalt, four kinds of polyphosphoric acid (PPA) content (0%, 0.5%, 0.75%, and 1%
PPA by weight of the matrix asphalt) were selected to prepare composite modified asphalt with
better high-temperature performance. The physical properties of composite modified asphalt were
evaluated by conventional performance tests. The rheological properties of composite modified
asphalt were evaluated by dynamic shear rheometer (DSR) test and bending beam rheometer (BBR)
test. The synergistic modification mechanism of PPA and SBS was revealed by the Fourier transform
infrared spectroscopy test. The results show that with the increase of PPA content, the penetration
of PPA/SBS composite modified asphalt is reduced by 20.92%, 25.07% and 28.94%, respectively,
compared with matrix asphalt, and the softening point is increased by 5.46%, 22.69% and 34.03%,
respectively. In addition, PPA can improve the thermal oxidative aging resistance of asphalt. PPA can
improve the shear resistance, high-temperature performance and temperature sensitivity of asphalt.
At 82 ◦C, compared with SBS modified asphalt, the phase angle of PPA/SBS composite modified
asphalt can be decreased by 8.63%, 13.23% and 19.24%, respectively, and G*/sinδ can be increased by
41.97%, 67.62% and 70.97%, respectively. SBS mainly exists in asphalt in the form of physical blending,
and PPA has a new chemical reaction with asphalt, which increases the macromolecules and chain
hydrocarbon components in asphalt, and the macroscopic performance is the improvement of high-
temperature performance of asphalt. However, PPA has a negative effect on the low-temperature
performance of the SBS modified asphalt.

Keywords: polyphosphoric acid; modified asphalt; rheological properties; zero shear viscosity;
temperature sensitivity; microscopic mechanism

1. Introduction

Asphalt pavement is widely used in road construction because of its comfortable
driving performance and low noise. However, in the service process of asphalt pavement,
it is susceptible to rutting, cracks and potholes due to the coupling of climatic change, load,
light and other factors, which seriously affect the service life of asphalt pavement [1–3]. As
a by-product of crude oil processing, the extensive use of asphalt will inevitably lead to
frequent exploitation of crude oil, resulting in environmental pollution and energy shortage,
which is contrary to current global green initiatives and concepts related to environmental
protection and sustainable development [4–6].

Researchers usually use styrene–butadiene–styrene block copolymer (SBS), styrene
butadiene rubber (SBR), polyethylene (PE) and other polymers to modify asphalt, which is
a common method to solve the deterioration of pavement materials [7–10]. Among these
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modifiers, SBS modifier is widely used because it has the advantage of significantly improv-
ing the high- and low-temperature performance of matrix asphalt, but its compatibility with
matrix asphalt is poor, and it is prone to segregation during transportation. In the actual
use process, there are problems such as road performance degradation and weak anti-aging
ability, which in turn lead to the reduction of pavement service life and the increase of life
cycle construction cost [11–13]. Polyphosphoric acid (PPA) is an inorganic acid modifier
formed by the polymerization of various phosphoric acids, but its acidity is less than that
of sulfuric acid and nitric acid. It is a colorless, transparent and viscous liquid at room
temperature, and the viscosity is positively correlated with the content of phosphoric acid
(H3PO4). It plays a corresponding chemical role as a different functional admixture in
organic synthesis [14]. PPA has the characteristics of easy access and low cost, so it has
quickly attracted the attention of researchers. The physical properties, high-temperature
properties and anti-aging properties of PPA modified matrix asphalt were studied [15–17].
For example, Ramayya et al. [18] found that PPA significantly increased the proportion
of asphaltene to improve the high-temperature performance of asphalt by studying the
rheological properties of PPA modified asphalt in the middle and high temperature range.
Xiao F et al. [19] analyzed the rotational viscosity, anti-rutting factor, phase angle and failure
temperature of polyphosphate modified asphalt and found that the rotational viscosity
and anti-rutting factor of polyphosphate modified asphalt showed a gradually increasing
trend with the increase of PPA content. Peng Liang et al. [20] found that polyphosphoric
acid increased the viscosity and elasticity of modified asphalt at high-temperatures by
gelation. Zhang et al. [21] used chemical composition analysis and atomic force microscopy
to observe that the proportion and dispersion of asphaltenes are directly related to the
content of PPA. With the continuous increase of its content, the proportion of asphaltenes
increases and the dispersion is more uniform, so the physical properties and rheological
properties of asphalt can be improved.

Although polyphosphoric acid can improve the high-temperature performance and
aging resistance of asphalt, it will also weaken the low-temperature performance of asphalt
to a certain extent [22,23]. For example, Jun Liu et al. [24] found that the low-temperature
crack resistance of warm mix modified asphalt decreased after adding polyphosphoric
acid by means of BBR test. Cui [25] studied the low-temperature performance of PPA
modified asphalt and its mixture by low-temperature ductility, bending creep stiffness
test and low-temperature bending test. It was found that the feasibility of improving the
low-temperature crack resistance of asphalt and its mixture by PPA alone was low, and
it needed to work together with other polymers or rubber modifiers. Therefore, in recent
years, researchers have gradually turned to the study of multiphase composite modified
asphalt [26–29]. For example, Yajin Han et al. [30] found that an appropriate amount
of PPA can reduce the phase separation phenomenon of SBR modified asphalt, and its
low-temperature performance degradation is not significant. Liu et al. [31] found that the
incorporation of SBR modifier significantly made up for the deficiency of PPA modified
asphalt in low-temperature performance through a semi-circular bending test.

Based on the analysis of the findings, the research object is mainly based on PPA
single modified asphalt, and the research on PPA/polymer composite modified asphalt
is insufficient. Therefore, PPA modifier was selected to partially replace the SBS modifier,
and PPA/SBS composite modified asphalt was prepared by double doping of PPA and
SBS. The road performance of composite modified asphalt was evaluated by conventional
asphalt performance tests. The rheological properties of composite modified asphalt were
evaluated by dynamic shear rheometer (DSR) test and bending beam rheometer (BBR)
test. The synergistic modification mechanisms of PPA and SBS were revealed by Fourier
transform infrared spectroscopy tests.

122



Coatings 2023, 13, 2003

2. Raw Materials

2.1. Asphalt

The grade A 70# road petroleum asphalt provided by Zhengfa Municipal Construction
Co., Ltd. in Zhengzhou City, Henan Province, China was used. The technical indicators are
shown in Table 1, which meets the requirements of the specification.

Table 1. Technical properties of matrix asphalt.

Item Unit Result Specification

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 69.8 60~80
5 ◦C ductility (5 cm/min) cm 10.3 ——
10 ◦C ductility (5 cm/min) cm 51 ≥20
15 ◦C ductility (5 cm/min) cm >150 ≥100

Softening point °C 47.6 ≥46
Penetration index PI —— −0.768 −1.5~1.0

Rolling thin-film
oven test
(RTFOT)

Mass variation % −0.264 −0.8~0.8
Residual penetration ratio (25 ◦C) % 62.6 ≥61

Residual ductility (10 ◦C) cm 7.1 ≥6

2.2. Polyphosphoris Acid (PPA)

The industrial-grade polyphosphoric acid 115% H3PO4 base provided by Anhui
Longhua Chemical Co., Ltd. (Chizhou, China) was used. It is a transparent viscous liquid,
and its specific technical indicators are shown in Table 2.

Table 2. Technical properties of polyphosphoric acid.

Item Unit Result

P2O5 Concentration % 84.7
25 ◦C Vapor pressure Pa 2.64 × 10−6

Boiling point °C 552
Chloride (Cl) content % 0.0002

Iron (Fe) content % 0.0013
Arsenic (As) content % 0.0068

Heavy metal (Pb) content % 0.0017

2.3. SBS Modifier

SBS1401E-modified material produced by Baling Petrochemical Branch of Sinopec
Asset Management Co., Ltd. (Baling, China) was used. It is a white solid particle. Its basic
technical indicators are shown in Table 3, which meet the requirements of the specification.

Table 3. Technical properties of the SBS modifier.

Item Unit Result Specification

Molecular structure —— line style line style
Ash % 0.09 ≤0.20

300% Stress at definite elongation MPa 4.1 ≥3.5
Tensile strength MPa 27.8 ≥24.0

Tensile elongation % 736 ≥730
Volatile % 0.57 ≤0.70

S/B mass ratio —— 20/80 20/80

3. Test Method

3.1. Preparation of Composite Modified Asphalt

SBS modified asphalt and PPA/SBS composite modified asphalt were prepared by
high-speed shear method. The preparation process is shown in Figure 1. The specific steps
are as follows:
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Figure 1. Preparation process of composite modified asphalt.

(1) The matrix asphalt was placed in an electric blast drying oven at 160 ◦C and heated
to full melting and dehydration.

(2) The asphalt was taken out and placed on a constant temperature heating table
for heat preservation. The SBS modifier was slowly and uniformly added at 3000 rpm,
and sheared at a speed of 4500 rpm for 40 min. Finally, the constant temperature was
maintained, and the SBS modified asphalt was fully swelled at a low speed for about
20 min.

(3) The temperature was raised to 170 ◦C, the speed was increased to 4500 rpm and
certain amounts of PPA (0.5%, 0.75% and 1% PPA by weight of the matrix asphalt) were
added at a constant speed. After complete addition, the shear was continued at 5000 rpm
for 30 min.

(4) The sheared SBS modified asphalt and PPA/SBS composite modified asphalt were
placed in an oven at 180 ◦C for 1 h to fully swell and develop.

3.2. Conventional Performance Test

Three index tests (penetration test, softening point test and ductility test) and Brinell
rotational viscosity test were carried out to evaluate the physical properties of asphalt
according to the test method of JTG E20-2011 (referred to as the Specification). The rolling
thin-film oven test (RTFOT) was carried out on the asphalt according to the specification [32].
The quality, penetration and softening point of the aged asphalt were tested, and the quality
change, residual penetration ratio and softening point increment of asphalt before and after
aging were calculated to evaluate the anti-aging performance of asphalt.

3.3. DSR Test

The DSR test can better reflect the viscoelastic properties of asphalt materials. The
principle is to apply sinusoidal strain to the sample. The sample generates corresponding
stress with the strain. The applied sinusoidal strain and the sinusoidal stress generated by
the sample will generate two amplitudes with a time difference. The complex modulus G*
can be obtained by amplitude, and the phase angle δ of the test sample can be obtained
by calculating the time difference before and after the two signals. Through these two
indexes, more evaluation indexes of rheological properties can be obtained to evaluate the
high-temperature rheological properties of asphalt.

According to the test method of T 0628-2011 in the Specification [32], the sample size
was 25 mm in diameter and 1 mm in thickness, and the DHR-1 dynamic shear rheometer
was used, as shown in Figure 2. The frequency sweep test and temperature sweep test were
carried out, respectively. Among them, the test temperature of the frequency sweep test
was 40~88 ◦C, the test interval was 12 ◦C, the angular frequency changes from 0.1 rad/s to
100 rad/s, and the strain level was controlled to be 1% during the test. The temperature
range of the temperature sweep test was 46~82 ◦C, the test interval was 6 ◦C, the angular
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frequency was adjusted to 10 rad/s, and the strain level was controlled to 10% during
the test.

 

Figure 2. DHR-1 dynamic shear rheometer.

3.4. BBR Test

The low-temperature crack resistance of asphalt was studied with BBR test. The test
applies the theory of a simply supported beam. The bending beam rheometer is used to
apply creep load to the beam specimen to simulate the mechanical response of asphalt
under the action of pavement temperature stress. The ATS low-temperature bending
rheometer is shown in Figure 3. The 127 mm × 12.7 mm × 6.35 mm trabecular specimens
were formed according to the test method of AASHTO T313 [33], and the test temperatures
were −12 ◦C, −18 ◦C and −24 ◦C. The creep stiffness modulus (S) and creep rate (m) under
different loading times can be obtained by experiment. According to the specification
requirements of the American Highway Strategy Research Program (SHRP), S ≤ 300 MPa,
m ≥ 0.3 at 60 s [34].

 

Figure 3. Low-temperature bending beam rheometer.

3.5. Fourier Transform Infrared Spectroscopy Test

With the help of the Nicolet iS10 Fourier transform infrared spectrometer produced by
Thermo Fisher Scientific(Waltham, MA, USA), as shown in Figure 4, the evolution behavior
of characteristic groups in the spectra after the addition of the modifier was analyzed.
Firstly, the KBr wafer was prepared with the tabletting method, and the asphalt was evenly
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coated on it. Then, the absorption infrared spectra of each asphalt sample were collected
by transmission light with a wavelength range of 500~4000 cm−1, and the scanning times
were 64 times.

 

Figure 4. Nicolet iS10 Fourier transform infrared spectrometer.

4. Results and Analysis

4.1. Conventional Performance Test Analysis

The purpose of this section is to study the influence of the PPA modifier on the
road performance of the SBS modified asphalt. According to the above test method, the
conventional performance test of four kinds of asphalt was carried out. The test results are
shown in Table 4.

Table 4. Conventional performance test results.

Item Unit
Matrix

Asphalt
5%SBS 0.5%PPA/3.5%SBS 0.75%PPA/3.5%SBS

1%PPA/3.5%
SBS

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 69.8 52.4 55.2 52.3 49.6
Softening point ◦C 47.6 67.0 50.2 58.4 63.8

Ductility (5 cm/min, 5 ◦C) cm 10.3 30.1 26.9 20.5 17.0
Brookfield viscosity (135 ◦C) Pa·s 0.47 1.16 1.56 2.02 2.72

RTFOT
Mass variation % 0.264 0.220 0.206 0.194 0.169

Residual penetration ratio —— 62.6 65.9 62.9 64.1 67.0
Softening point increment —— 6.6 8.5 6.8 6.2 3.9

It can be seen from Table 4:
(1) Compared with the matrix asphalt, the penetration of the 5%SBS modified asphalt

decreased by 24.9%, and the softening point increased by 40.8%. The 5 ◦C ductility of
the 5%SBS modified asphalt is 2.9 times that of matrix asphalt, which further verifies the
improvement effect of SBS on the high- and low temperature properties of asphalt. Com-
pared with 5%SBS modified asphalt, the penetration of the 0.5%PPA/3.5%SBS composite
modified asphalt increased by 5.3%, and the softening point decreased by 25.1%. This is
mainly because the high-temperature performance of asphalt is weakened after reducing
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the content of the SBS modifier, and the content of the 0.5%PPA modifier alone cannot make
up for the deficiency of high-temperature performance. However, the high-temperature
performance of the 0.5%PPA/3.5%SBS composite modified asphalt is still better than that
of matrix asphalt.

The content of the PPA modifier changes from 0.5% to 1%, the penetration of PPA/SBS
composite modified asphalt decreases from 55.2 to 49.6, while the softening point increases
from 50.2 to 63.8. This may be because the PPA modifier increases the viscous component
of the asphalt, thereby improving the high-temperature performance of the asphalt. The
ductility index of asphalt decreases with the increase of the content of the PPA modifier. It
can be found that although the content of the PPA modifier is very small, the ductility value
shows a significant change, indicating that the SBS modified asphalt is gradually hardened
due to the addition of PPA, and the low temperature ductility deformation ability of asphalt
is weakened. The 135 ◦C Brookfield rotational viscosity of the SBS modified asphalt was
1.16 Pa·s. Compared with it, the 135 ◦C Brookfield rotational viscosity of the three groups
of composite modified asphalt increased by 34.5%, 74.1% and 134.5%, respectively, and all
of them met the requirements of no more than 3 Pa·s. This may be that polyphosphoric acid
reacts with asphalt while changing the composition of asphalt, to improve the viscosity
of asphalt.

(2) The five groups of asphalt after RTFOT all suffered mass loss, which was caused
by the loss of light components in the asphalt during heating and aging. However, PPA
reduced the mass change of asphalt, indicating that PPA played a positive role in anti-
aging performance. Aged asphalt generally shows increased consistency and hardness,
which will reduce its penetration and increase its softening point. With the increase of
PPA content, the residual penetration ratio gradually increases, and the softening point
increment gradually decreases, which also shows that PPA can play a beneficial role in the
anti-aging performance of the SBS modified asphalt, so that it can meet the performance
requirements during production mixing and construction.

4.2. Frequency Sweep Test Analysis
4.2.1. High-Temperature Rheological Properties Analysis

Due to the complex chemical composition of asphalt, conventional performance tests
cannot fully characterize the performance of asphalt. Therefore, in this section, the fre-
quency sweep test of asphalt was carried out to obtain the complex shear modulus of asphalt
in the temperature range of 40~88 ◦C (interval 12 ◦C) and frequency change (0.1~100 rad/s)
to analyze the variation of complex shear modulus of four modified asphalts with angular
frequency under different temperature conditions. The test results are shown in Figure 5.

By observing the complex modulus change curves of four kinds of asphalt in Figure 5,
it can be concluded that at any experimental temperature, the complex modulus of the
four modified asphalt shows an increasing trend with increasing angular frequency. The
increase in angular frequency in the experiment can be used to characterize the increase
in road load frequency in practical applications. Therefore, the more vibration generated
by the road surface per unit time, the increase in vibration leads to a decrease in strain
generated by asphalt, and thus the complex modulus shows an increasing trend. It can also
be understood that when the vehicle load is constant, when the speed of the road vehicle is
accelerated, the impact on the road surface is instantaneous, the deformation is small, the
stiffness is large, and the complex modulus shows an increasing trend. Especially under
high-frequency and low-temperature conditions, the complex modulus is the largest and
has little effect on the pavement. Under high-temperature conditions, when the vehicle
runs slowly, brakes sharply or stops, the load frequency is small, resulting in a low complex
modulus, and the road surface is prone to permanent deformation.

127



Coatings 2023, 13, 2003

 
(a) 5%SBS (b) 0.5%PPA/3.5%SBS 

 
(c) 0.75%PPA/3.5%SBS (d) 1%PPA/3.5%SBS 

Figure 5. The variation trend of complex shear modulus of asphalt with frequency.

In the test temperature range of 40~88 ◦C, there is almost no difference in the change
trend of G* of the same kind of asphalt under five temperature conditions, and the curves
are generally parallel. The G* values of the four kinds of asphalt reduce with the rise
in temperature, which indicates that the rise in temperature leads to the softening of
asphalt, and the asphalt gradually turns from elastomer to viscoelastic body, its G* value
degrades gradually.

4.2.2. Viscoelastic Characteristic Analysis of Principal Curve

The frequency sweep test is to study the viscoelastic properties of asphalt binder at
different loading frequencies under the proposed temperature state. When quantitatively
measuring the mechanical properties of asphalt, the test frequency cannot be infinitely
expanded based on the test. Therefore, the mechanical response data in a wider frequency
range can be obtained by using the time-temperature equivalence principle (TTSP) to
observe the change of material properties in a wider frequency or temperature range.

(1) Determination of displacement factor
Through the displacement factor, the complex modulus curves at different tempera-

tures are translated to obtain the complex modulus master curve [35,36]. Taking 5%SBS
modified asphalt as an example, the complex modulus change curves at 40~88 ◦C in
Figure 5a were linearly fitted one by one to obtain the double logarithmic fitting equations
at different temperatures. The relationship between lgG* and lgω was clarified by the
fitting equation. The fitting results are shown in Table 5.

128



Coatings 2023, 13, 2003

Table 5. SBS modified asphalt double logarithmic fitting curve equation table.

Temperature/◦C Curve-Fitting Equation R2

40 y = 4.3875 + 0.71555x 0.99982
52 y = 3.58965 + 0.78339x 0.99798
64 y = 3.05983 + 0.78662x 0.99849
76 y = 2.42496 + 0.82765x 0.99985
88 y = 2.04866 + 0.80207x 0.99993

The angular frequency logarithm lgω (G* = 1 kP, rad/s) was obtained by bringing
G* = 1 kPa into the fitting equation at each temperature in Table 5, and the displacement
factor was obtained by taking 40 ◦C as the reference temperature. The results are shown in
Table 6.

Table 6. Displacement factor of the 5%SBS modified asphalt.

Temperature/◦C lgω(G* = 1 kP, rad/s) Displacement Factor

40 −1.9391 0
52 −0.7527 1.1864
64 −0.0761 1.8630
76 0.6948 2.6339
88 1.1861 3.1252

Through this idea and method, the linear fitting equations and displacement factors
of the other three modified asphalts were obtained, respectively. The results are shown in
Tables 7 and 8.

According to the calculated results in Tables 5–8, the complex modulus of four kinds
of asphalt at different temperatures was translated, and the complex modulus master curve
at 40 ◦C was obtained, as shown in Figure 6.

Table 7. PPA/SBS composite modified asphalt double logarithmic fitting curve equation summary
table.

Scheme Temperature/◦C
Curve-Fitting

Equation
R2

0.5%PPA/3.5%SBS

40 y = 4.401 + 0.69712x 0.99997
52 y = 3.72489 + 0.70901x 0.99989
64 y = 3.08663 + 0.76396x 0.99898
76 y = 2.29102 + 0.83766x 0.99957
88 y = 1.93556 + 0.85827x 0.99993

0.75%PPA/3.5%SBS

40 y = 4.42343 + 0.67596x 0.99992
52 y = 3.83727 + 0.69351x 0.9997
64 y = 3.18477 + 0.75266x 0.99835
76 y = 2.5458 + 0.82381x 0.99951
88 y = 2.02573 + 0.86171x 0.9996

1%PPA/3.5%SBS

40 y = 4.60696 + 0.61414x 0.99998
52 y = 4.03362 + 0.63192x 0.99986
64 y = 3.48315 + 0.65615x 0.99972
76 y = 2.91344 + 0.71499x 0.99875
88 y = 2.3976 + 0.78802x 0.99915
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Table 8. Summary of displacement factors of PPA/SBS composite modified asphalt.

Scheme Temperature/◦C lgω(G* = 1 kP, rad/s) Displacement Factor

0.5%PPA/3.5%SBS

40 −2.0097 0
52 −1.0224 0.9873
64 −0.1134 1.8963
76 0.8464 2.8561
88 1.2402 3.2499

0.75%PPA/3.5%SBS

40 −2.1058 0
52 −1.2073 0.8985
64 −0.2455 1.8603
76 0.5513 2.6571
88 1.1306 3.2364

1%PPA/3.5%SBS

40 −2.6166 0
52 −1.6357 0.9809
64 −0.7363 1.8803
76 0.1211 2.7377
88 0.7644 3.3810

Figure 6. Principal curves of complex shear modulus of four asphalts.

It can be observed from Figure 6 that at the same frequency, due to the addition
of the PPA modifier, the master curve of asphalt complex modulus shows an obvious
change trend, and the more the content, the more obvious the change trend. When the PPA
content increases from 0.75% to 1%, the modulus of PPA/SBS asphalt increases the most,
indicating that the addition of PPA is the main factor for the modulus growth of PPA/SBS
asphalt. In the low-frequency region, when the PPA content increases from 0.75% to 1%,
the complex modulus difference of the composite modified asphalt is the most obvious,
indicating that the addition of the PPA modifier under low-frequency and high-temperature
conditions makes the asphalt have better high-temperature deformation resistance. It is
assumed that the addition of PPA makes the asphalt sticky, so as to improve the high-
temperature deformation resistance of the asphalt. In addition, the 0.5%PPA/3.5%SBS
composite modified asphalt and the 5%SBS modified asphalt are at the same level. In the
high-frequency region, the main curves of the complex shear modulus of the four kinds
of asphalt tend to be concentrated, and the PPA/SBS composite modified asphalt is at the
same level as the 5%SBS. This shows that the G* of PPA/SBS composite modified asphalt
performs better at a lower driving speed. At a faster driving speed, the G* discrimination
of PPA/SBS modified asphalt is not large.
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4.3. Zero Shear Viscosity Analysis

The viscosity of asphalt material will gradually decrease with the increase of load
shear rate in practical pavement application. The related research of DSR test using the
limit shear rate level also shows that the viscosity of asphalt material tends to be stable
under the condition of too high or too low shear rate [37]. At this time, the increase or
decrease of shear rate has no obvious effect on the viscosity of asphalt material. When the
shear rate is extremely low, the stable viscosity value is the zero shear viscosity (ZSV) of
the asphalt material. The viscosity value at an extremely high shear rate usually means
that the asphalt material is in the second Newtonian fluid state, and the asphalt material is
already in the shear thinning state [38].

Under the action of an external load, the matrix asphalt is mainly flow deformation,
and its deformation increases linearly with the load. However, due to its nonlinear viscoelas-
ticity and delayed elasticity, the modified asphalt contains delayed elastic deformation in
addition to flow deformation, so it is more accurate to characterize the high-temperature
viscosity of modified asphalt by zero shear viscosity (ZSV) [39,40].

The frequency sweep of each group of asphalt samples was carried out at 64 ◦C, and
the four-parameter Cross model and Carreau model were used to fit the complex modulus
shear rate non-curve. The Cross and Carreau models are shown in Equations (1) and (2).

η − η∞

η0 − η∞
=

1
1 + (kω)m (1)

η − η∞

η0 − η∞
=

1(
1 + (kω)2

)m/2 (2)

where η is the complex viscosity, Pa·s, ω is the angular frequency, rad/s, k and m are the
characteristic constants of the material, η0 is First Newtonian viscosity, i.e., ZSV, Pa·s, η∞ is
viscosity of the Second Newtonian region of the flow curve, Pa·s.

In the frequency sweep test, the set shear frequency is generally 0.1~100 rad/s; in this
range, η0 ≥ η ≥ η∞ can be considered. In the actual fitting process, when the test shear
frequency is large enough, the asphalt is completely elastic, and the viscosity is basically
zero; that is, η∞ = 0, so the equation can be simplified as a parameter expression, as shown
in Equations (3) and (4).

η

η0
=

1
1 + (kω)m (3)

η

η0
=

1(
1 + (kω)2

)m/2 (4)

where η is the complex viscosity, Pa·s, ω is the angular frequency, rad/s, k and m are the
characteristic constants of the material, η0 is First Newtonian viscosity, i.e., ZSV, Pa·s.

The complex shear viscosity values of four kinds of asphalt with the change of angular
frequency are shown in Figure 7. The fitting results of the Cross model and Carreau model
of different asphalts are shown in Table 9.

Table 9. Cross model and Carreau model fitting results.

Scheme
ZSV R2

Cross Model Carreau Model Cross Model Carreau Model

5%SBS 2347.69435 1662.84815 0.99959 0.99316
0.5%PPA/3.5%SBS 3145.37399 1937.65434 0.99996 0.99699
0.75%PPA/3.5%SBS 3516.56269 2385.98834 0.9999 0.99657
1%PPA/3.5%SBS 20,935.59206 7371.37261 0.99989 0.99982
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Figure 7. Curve of complex shear viscosity changing with angular frequency.

From Figure 7 and Table 9, it can be concluded that the complex viscosity of PPA/SBS
composite modified asphalt gradually reduces with increasing frequency at different
dosages. The complex viscosity curve of the 0.5%PPA/3.5%SBS composite modified asphalt
almost coincides with the complex viscosity curve of the 5%SBS modified asphalt, and with
the continuous increase of PPA content, the complex viscosity curve of PPA/SBS composite
modified asphalt is obviously superior to that of the 5%SBS modified asphalt, indicating
that the shear performance of PPA/SBS composite modified asphalt is superior to that of
the SBS modified asphalt.

The fitting correlation between three types of PPA/SBS composite modified asphalt
and 5%SBS modified asphalt is good, with R2 above 0.99. The fitting effect of the Cross
model is better than that of the Carreau model, but the ZSV result obtained after the Cross
model fitting is significantly higher than that of the Carreau model fitting. The results
of accelerated loading tests in the United States showed that the ZSV value obtained by
the Carreau model was better than the ZSV result fitted by the Cross model. In addition,
the study of Wu et al. [41] also found that the ZSV value obtained by the Cross model
has the characteristics of a virtual high. However, both the Cross model fitting results
and the Carreau model fitting results show that the zero shear viscosity (ZSV) of asphalt
shows a significant growth trend with the increase of PPA content. In the Carreau model
fitting results, the PPA content changed from 0.5% to 1%, and the ZSV value of the asphalt
increased by 16.53%, 23.14% and 208.94%, indicating that the PPA modifier has a remarkable
improvement effect on the high-temperature shear resistance of the asphalt, and the more
the content, the more obvious the improvement effect.

4.4. Temperature Sweep Test Analysis
4.4.1. Complex Modulus and Phase Angle Analysis

The complex modulus and phase angle of four kinds of modified asphalt at 46~82 ◦C
were obtained by temperature sweep test, and the dependence of complex modulus and
phase angle of four kinds of modified asphalt on temperature was analyzed. The test results
are shown in Figure 8.
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Figure 8. The curves of complex shear modulus and phase angle of asphalt with temperature change.

It can be obviously seen from Figure 8 that the complex shear modulus G* values
of the four kinds of asphalt show a decreasing trend with the increase in temperature.
Therefore, whether it is SBS modified asphalt or PPA/SBS composite modified asphalt, its
high-temperature deformation resistance is weakening. Among them, in the temperature
range of 52~64 ◦C, the decrease rate of complex shear modulus of asphalt is faster, while
in the temperature range of 70~82 ◦C, the decrease rate is slower. This shows that the
asphalt is greatly affected at the initial stage of temperature rise, and the degree of influence
gradually decreases with the accumulation of temperature. The reason is that in the process
of temperature rise, the molecular chain movement inside the asphalt becomes active, and
the correlation between molecules decreases.

When the temperature changes from 46 ◦C to 82 ◦C, the phase angle δ of the four
kinds of asphalt gradually increases, and the phase angle of the SBS modified asphalt is the
largest. Due to the fact that the phase angle represents the ratio of elasticity to viscosity
performance of asphalt, the larger phase angle means a larger proportion of viscosity, and
it also means that asphalt begins to change from elasticity to viscosity, making it harder
to recover its deformation after being loaded. Overall, the change in asphalt phase angle
is SBS modified asphalt > 0.5PPA/SBS > 0.75PPA/SBS > 1PPA/SBS composite modified
asphalt, indicating that the addition of PPA is beneficial for improving the ability of asphalt
to resist deformation at high temperatures.

4.4.2. Anti-Rutting Factor Analysis

The anti-rutting factor of asphalt under the condition of 46~82 ◦C (interval 6 ◦C)
was obtained by temperature sweep test, as shown in Figure 9. And its variation with
temperature was studied. The effect of the PPA modifier on the anti-rutting performance of
the SBS modified asphalt was analyzed.
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Figure 9. Rutting factor curve of asphalt.

It can be seen from Figure 9 that the rutting factors of the four kinds of asphalt show
an evolution law that gradually decreases with increasing temperature, indicating that
at a high temperature, the ability of asphalt to resist plastic deformation is weak, and it
cannot better resist the driving load and increase the rutting deformation. However, in
the high-temperature region, with the increase of PPA content, the G*/sinδ of asphalt
increases. The G*/sinδ of asphalt with 0.5%PPA content is almost at the same level as that
of the SBS modified asphalt, and the G*/sinδ of asphalt with 1%PPA content is the highest.
Under the condition of 82 ◦C, the G*/sinδ increased by 41.97%, 67.62% and 70.97% when
the content of PPA changed from 0.5% to 1%. This shows that the addition of the PPA
modifier can improve the ability of asphalt to resist plastic deformation and improve the
high temperature performance of asphalt.

4.5. Temperature Sensitivity Analysis

During the service process of asphalt pavement, due to the change in temperature,
the asphalt material will change accordingly. If the penetration index in the conventional
physical test is adopted, it has certain disadvantages and great differences. VTS involves a
wide temperature range, and the characterization of the temperature sensitivity of asphalt
is more accurate [42].

This index was used to evaluate the temperature sensitivity of four kinds of asphalt.
The complex shear modulus G* and angular frequency ω of asphalt can be obtained by
temperature sweep. The test temperature range was 46~82 ◦C (interval is 6 ◦C), the angular
frequency was 10 rad/s, and the strain level was controlled to be 10% during the test.

Furthermore, the complex viscosity η* can be obtained by complex shear modu-
lus G* and angular frequency ω, as shown in Equation (5). Because asphalt is a non-
Newtonian fluid, in order to accurately calculate the equivalent viscosity η’ of various types
of temperature-regulated asphalt, the equivalent viscosity η’ is calculated by the conversion
method proposed by Cox–Merz, as shown in Equation (6). The research results of many
scholars show that it is more accurate to calculate the VTS of modified asphalt by Kelvin
temperature [43,44]. After calculating the equivalent viscosity η’ of all kinds of asphalt, the
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viscosity temperature index VTS of all kinds of asphalt can be calculated by Equation (7).
The calculation results of four kinds of asphalt are shown in Tables 10–13.

η∗ = G∗

ω
(5)

where G* is the complex shear modulus and Pa, ω is the angular frequency, rad/s.

η′ = (sin δ)−4.8628|G∗|
ω

(6)

where δ is the phase angle, G* is the complex shear modulus and ω is the angular frequency.

VTS =
lg(lgη1 − lgη2)

lgTK,1
− lgTK,2

(7)

where η is viscosity, ω is the angular frequency, η1 and η2 are the viscosity corresponding
to the adjacent temperature and TK is the Kelvin temperature.

Table 10. SBS modified asphalt equivalent viscosity.

Temperature/◦C
Kelvin

Temperature/K
G*/Pa sinδ η’/Pa·s lg(lg(η’))

46 318.92 46,115.5 0.9011 7652.8754 0.5893
52 325.10 22,352.8 0.9079 3576.1537 0.5506
58 331.11 11,348.9 0.9247 1661.0299 0.5079
64 337.12 5797.77 0.9463 758.1339 0.4594
70 343.10 3024.18 0.9639 361.6789 0.4080
76 349.12 1643.94 0.9747 186.1669 0.3560
82 355.10 908.523 0.9812 99.6240 0.3007

Table 11. Equivalent viscosity of the 0.5% PPA3.5% SBS composite modified asphalt.

Temperature/◦C
Kelvin

Temperature/K
G*/Pa sinδ η’/Pa·s lg(lg(η’))

46 318.92 47,193.5 0.8897 8331.7158 0.5934
52 325.10 23,119.1 0.8921 4027.5924 0.5569
58 331.11 12,314.7 0.8965 2094.8806 0.5213
64 337.12 6645.97 0.9069 1068.9688 0.4813
70 343.10 3667.66 0.9217 545.1113 0.4372
76 349.12 2138.89 0.9373 293.0784 0.3922
82 355.10 1250.69 0.9514 159.3204 0.3429

Table 12. Equivalent viscosity of the 0.75% PPA3.5% SBS composite modified asphalt.

Temperature/◦C
Kelvin

Temperature/K
G*/Pa sinδ η’/Pa·s lg(lg(η’))

46 318.92 70,805.5 0.8727 13,729.9659 0.6168
52 325.10 37,805.3 0.8823 6949.2353 0.5846
58 331.11 19,368.2 0.8868 3473.2014 0.5491
64 337.12 10,950.1 0.8916 1913.1437 0.5161
70 343.10 6248.01 0.9001 1042.2974 0.4797
76 349.12 3530.76 0.9139 547.0778 0.4374
82 355.10 2049.36 0.9301 291.5504 0.3918

135



Coatings 2023, 13, 2003

Table 13. Equivalent viscosity of 1% PPA 3.5% SBS composite modified asphalt.

Temperature/◦C
Kelvin

Temperature/K
G*/Pa sinδ η’/Pa·s lg(lg(η’))

46 318.92 78,196.9 0.8231 20,153.8209 0.6339
52 325.10 46,442.8 0.8366 11,058.2239 0.6068
58 331.11 26,802.3 0.8443 6102.9137 0.5781
64 337.12 15,639 0.8532 3385.2959 0.5477
70 343.10 9250.52 0.8637 1886.0519 0.5153
76 349.12 5656.84 0.8775 1067.7738 0.4812
82 355.10 3377.48 0.8965 574.4235 0.4408

The above calculation results were linearly fitted, and the fitting results are shown in
Figure 10.

Figure 10. Linear fitting of equivalent viscosity of four kinds of asphalt.

It can be seen from Figure 10 that there is a great linear relationship between the
double logarithm of the four asphalt viscosities and the logarithm of the absolute tem-
perature T. The absolute values of VTS of the 5%SBS modified asphalt, 0.5%PPA/3.5%
SBS composite modified asphalt, 0.75%PPA/3.5%SBS composite modified asphalt and
1%PPA/3.5%SBS composite modified asphalt are 6.22049, 5.34872, 4.76947 and 4.10107,
respectively. In addition, with the incorporation of the PPA modifier, it showed a significant
reduction in the absolute value of VTS. The smaller the absolute value of VTS of asphalt,
the lower the temperature sensitivity. Therefore, PPA modifier can reduce the sensitivity of
asphalt to ambient temperature, and with the increase of PPA content, the improvement of
temperature sensitivity is more obvious.

4.6. BBR Test Analysis

The stiffness modulus S and creep rate m of four kinds of modified asphalt at −12 ◦C,
−18 ◦C and −24 ◦C were obtained by BBR test. According to the requirements of American
Highway Strategy Research Program (SHRP) specification, the stiffness modulus S and
creep rate m at 60 s were selected to evaluate the low-temperature crack resistance of
asphalt. The test results are shown in Figures 11 and 12.
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Figure 11. Variation of stiffness modulus with temperature.

Figure 12. Creep rate changing with temperature.

From Figures 11 and 12, it can be seen that the slope of the stiffness modulus S value
of the four kinds of asphalt in the range of −18~−24 ◦C becomes significantly larger, and
the value increases the fastest, indicating that as the temperature continues to decrease,
the low-temperature flexibility of the asphalt is worse, and the low-temperature anti-
deformation ability is weakened. From the change rule of creep rate m value, the creep
rate of the four kinds of asphalt decreases with the decrease in temperature from −12 ◦C
to −24 ◦C, which indicates that the decrease in temperature leads to the decrease of stress
relaxation performance of asphalt, which makes it more prone to brittle fracture. The
stiffness modulus of the three groups of PPA/SBS composite modified asphalt is higher
than that of the SBS modified asphalt, and the creep rate is lower than that of the SBS
modified asphalt. At −12 ◦C, compared with SBS modified asphalt, its stiffness modulus
increased by 11.17%, 29.78% and 48.86%, respectively, and the creep rate decreased by
3.00%, 5.93% and 9.18%, respectively. It shows that after PPA modifier partially replaces
SBS modifier, its low-temperature deformation resistance and stress relaxation ability have
different degrees of weakening effect.

4.7. Fourier Transform Infrared Spectroscopy Test Analysis

The infrared spectra of matrix asphalt, 5%SBS modified asphalt and 1%PPA/3.5%SBS
composite modified asphalt were obtained by the Fourier transform infrared spectroscopy
test. The results are shown in Figure 13, and then the synergistic modification mechanism
of PPA and SBS was analyzed.
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Figure 13. Infrared spectra of three kinds of asphalt.

From Figure 13, it can be observed that in the matrix asphalt map, the absorption
peak near 3500 cm−1 is the stretching vibration of -OH, and there is an obvious absorption
peak at 2800–3000 cm−1, which is mainly due to the formation of-CH2-stretching vibration.
The vibration of the C=C double bond skeleton of toluene results in an absorption peak
at 1600 cm−1. The 1376 cm−1 is due to the symmetric stretching vibration of C-H bond
in methyl-CH3-, and the 1458 cm−1 is due to the characteristic peak caused by the anti-
symmetric stretching vibration, in which the antisymmetric stretching vibration amplitude
is stronger. The stretching vibration of sulfoxide group S=O in asphalt causes energy
fluctuation, which is reflected at 1030 cm−1. A small functional group absorption peak
within 1000 cm−1 is due to the presence of aromatics in the asphalt, and the benzene ring
in the aromatics has massive C-H bonds, so the absorption peak here is generated by the
bending vibration of the C-H bond. It can be seen that the composition of matrix asphalt is
complex, and it is a hydrocarbon containing a variety of hydrocarbons.

Because SBS is an immiscible system, the infrared spectrum of the SBS is only a simple
superposition of the infrared spectrum of polystyrene and polybutadiene. The position
and intensity of the absorption peak are basically unchanged, and no new absorption
peak appears. The C=C double bond bending vibration of the butadiene block in the
SBS modifier causes an absorption peak at 966 cm−1, and the C-H bond out-of-plane
bending vibration in the benzene ring of the polystyrene block in the SBS modifier causes
an absorption peak at 699 cm−1.

After adding PPA, the asphalt formed a new mixed absorption peak in the 800–1300 cm−1

band, indicating that PPA had a chemical reaction with asphalt and changed the chemical
structure unit of the original SBS modified asphalt molecule. It is a chemical modifier. The
strong absorption peak at 2800–3000cm−1 is mainly due to the formation of-CH2-stretching
vibration. In addition, a convex peak appeared in the PPA/SBS composite modified
asphalt map near 2030 cm−1, indicating that PPA as a chemical modifier, its addition
and asphalt formed a new compound. It is assumed that PPA reacts with alcohols in
asphalt, and -OH in alcohols is neutralized by phosphoric acid to form phosphate ester. The
increase of esterification degree is manifested by the increase of macromolecules and chain
hydrocarbon components in asphalt, which leads to its thickening, and the macroscopic
performance is the reinforcement of the high-temperature performance of asphalt.
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5. Conclusions

(1) Compared with matrix asphalt, when the content of the PPA modifier is increased
from 0.5% to 1%, the penetration of PPA/SBS composite modified asphalt can be decreased
by 20.92%, 25.07% and 28.94% respectively, and the softening point can be increased by
5.46%, 22.69% and 34.03%, respectively. However, even a low content of PPA will reduce
the ductility of asphalt at 5 ◦C. In addition, PPA has the ability to inhibit the thermal
oxidative aging of asphalt, and the more the content, the more obvious the effect.

(2) With the increase of PPA modifier content, the complex modulus of PPA/SBS
composite modified asphalt in low-frequency and high-frequency regions is significantly
improved. Compared with SBS modified asphalt, the ZSV (Carreau model fitting results)
of PPA/SBS composite modified asphalt can be increased by 16.53%, 23.14% and 208.94%,
which significantly improves the shear resistance of asphalt. At the same time, the temper-
ature sweep results show that at 82 ◦C, the phase angle of PPA/SBS composite modified
asphalt can be decreased by 8.63%, 13.23% and 19.24%, and the anti-rutting factor can be
increased by 41.97%, 67.62% and 70.97%, indicating that PPA could improve the ability
of asphalt to resist plastic deformation. The high-temperature performance of asphalt is
greatly improved, and the absolute value of VTS of PPA/SBS composite modified asphalt
is reduced by 14.01%, 23.33% and 34.07%, respectively.

(3) At −12 ◦C, compared with SBS modified asphalt, the stiffness modulus of PPA/SBS
composite modified asphalt increased by 11.17%, 29.78% and 48.86%, respectively, and the
creep rate decreased by 3.00%, 5.93% and 9.18%, respectively, indicating that after PPA
modifier partially replaces SBS modifier, its low-temperature deformation resistance and
stress relaxation ability have different degrees of a weakening effect. This is consistent with
the conclusion that PPA has a negative impact on the low-temperature performance of
asphalt in the survey results.

(4) After SBS modification, the molecular chemical structure and properties of asphalt
remain unchanged. The modification process is mainly physical blending, while PPA
and SBS modified asphalt undergo a new chemical reaction, manifested by the increase
of macromolecules and chain hydrocarbon components in the asphalt, leading to the
thickening of the asphalt, and the macroscopic manifestation is the improvement of the
high-temperature performance of the asphalt.
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Abstract: This research aims to analyze the distribution and evolution of pores within the planar
structure of cement-based materials. Utilizing digital imaging methods, a model for pore plane
distribution was established, and the evolutionary patterns of both total pore numbers and varying
pore sizes in cement-based materials were investigated. The research introduced an innovative
experimental method for analyzing pore distribution within cement-based planar structures. Addi-
tionally, a hybrid method was proposed, combining automated image binarization thresholding with
manual comparative analysis, thereby enhancing the feasibility of comparative research. Pores were
categorized into four distinct sizes: tiny pores (5–200 μm), small pores (200–500 μm), medium pores
(500–1000 μm), and large pores (>1000 μm). Areas with apertures <5 μm were classified as dense
areas. The findings indicated that the overall number of pores in cement-based materials increased
due to the influence of styrene butadiene latex additives. However, at a 15% dosage, the rate of pore
formation reached an inflection point, confirming that various factors, such as styrene butadiene
latex, air bubbles, and the cement-based material itself, collectively influenced pore formation. The
research also demonstrated that styrene butadiene latex affected the four categorized pore sizes
differently. Importantly, a higher latex dosage did not necessarily lead to a proportional increase in
pore content. Pore content was influenced by multiple factors and exhibited different distribution
patterns. The number of micropores, although relatively small, gradually increased with higher
latex dosages, while small and medium pores generally showed an upward trend. At a 10% latex
dosage, both small and medium pores reached a turning point in their rate of increase. Large pores
also exhibited a general increase, peaking at a latex dosage of 10%. It was confirmed that both the
total pore volume and the content of micropores were critical factors in determining the mechanical
properties of cementitious materials. Higher porosity and micropore content generally weakened
mechanical performance. However, at a small latex dosage, there was an improvement in flexural
strength. When the latex dosage reached 15%, the total pore and micropore content declined, resulting
in a balanced increase in flexural strength and a mitigated decline in compressive strength. This study
offers valuable insights into the evolution of total pore volume and the content of pores of various
sizes, providing a theoretical basis for the meticulous selection of additive types and dosages from a
microscopic perspective.

Keywords: cementitious materials; stomatal plane distribution model; digital images; pore evolu-
tion characteristics
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1. Introduction

Cementitious materials are of paramount importance in road engineering due to their
multiphase porous systems. Understanding the distribution patterns of pore structures
is crucial for ensuring both durability and sustainable performance. Factors such as
pore number, size, and distribution patterns within these materials directly influence the
mechanical properties and durability [1]. The internal pore structure of cementitious
materials indeed plays a fundamental role in defining their overall performance. To
enhance specific aspects of cementitious materials, additives are commonly employed.
For example, butylbenzene latex polymers are added to cement concrete to improve its
impermeability [2,3]. Styrene butadiene latex, a block copolymer, has been the subject of
extensive research regarding its impact on the microscopic pore structure of cementitious
materials. Li et al. discovered that the incorporation of styrene butadiene emulsion shifted
the pore size distribution in cementitious materials toward micropores, which also had
an effect on their macroscopic mechanical properties [4]. Zhang et al. demonstrated that
polymer emulsions influence the pore structure of cement mortar, resulting in an increased
proportion of smaller pores [5]. Yang emphasized that a decrease in the proportion of
smaller pores has a negative impact on the mechanical properties and frost resistance of
cement concrete [6]. Sakai et al. conducted a study on the effects of water-reducing agents
on the pore structure of hardened cement, outlining the variations in different pore sizes [7].
Kondraivendhan et al. established a relationship between the compressive strength of
cement slurry and the average pore distribution radius, affirming the practical value of
such a relationship [8].

Zhang et al. conducted a study on the impact of polymer emulsion on concrete’s
pore structure. They observed that an increased admixture of polymer emulsion led to a
reduction in smaller pores (within 100 μm) and an increase in larger pores (above 400 μm),
thereby having a detrimental effect on the material’s mechanical properties [9]. Wu et al.
categorized pores in cementitious materials into four size-based classes, including benign
pores (below 200 nm). Their argument highlighted that an increase in the number of pores
smaller than 50 nm and a decrease in those larger than 100 nm contribute to the material’s
durability [10,11]. Jinteng et al. differentiated pores in cementitious materials into gel
microcrystalline endospores (1.2 nm), gel pores (0.6–1.6 nm), capillary pores (3.2–200 nm),
and macropores (above 200 nm). They emphasized that pores larger than 10 nm have a
significant impact on frost resistance [12]. Jawed et al. also investigated pore structures,
classifying them into macropores (above 5 μm) and capillary pores. Capillary pores were
further subdivided into large capillary pores (50–5000 nm), interstitial pores (2.6–50 nm),
and micropores (2.6 nm) [13]. This classification closely aligns with that of Jinteng et al. [12].
Macropores were identified as the primary contributors to the mechanical and durability
properties of cementitious materials. The European Concrete Board’s CEB Guide for the
design of durable concrete structures specified that pore sizes between 0.1 and 10 nm are
considered micropores, 10–10,000 nm are capillary pores, and pores larger than 10,000 nm
are macropores. Pores exceeding 1000 μm in size were explicitly mentioned as introducing
air holes, which significantly deteriorate the performance of cementitious materials [14,15].
F.H. introduced a pore classification system that included micro, delicate, and macro scales
while studying cementitious materials [16]. IO.C. et al. classified cementitious materials by
pore size into gel pores (below 1000 nm) and highlighted that pores larger than 10 μm were
considered macropores [17]. Yan and Yang et al. referred to pores in cementitious materials
larger than 10 μm as stomata. Their observations indicated that general air-entraining
agents introduce more stomata ranging from 10 μm to 200 μm, followed by 200 μm to
500 μm stomata, with the fewest stomata being larger than 500 μm [18,19].

Several studies have provided valuable insights into the internal pore structure of
cementitious materials and the influence of external factors [20–25]. Most of these studies
have focused on the distribution of air bubbles in freshly mixed cementitious materials
and the rules governing pore changes within the three-dimensional internal structure.
The primary tools used for these analyses are often costly instruments such as mercury
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pressure instruments, and the scale of study is mainly in the nanometer range or smaller.
However, there has been limited research on the evolution of pore structures within the
two-dimensional cross-section of cementitious materials after hardening and the impact
of these two-dimensional pore distribution characteristics on the mechanical properties of
cementitious materials.

Building upon the existing research, this study aims to address specific test constraints,
such as the minimum particle size of the white powder used to fill pores, which is 5 μm.
Recognizing that smaller pore structures have a less adverse impact on the performance of
cementitious materials and contribute to greater internal compactness, a 5 μm threshold
is established as the boundary between compact and porous areas. Specifically, the study
focuses on pores larger than 5 μm; regions with pore sizes smaller than 5 μm are designated
as compact areas. Furthermore, given the substantial influence of pores larger than 1000 μm
on the properties of cement mortar, these are classified as areas of large porosity. For pore
sizes ranging between 5 and 1000 μm, pores are further categorized into tiny (5–200 μm),
small (200–500 μm), and medium (500–1000 μm) groups. The planar distribution model, as
depicted in Figure 1, serves as the foundational tool for the analysis of pore distribution in
cementitious materials. This model characterizes various pore distribution ratios based on
two-dimensional planar area sizes and classifies them according to pore aperture size. This
framework offers an intuitive comprehension of the proportion and attributes of different
pore sizes within the cementitious material. By adjusting the ratio within each category, the
model can depict the overall pore distribution and the specific sizes of individual pores,
providing a theoretical framework for future investigations into the evolution of internal
pore distribution in cementitious materials.

Figure 1. Pore plane distribution model. (<5 μm, 5~200 μm, 200~500 μm, 500~1000 μm, >1000 μm).

To address this gap, the study establishes a planar distribution model for the pore
structure in cementitious materials. A low-cost, easy-to-operate digital imaging method is
introduced to analyze the pore structure evolution in hardened cementitious materials. By
utilizing styrene butadiene latex polymer as the external influencing factor and focusing
on the micron-sized pore scale, the development and evolution patterns of cementitious
materials’ pore structures are examined in the study. The objective is to gain insights into
the effects of two-dimensional planar microscopic pore distribution on the mechanical prop-
erties of cementitious materials. This study provides a theoretical foundation for enhancing
the properties of cementitious materials and offers a simple and accurate experimental
evaluation method to ensure their sustainable development.

2. Materials and Methods

2.1. Raw Materials

To investigate the characteristics of pores in cementitious materials, styrene butadiene
latex polymer is used as a modifying factor for the internal pore structure. The concentration
of the polymer is adjusted to analyze alterations in the internal pore structure of the
cementitious materials. These adjustments are expressed as a percentage of the total cement
mass and are detailed in Table 1.
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Table 1. Mix proportions for test.

Serial
Number

Water (g)
Cement

(g)
Standard
Sand (g)

Latex (g)
Defoamer

(g)

Latex
Dosage

(%)

1 225 450 1350 0 0 0
2 213.53 450 1350 22.5 4.12 5
3 202.05 450 1350 45.0 4.18 10
4 190.58 450 1350 67.5 4.25 15
5 179.10 450 1350 90.0 4.31 20

For the experimental setup, ordinary Portland cement (P.O 42.5) and sand were used
in accordance with ISO standard specifications. Test water meeting all relevant criteria was
used. Throughout the experiment, a consistent water–cement ratio of 0.5 was maintained,
with unaltered cement and standard sand dosages. To mitigate the adverse effects of
harmful pores produced by styrene butadiene latex in cementitious materials [26–28], a
defoamer was added to the mixture. The defoamer constituted 6% of the total mass of
water, cement, and latex, aligning with real-world engineering standards. Experimental
mix proportions for the test are detailed in Table 1, while the key properties of the selected
styrene butadiene latex polymer are presented in Table 2.

Table 2. Basic performance of styrene butadiene latex.

Solid Content
(%)

PH
Viscosity (20 °C)

(mPa.s)
Char Yield

(450 ◦C) (%)
Glass Transition
Temperature (◦C)

47.0 8.25 48.02 15.4 10.2

2.2. Methods

Cement mortar specimens were molded into dimensions of 150 mm × 150 mm × 60 mm.
After curing for 28 days, they were cut and smoothed into planar samples measuring
150 mm × 150 mm × 30 mm for testing. From these samples, a 100 mm × 100 mm section
was selected and coated with a non-fading black oil-based pen as a primer. This coating
was allowed to dry at room temperature for a minimum of two hours. Subsequently, white
powder with a particle size of 5 μm was applied to fill the surface pores of the sample [29].
Excess powder was removed, ensuring that only the pores were filled while leaving the
black-coated background exposed. The specimen preparation primarily involved three
stages: molding, cutting and smoothing, and pre-treatment. These processes are illustrated
in Figure 2.

An EOS 2000D camera, Canon (Tokyo, Japan), equipped with a CMOS sensor boasting
an effective pixel count of 24.1 million and an optical viewfinder, was employed for cap-
turing images of specimen cross-sections under even, shadowless illumination. MATLAB
software (Version Number: R2023) was utilized for grayscale conversion and binarization.
This method allowed for the analysis of pore distribution on the specimen’s surface using
digital imaging techniques. Based on the pixel values in the captured images [30–32], “1”
was used to represent white powder-filled pores after binarization, while “0” denoted
unfilled areas in black, signifying denser regions (as depicted in Figure 3a). Although
grayscale binarization is a widely adopted technique, the selection of the threshold is
of utmost importance. Various options are typically considered, including using 0.5 as
a starting point, computing the average grayscale values, or employing an automated
method to determine the threshold. It is worth noting that each of these methods comes
with a certain margin of error.
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Figure 2. Flow chart of sample preparation process.

  
(a) (b) 

  
(c) (d) 

Figure 3. Schematic diagram of sample digital image processing. (a) Schematic diagram of sample
binarization treatment; (b) Schematic diagram of aperture > 200 μm pores; (c) Schematic diagram of
aperture > 500 μm pores; (d) Schematic diagram of aperture > 1000 μm pores.
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In this study, MATLAB was initially employed to automatically determine the bina-
rization threshold, which was set at 0.6. Subsequently, manual adjustments were made by
incrementally increasing or decreasing the threshold by 0.05 and 0.1, ultimately arriving
at the optimal threshold of 0.65. By combining automated threshold confirmation with
manual fine-tuning, the binarization threshold was refined to closely align with the actual
image characteristics, thereby establishing a dependable foundation for the experimental
investigation. While this approach could be influenced by subjective factors, its feasibility
and accuracy are generally sufficient for conducting comparative studies under consistent
conditions.

Within the experimental framework, the pixel value range was considered in relation
to the actual dimensions of the 100 mm × 100 mm planar section. The values “1” and “0”
in the binarized image were designated as Z1 and Z0, respectively. The sum of Z1 and Z0
constituted the total pixel value, represented as Z. The total porosity content, denoted as
P1, was equivalent to Z1. Therefore, the total content, P1, is calculated as follows:

P1 = Z1/Z (1)

The actual cross-sectional area is denoted as S = 0.01 m2, and the number of pixel
points Q per unit area is represented as follows:

Q = Z/S (2)

In the study, the maximum particle size of the white powder used for pore filling
was 5 μm. As a result, pores smaller than this threshold remained unfilled, manifesting
as black regions in the digital images. Taking advantage of this scale effect, pixel values
corresponding to pores filled with white powder were extracted. Assuming the pores to be
approximately circular, the formula πr2 was utilized to calculate the number of pixel points
representing pore sizes of 200 μm, 500 μm, and 1000 μm, denoted as Z200, Z500, and Z1000,
respectively.

Z200 =
(

πr2
200

)
∗ Q

Z500 =
(

πr2
500

)
∗ Q

Z1000 =
(

πr2
1000

)
∗ Q

During the digital image processing, the MATLAB function bwareaopen was utilized
to remove objects with areas smaller than Z200, Z500, and Z1000 from the binary images.
Consequently, the number of pixel points exceeding 200 μm, 500 μm, and 1000 μm, denoted
as Z>200, Z>500, and Z>1000, were obtained, as depicted in Figure 3b–d. The corresponding
contents of stomata larger than 200 μm, 500 μm, and 1000 μm, labeled as P200, P500, and
P1000, were calculated as follows:

P200 = Z>200/Z

P500 = Z>500/Z

P1000 = Z>1000/Z

The stomatal contents for <200 μm, 200–500 μm, 500–1000 μm, and >1000 μm were
calculated as follows for P<200, P200–500, P500–1000, and P>1000.

P<200 = P1 − P200

P200−500 = P200 − P500
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P500−1000 = P500 − P1000

P>1000 = P1000 = Z>1000/Z

The methods outlined above yielded insight into the spatial distribution of internal
pores in cementitious materials during the continuous hardening process. Evolving trends
in pore content across different size ranges were observed, and a planar porosity model
supported by extensive experimental data was constructed. This model served as a theoret-
ical foundation for the analysis of the mechanical properties and durability of cementitious
materials.

The methods outlined above yielded insights into the spatial distribution of internal
pores in cementitious materials during the ongoing hardening process. Evolving trends
in pore content across different size ranges were observed, and a planar porosity model,
supported by extensive experimental data, was constructed. This model serves as a theoret-
ical foundation for the analysis of the mechanical properties and durability of cementitious
materials.

3. Results and Discussion

3.1. Analysis of Evolutionary Pattern of Total Stomatal Volume

In cementitious materials, the blending of various components gave rise to a com-
plex solid–liquid–gas three-phase system, leading to the formation of a porous structure
within the cement mortar. The porosity was governed by the intrinsic properties of the
material [33–35]. Styrene butadiene latex, as an additive in cementitious materials, also
constituted a solid–liquid–gas three-phase mixing system, which inevitably influenced
the formation and evolution of internal pores to a certain extent. The study focused on
hardened cement mortar, in which internal air bubbles underwent a multi-stage formation
process. The first stage was the initiation phase, during which air bubbles were introduced
into the fresh mortar mix within the complex solid–liquid–gas three-phase system. The sec-
ond stage was characterized by disorder, as bubbles rearranged, compressed, merged, and
escaped due to external forces such as stirring and compaction applied to the fresh mortar.
This was followed by a sub-stabilization stage, where the bubbles gradually transitioned
from a disordered state to a more stable one under standard temperature and humidity
conditions. However, they were still influenced by factors such as cement hydration and
water evaporation during the mortar’s hardening process. Finally, in the stabilization
stage, which typically occurred after 28 days of curing, the internal pores attained a fixed
structural pattern. Specimens for this study were sourced from this last stage.

Figure 4 illustrates the impact of butylbenzene latex on the total number of internal
pores in cementitious materials. In comparison to latex-modified mortar, the standard
mortar exhibited the fewest pores, highlighting that latex inclusion increased the overall
pore content within the hardened mortar plane. As the concentration of styrene butadiene
latex increased, there was a general upward trend in the total pore count within the mortar.
Interestingly, at a 15% latex dosage, the data revealed a turning point: the total pore count
decreased to levels comparable to those observed at a 5% dosage. However, with further
increases in latex concentration to 20%, the pore count within the hardened mortar plane
continued to rise, albeit at a slower rate of increase—only 5.31% compared to the 10% latex
dosage.
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(a) Standard mortar (mix ratio 1) 

 
(b) Latex dosage of 5% (mix ratio 2) (c) Latex dosage of 10% (mix ratio 3) 

 
(d) Latex dosage of 15% (mix ratio 4) (e) Latex dosage of 20% (mix ratio 5) 

Figure 4. Evolution law of total porosity in cement-based materials.

Styrene butadiene latex is a material characterized by a three-phase system of solid–
liquid–gas. When utilized as an additive in mortar, its adhesive properties enhance the
interface between the mortar and air. This facilitates the introduction of air into the interior
of the mortar. The adhesive qualities of the latex compound this effect, making it more
challenging for internal pores to escape. As a result, the hardened mortar experienced an
increase in the total number of planar pores.
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At a low latex dosage of 5%, the latex dispersed non-uniformly within the cementitious
material. The bubbles also exhibited uneven dispersion, occupying various spatial positions.
The mutual compression and merging of these bubbles were relatively limited at this stage.
Consequently, the environment favored the formation of bubbles, leading to a doubling
of porosity under this lower latex dosage. As the latex dosage increased, the dispersion
gradually transitioned from isolated to more uniform within the cementitious material.
Simultaneously, the number of bubbles increased, and they began to occupy shared spatial
locations more frequently. This heightened the mutual compression, merging, and rupture
of bubbles, creating fluctuations in porosity levels.

Upon reaching a latex dosage of 15%, the total number of pores in the mortar began to
decrease. This decline was attributed to increased competition for limited spatial positions,
leading to some bubbles being compressed and escaping, ultimately reducing the overall
pore count in the hardened mortar. With a further increase in latex dosage to 20%, the
number of introduced bubbles also increased. However, these additional bubbles began to
rupture and reduce each other’s numbers. As some bubbles escaped and formed transient
channels, the total porosity of the mortar experienced a slight increase. This suggests that,
due to interactions among the bubbles, the pore count cannot increase indefinitely, even
with higher latex concentrations.

3.2. Analysis of Stomatal Evolution Patterns of Different Pore Sizes

In cementitious materials, pores of varying sizes are distributed throughout. According
to the planar distribution model, these pores fell into four main categories: micropores
(5–200 μm), tiny pores (200–500 μm), medium pores (500–1000 μm), and large pores
(>1000 μm). The addition of styrene butadiene latex polymer as an additive introduced a
considerable number of air bubbles into the cement mortar. This not only influenced the
total number of pores after the material had hardened but also affected the sizes of these
pores to varying degrees. From the perspective of performance enhancement, the goal
was to maintain or increase the total number of pores, particularly favoring smaller pores.
Smaller pores were more favorable for improving various performance indicators, such
as mechanical strength and durability. However, the specific distribution of different pore
sizes within cementitious materials, influenced by the addition of latex, and how this pore
structure evolved from the fresh mix to the hardened state, needed to be verified through
experimental tests.

Using standard cement mortar (test mix ratio 1) as a reference, Figure 5 reflects the
planar distribution of pores of various sizes within the standard mortar. Pores smaller than
5 μm were categorized as the dense region, constituting 84.59% of the plane cross-section
of the standard mortar. The remaining 15.41% was occupied by pores of different sizes:
5–200 μm pores accounted for 2.46%, 200–500 μm pores represented 4.61%, 500–1000 μm
pores made up 5.36%, and pores larger than 1000 μm constituted 2.98%. The distribution
exhibited a characteristic pattern: fewer pores at the extremes and more in the middle
ranges. Using this standard mortar as a benchmark, the analysis of pore distribution across
different size ranges in cementitious materials impacted by external factors formed the
basis for understanding changes in material performance at the microstructural level.
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Figure 5. Plane distribution of pores with different pore sizes in standard mortar.

An experimental investigation was undertaken to analyze the distribution characteris-
tics of pores of different sizes in cementitious materials. In this study, the control group
consisted of standard mortar without latex, while the primary focus was on latex-modified
mortar with varying levels of latex. Figure 6 illustrates the evolution of pore content across
different size ranges. Significantly, the control group (standard mortar) exhibited the lowest
pore content in all size categories, affirming that the addition of styrene butadiene rubber
latex generally increased pore content within each category.

 
(a) Pore content of 5~200 μm (b) Pore content of 200~500 μm 

 
(c) Pore content of 500~1000 μm (d) Pore content of ≥1000 μm 

Figure 6. Evolution law of pores with different sizes.
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Within the 5–200 μm pore size range, the content of pores in latex-modified mortar
progressively increased with higher levels of latex doping. The most substantial increase
was observed in the data corresponding to a 20% latex doping. In comparison to the
standard mortar, the pore content in this range increased by 75.2%. This suggests that
the introduction of latex as an admixture led to a shift in the distribution of tiny pores
(5–200 μm) in cementitious materials, resulting in increased pore content.

In the pore size ranges of 200–500 μm and 500–1000 μm, a similar pattern of evolu-
tion in pore content was observed. With a low latex dosage of 5%, both types of pores
exhibited exponential growth. When the latex dosage reached 10%, there was a noticeable
change in the growth of pore content. In comparison to the standard mortar, the pore
content increased by 26.68% and 27.61% in these size ranges, respectively. As the latex
dosage continued to increase, the pore content exhibited a wave-like growth trend. This
analysis revealed that at lower latex dosages, the latex was relatively isolated and unevenly
distributed within the cementitious material. In this state, there was ample space for the
bubbles, weak interactions between them, and limited introduction of bubbles into the
mortar, which were conducive to the formation of porosity.

As the latex levels increased, its distribution within the cementitious material became
more uniform, as depicted in Figure 7. This led to increased competition for space among
the bubbles, more frequent interactions, and intensified processes of bubble extrusion,
merging, and rupture. Some bubbles grew into larger sizes, some were crushed due to
extrusion, and others escaped the confines of the cementitious material. These intricate
internal changes resulted in an oscillatory trend in pore content. However, higher latex
dosages altered the solid–liquid–gas three-phase system within the cementitious material,
leading to a general increase in the content of both types of pores.

Figure 7. Schematic diagram of dispersion pattern of latex in cement-based materials.

Pore sizes exceeding 1000 μm are categorized as macroporosity, which is known
to have detrimental effects on the mechanical properties and durability of cementitious
materials, as referenced in [10–21]. Hence, we sought to minimize the presence of these
large pores. The test data presented in Figure 6 indicates that standard mortar had the
lowest macropore content (>1000 μm) compared to the other pore size ranges, such as
200–500 μm and 500–1000 μm. This low macropore content contributed to the superior
performance of the standard mortar.

As the quantity of the latex additive increased, the macropore content in the latex-
modified mortar displayed a significant overall upward trend. With a low dosage of 5%,
the macropore content essentially doubled. The most substantial increase was observed
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at a 10% latex dosage, where the macropore content in the latex-modified mortar was
4.37 times that of the standard mortar. When the dosage reached 20%, the macropore
content was 3.68 times that of the standard mortar. With increasing latex dosages, the
dispersion state of the latex within the cementitious material underwent significant changes.
Initially, it was isolated and unevenly distributed, but it eventually became uniformly
dispersed within the cementitious matrix. During this transition, the spatial conditions
for the bubbles introduced by the latex also changed significantly, shifting from relatively
spacious to increasingly crowded. This led to heightened bubble interactions, including
rupture, merging, and escape, which in turn drastically increased the content of large
pores. This escalation had a particularly adverse impact on the mechanical properties of
the cementitious materials.

Figure 8 presents the total pore count and the variations in pore content across different
size ranges. When analyzed in conjunction with the planar distribution model of pores
in cementitious materials, it became apparent that standard cement mortar featured a
relatively low proportion of tiny pores (5–200 μm) and large pores (>1000 μm). In contrast,
medium-sized pores (500–1000 μm) and small pores (200–500 μm) constituted a larger
proportion. This distribution is characteristic of mortar materials and plays a crucial role in
shaping their mechanical properties and durability.

 

Figure 8. Evolution law of pore size in cement-based materials.

However, the incorporation of styrene butadiene latex generally increased the internal
porosity of the cementitious materials. The growth in tiny pores (5–200 μm) was relatively
moderate, while the increase in medium-sized (500–1000 μm) and small pores (200–500 μm)
followed similar trends. It is worth noting that even with a 10% latex admixture in the
modified mortar, the proportion of medium and small pores remained significant. Despite
this, the most significant increase was observed in the content of large pores (>1000 μm),
which had a detrimental impact on the overall performance of cementitious materials.

3.3. Influence Law of Porosity on Mechanical Properties of Cementitious Materials

The creation of porosity exerts a nuanced influence on the mechanical properties of
cementitious materials. Specifically, excessive porosity and the presence of larger pores
can have an adverse impact on the material’s densification, resulting in a deterioration
of its mechanical properties. However, the existence of smaller pores can yield beneficial
effects on these properties, as demonstrated by various studies [33]. Testing was carried out
following the guidelines specified in the Test Procedure for Cement and Cement Concrete
in Highway Engineering (JTG 3420-2020) [29]. The experiments encompassed flexural
and compressive strength tests conducted on cement mortar specimens, all of which were
prepared using an identical proportionate mix. The testing process is depicted in Figure 9.
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Figure 9. Flow chart of strength test for cementitious materials.

Figure 10 presents the correlation between the total number of pores and the flexural
and compressive strength of cementitious materials. Generally, an inverse relationship
exists: the greater the total number of pores, the more detrimental it is to the flexural
and compressive strength of cementitious materials. However, a slight increase in pore
count, corresponding to 5% and 15% latex doping, enhanced flexural strength. When
the increase in total pores became too significant, there was a noticeable deterioration in
flexural strength.

Figure 10. Effect of total porosity on the flexural and compressive strength of the cementitious
materials.

The impact of pore count on compressive strength consistently indicated a weakening
effect, suggesting that latex inclusion hinders the development of strength in cementitious
materials. Interestingly, at 15% latex doping, a reduction in the total pore count aligns with
an improvement of nearly 1 MPa in flexural strength and a lesser reduction in compressive
strength. This implies that a reduction in pores could enhance the mechanical properties
of the material. Conversely, at 10% latex doping, the presence of excessively large pores
(>1000 μm) and a higher total pore count substantially impaired the mechanical properties
of the material.
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Figure 11 delves into the impact of various pore sizes on the flexural and compressive
strength of the material. The data revealed a limited correlation between changes in flexural
and compressive strength and the content of tiny pores (5–200 μm). Notably, at 15% latex
doping, an increased concentration of these tiny pores corresponded to a favorable increase
in flexural strength and a gradual reversal of the decreasing trend in compressive strength.

 
(a) Micro pores content of 5~200 μm (b) Small pores content of 200~500 μm 

 
(c) Middling pores content of 500~1000 μm (d) Large pores content of ≥1000 μm 

Figure 11. Effect of pore content with different size pores on the flexural and compression strength of
the cementitious materials.

Figure 11b,c illustrates that the curves representing changes in the content of small
pores (200–500 μm) and medium pores (500–1000 μm) roughly aligned with alterations
in the flexural and compressive strengths of cementitious materials. This implies that an
increase in the content of small and medium pores was beneficial for enhancing the me-
chanical properties of these materials. At 15% latex doping, both the decline in compressive
strength and the improvement in flexural strength were moderated.

Figure 11d reveals that the curves reflecting changes in macropore content (≥1000 μm)
were inversely related to the curves for both flexural and compressive strength in cementi-
tious materials. This indicates that an increase in macropore content had a negative impact
on the material’s mechanical properties. Specifically, at 10% latex doping, the macropore
content reached its peak, resulting in a significant decrease in both flexural and compressive
strength. Conversely, at 15% latex doping, both the macropore content and total porosity
were relatively low. This led to improved flexural strength and a less pronounced decrease
in compressive strength, creating a more balanced relationship between these two me-
chanical properties. The effects on both flexural strength and compressive strength were
relatively balanced.
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In summary, the test results indicated that at low dosages, latex was unevenly dis-
persed throughout cementitious materials, resulting in relatively isolated pores that occu-
pied limited space. During this phase, the viscoelastic properties of the latex improved the
material’s elasticity, enabling greater flexural deformation and mitigating stress concen-
tration, thereby enhancing the material’s flexural strength. However, as the latex dosage
increased, it began to agglomerate within the cementitious matrix, introducing a significant
number of air bubbles. While the viscoelastic nature of the latex initially contributed to
filling and improving the matrix, the increased number of air bubbles began to compromise
the material’s structural integrity. This lack of compaction was exacerbated by the presence
of a considerable number of large pores, severely undermining the mechanical properties
of the material, particularly its compressive strength.

In essence, the mechanical properties of cementitious materials were influenced by
both the total pore volume and the size distribution of these pores. When using admixtures,
it was crucial to consider not only the overall pore count but also the specific distribution
of pore sizes, especially the concentration of large pores (>1000 μm). This comprehensive
approach aided in the accurate evaluation of the material’s mechanical properties and
helped establish effective feedback mechanisms for optimizing admixture applications.
Pore content analysis provided a microscopic lens through which to explore changes in the
material’s properties, and our tests validated the feasibility and precision of this method for
assessing external influences. Unlike methods requiring expensive instrumentation, com-
plex sample preparation, or intricate operational steps, our experimental study presented
a cost-effective and straightforward approach for analyzing pore evolution in cementi-
tious materials. This offered both a practical methodology and a theoretical foundation
for enhancing the material’s performance, optimizing admixture types, and determining
appropriate dosages.

4. Conclusions

(1) A characterization method was introduced for analyzing the pore distribution within
this two-dimensional context, which involved enhancing image grayscale processing
and binarization to achieve greater precision in distinguishing between pore-dense
and pore-sparse regions. The distribution characteristics of pores of varying sizes in
the two-dimensional structure of the materials were examined, and a pore distribution
model was developed. Based on this model, the overall pore volume in the material,
the distribution of pores across different size ranges, and the resulting impact on the
material’s mechanical properties were investigated. The key conclusions from this
study included the following:

(2) Analysis of the total pore volume within the complex solid–liquid–gas system of
cementitious materials revealed that the addition of latex increased the overall porosity.
Remarkably, when the latex dosage reached 15%, there was an inflection point in the
increase in the total pore volume, after which it showed a modest rebound.

(3) The pore content in all four categories tended to increase with the addition of latex.
However, it was crucial to note that increasing the latex dosage did not linearly result
in more significant porosity. This suggested that pore formation was influenced not
just by the admixture itself but also by the interaction between the latex and the
cementitious material, among other factors.

(4) The study revealed that tiny pores marginally increased with higher latex dosages.
In contrast to other pore sizes, the absolute content of tiny pores remained low,
suggesting that latex additives had a limited impact. Small and medium pores
behaved similarly with latex addition; both types showed a general increase but
experienced a decline at a latex dosage of 10%.

(5) In the case of large pores, the highest content was observed at 10% latex dosage,
reaffirming the trend of smaller pores evolving into larger ones. These findings
confirmed that smaller pores tended to develop into larger pores over time.
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(6) Higher porosity and micropore content generally weakened mechanical performance.
However, at a small latex dosage, there was an improvement in flexural strength.
When the latex dosage reached 15%, the total pore and micropore content declined,
resulting in a balanced increase in flexural strength and a mitigated decline in com-
pressive strength.

(7) In the binarization process of planar images of cementitious materials using digital
imaging techniques, a combination of automated threshold determination and manual
comparison was employed to maximize accuracy. Despite these efforts, the method
still has room for improvement, as it is susceptible to human error. Further research is
necessary to enhance the quantitative accuracy of binarization thresholds.
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Abstract: In order to improve the service quality of roads and resolve the problem of defects in the
conventional asphalt pavement in service, this paper uses a 5.3% aluminate coupling agent to modify
the surface of nano-ZnO and prepares a composite-modified asphalt with nano-ZnO and basalt fiber
(BF) as modifiers. First, the basic performance of different types of asphalt was investigated by means
of a rotary film oven experiment. Then, a dynamic shear rheology experiment was carried out to
analyze the high-temperature anti-rutting performance of the composite-modified asphalt at different
temperatures and frequencies. Then, using a bending creep stiffness test, the low-temperature
properties of the composite-modified asphalt were investigated. Finally, the microstructure and
modification mechanisms of the composite-modified asphalt were analyzed with scanning electron
microscopy and infrared spectroscopy. The results indicate that the anti-aging performance of
the nano-ZnO/BF composite-modified asphalt is significantly improved after adding fibers to the
modified asphalt. The average mass loss ratio is only 0.192%. At 46 ◦C, the rutting coefficient of the
composite-modified asphalt was increased by 62.3%. The frequency master curve is always at the
highest position and continues to rise, indicating a significant improvement in the high-temperature
anti-rutting performance of the composite-modified asphalt. At 24 ◦C, the creep stiffness modulus
S value of the composite-modified asphalt increased by 24.9%; moreover, there is no obvious effect
of improving low temperature, but the variation range of creep tangent slope m of the modified
asphalt after aging is decreased, which further shows that the addition of a modifier can decrease the
influence of aging on asphalt. Nanoparticles are uniformly dispersed in the asphalt and form a three-
dimensional interconnected structure with BF, which effectively improves the overall performance
of the asphalt. Nano-ZnO and fibers have weak chemical reactions in matrix asphalt, but they are
physically dispersed and compatible.

Keywords: road engineering; modification mechanism; experimental study; composite-modified
asphalt; microscopic morphology

1. Introduction

With the fast development of the highway transportation system, the total mileage
of the national expressway is increasing year by year. During the 14th Five-Year Plan,
China will achieve the goal of 25,000 km of expressway reconstruction and realize the main
line of the “71,118” national highway network [1]. Asphalt pavement has the advantages
of simple construction and comfortable driving, and more than 90% of expressways in
China are paved with asphalt. Due to complex environmental changes and the increasing
proportion of heavy-duty channelized traffic, conventional asphalt pavement is liable
to be damaged during its service period, which makes the service quality of the road
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decline rapidly [2,3]. This is one of the main difficulties in the construction of high-quality
modern highway systems in the new era. Therefore, improving the original asphalt to
improve its road performance has become an important research direction in the field
of transportation [4,5]. The unique and outstanding efficacy of nano-ZnO makes the
performance of nano-ZnO-modified asphalt incomparable with other modified asphalt.
The nano-ZnO-modified asphalt has a lower complex module and a higher phase angle,
which shows that the asphalt has excellent heat-oxidation and photo-oxidation resistance,
and the nano-ZnO modifier can significantly improve the high-temperature properties
of matrix asphalt after PAV aging [6,7]. The increase in nano-ZnO content causes the
Marshall stability, the indirect tensile strength, the pull-off adhesion, and the fracture
energy of asphalt mixture to obviously increase, and the coating degree of asphalt on
aggregate increases [8,9]. Nano-ZnO has a cross-linking reaction with asphalt, and nano-
ZnO has physical and chemical modifications on matrix asphalt [10–12]. Compared to
other modified asphalt, nano-ZnO-modified asphalt has outstanding road performance,
but the addition of only nano-ZnO modifiers to improve the low-temperature performance
of the asphalt mixture is not significant [13,14]. Studying nano-ZnO in asphalt and how to
improve its low-temperature properties and deepen its high-temperature properties is an
urgent problem.

Because of the high strength and green environmental protection of BF, the related
research on BF-modified asphalt has entered people’s field of vision [15,16]. When the BF
content is 2% and the length is 9 mm, BF-modified asphalt enhances the stress dissipation
capacity at low temperatures to a certain extent, showing excellent rheological properties,
and the BF is spatially distributed in the asphalt mortar, which has better stability and
enhancement [17,18]. Compared to normal asphalt, adding BF greatly reduces the freeze–
thaw splitting strength of aged specimens, effectively prevents the asphalt from aging,
and improves the resistance to low temperatures and water damage. BF can effectively
improve the combination of mineral aggregate and asphalt. Adding a small amount of
fiber can significantly increase the viscosity of the asphalt mortar, hinder the effective flow
of the asphalt, and, to some extent, lower the cracking probability of asphalt mortar, thus
improving its low-temperature crack resistance. This provides the theoretical foundation
for the popularization and application of BF in asphalt pavement [19–22].

In summary, as opposed to conventional asphalt blends, the addition of nanoparticles
can significantly improve the performance of the asphalt mixture at high temperatures
and water stability. The BF is added to the asphalt to strengthen the anti-crack and fatigue
resistance of the asphalt mixture, thus increasing the durability of the pavement materials.
However, in the results of recent research, there are few literature studies on the addition of
multi-dimensional, multi-scale fibers and nanomaterials to the matrix bitumen. Therefore,
nano-ZnO and BF are used as composite admixtures to modify the matrix asphalt in this
paper. Nano-ZnO and BF are adopted as compound admixtures for modification of base
asphalt. The performance of nano-ZnO/BF compound-modified asphalt at high and low
temperatures is evaluated, and the micro-modification mechanism and road performance of
composite-modified bitumen are also analyzed. This study may provide new optimization
and improvement ideas for the development of China’s transportation field.

2. Raw Material

2.1. Asphalt

This article uses grade 70# asphalt from the Jintan Municipal Construction Co., Ltd. (Jin-
tan, China). The basic performance index is determined according to the test procedure [23].
The results of the test are given in Table 1. In accordance with the requirements of the
Technical Specification [24], the 70# asphalt specification meets the specification conditions.
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Table 1. Basic performance index of 70# asphalt.

Test Items Unit Test Results Technical Requirements Test Method

Penetration (25 ◦C, 100 g, 5 s) 0.1 mm 64.8 60~80 T0640
Ductility (5 cm/min, 5 ◦C) cm 13.4 ≥0 T0605
Ductility (5 cm/min, 15 ◦C) cm 127.6 ≥100 T0650

Softening point (Ring and ball method) ◦C 47.5 ≥46 T0606
Flash point ◦C 280 ≥260 T0611

Density (25 ◦C) g/cm3 1.205 Measured value T0603

After RTFOT

Quality change % −0.264 −0.8~+0.8 T0610
Penetration ratio % 73.5 ≥61 T0604

Ductility (5 cm/min, 5 ◦C) cm 11.2 ≥6 T0605
Ductility (5 cm/min, 15 ◦C) cm 130.4 ≥15 T0605

2.2. Nano-Zinc Oxide

The nano-Zinc Oxide (nano-ZnO) used in the test is provided by Pinyu New Material
Co., Ltd. (Shanghai, China). The shape of the nano-ZnO particles is approximately spherical,
and the particle diameter is about 30 nm. It has the morphological characteristics of
nanomaterials and belongs to the standard nanomaterials. Its technical index is shown in
Table 2.

Table 2. Technical Indicators of Nano-ZnO.

Performance Appearance Purity (%)
Specific Surface

Area (m2/g)
Loose Density

(g/cm3)

Nano-ZnO White powder 99.6 58 0.94

2.3. Basalt Fiber

The basalt fiber (BF) used is a high-quality fiber provided by Hunan Basalt Stone Co.,
Ltd. (Changsha, China). The BF is linearly distributed, the surface is smooth, and it is not
easy to deform and distort. The conventional performance index parameters are shown in
Table 3.

Table 3. Performance index of BF.

Performance Length (mm)
Diameter

(μm)
Density (g/cm3)

Fracture
Elongation (%)

Elastic Modulus
(GPa)

Tensile
Strength (MPa)

BF 6 12 2.94 2.958 95 3500

3. Test Scheme

3.1. Optimization of Surface Properties of Nano-ZnO

In this paper, an aluminate coupling agent was selected to modify the surface of
nano-ZnO [25]. The experimental equipment was a heat-collecting constant temperature
heating magnetic stirrer. The concrete steps are as follows:

(1) Different doses of aluminate coupling agent were added to the prepared ethanol
solution (anhydrous ethanol:water = 9:1). The mixture was stirred with a glass rod
evenly and then added to a conical flask. By stirring the mixture for 5 min at room
temperature with a magnetic stirrer, the nano-ZnO was brought into full contact with
the coupling agent.

(2) A certain amount of nano-ZnO was weighed and dried in the electric blast drying box
and slowly added to a conical bottle. The motor temperature was adjusted to 70 ◦C,
the speed to 300 rpm, and stirring was continued for 40 min.

(3) The activated nano-ZnO was placed in an electric blast drying furnace, and the
temperature was controlled at about 100 ◦C. Finally, the dried nano-ZnO was placed
in a mortar for grinding.
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Each type of test includes three samples, including parallel experiments. The lipophilic-
ity of the nano-ZnO was tested after modification, and the dose modification effect cor-
responding to the maximum lipophilicity value was the best. Finally, a 5.3% aluminate
coupling agent was selected to activate the nano-ZnO.

3.2. Preparation of Composite-Modified Asphalt

The matrix asphalt was placed in an electric hot blast drying box and heated to melting
at a temperature of 180 ◦C for dehydration. Then, 500 g of the matrix asphalt was quickly
weighed into the heating furnace of the high-speed shear machine to keep it flowing. The
temperature was set to about 150 ◦C for heating. In the course of heating, continuous
mixing of the base asphalt with the glass rod can avoid local heating and aging of the
asphalt. First, 4% of the surface-modified dry nano-ZnO was slowly added in batches to the
matrix asphalt, and then the high-speed shear machine was used to slowly shear for about
15 min. When the white powder in the asphalt was evenly dispersed, 2% of the dry BF was
slowly added in batches, and it was necessary to continuously carry out manual stirring
to ensure it was evenly dispersed during the addition process. The shear rate was kept at
5000 r/min. The shear rate was cut for 60 min, then, it was placed in an electrothermal
blast drying oven at 180 ◦C to swell and develop until the asphalt surface was smooth and
free of bubbles. In this way, the nano-ZnO/BF compound-modified asphalt was prepared.

3.3. Rolling Thin Film Oven Test

The aging test of 50 ± 0.5 g matrix asphalt, nano-ZnO-modified asphalt and nano-
ZnO/BF composite-modified asphalt was carried out according to the requirements of
T0610 in the specification [23] using an asphalt rotating film oven. The oven temperature
was kept at 163 ± 0.5 ◦C for a total duration of 85 min. All test procedures should be
completed within 72 h. The basic performance of three kinds of asphalt after aging was
analyzed and the anti-aging properties of the compound-modified asphalt were compared
and evaluated.

3.4. Rheological Test of High-Temperature Dynamic Shear

The rheological behavior of asphalt was investigated by means of a DHP-1 dynamic
shear rheometer according to T0628 in the regulation [23]. A sample of 25 mm in diameter
and 1 mm thick was used in the test. The strain level selected for temperature scanning
was 10%, and the shear frequency was 10 rad/s. The trend of complex shear modulus G*,
the phase angle δ, and the rutting factor G*/sinδ at different temperatures was analyzed.
The high-temperature performance of the matrix asphalt, the nano-ZnO-modified asphalt,
and the nano-ZnO/BF composite-modified asphalt before and after aging was studied.
Frequency scanning was used to select the strain level of 1%, and the frequency range was
within 0.1 to 100 rad/s. The trend of G* at different angular frequencies was analyzed,
and the anti-deformation ability of the three types of asphalt before and after aging was
further studied. Based on the theory of the time–temperature equivalence principle, the
change rule of the three types of asphalt G* was compared with that of the main curve
of viscoelasticity.

3.5. Rheological Test of Low-Temperature Bending Beam

An ATS low-temperature bending rheometer made in the United States was adopted to
investigate the low-temperature properties with reference [26]. Preparation of the asphalt
was performed for 127 mm; it was 12.7 mm wide and 6.35 mm thick. The specimens
were subjected to continuous stress loading for 4 min in a cold environment. Then, the
creep stiffness modulus S value and the creep tangent slope m value of the three kinds
of trabecular bending specimens were recorded, respectively. To ensure the data were
accurate, the creep stiffness, S ≤ 300 Mpa, and the creep rate, m ≥ 0.3 at 60 s, were required
in the specification. Comparison and analysis of the experimental results were performed
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to evaluate the low-temperature properties of matrix asphalt, nano-ZnO-modified asphalt,
and nano-ZnO/BF composite asphalt before and after aging.

3.6. Scanning Electron Microscope Experiments

The morphology of matrix asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF
composite-modified asphalt were studied using a field emission scanning electron mi-
croscope. The magnification of the matrix asphalt and nano-ZnO-modified asphalt was
2000 times, and the magnification of the nano-ZnO/BF composite-modified asphalt was
500 times. The sample size was in the size range of 10 mm × 10 mm × 5 mm, in order to
more clearly study the combination of admixture and asphalt and the specific distribution
characteristics, so as to better distinguish the differences in microstructure.

3.7. Fourier Infrared Spectroscopy Test

A VERTEX70 Fourier transform infrared spectrometer was used. The test scanning
range was 4000 cm−1~500 cm−1, 64 times of scan, and 4 cm−1 resolution. The matrix
asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF composite-modified asphalt were
tested using infrared spectroscopy. Based on the position and strength of the characteristic
peaks, the modification mechanism of the two modifiers on the base asphalt was studied.

4. Experiment Results and Analysis

4.1. Aging Performance Analysis

The matrix asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF composite-modified
asphalt were subjected to RTFOT short-term aging, respectively. The comparison results
are shown in Table 4.

Table 4. Short-term aging test results of modified asphalt.

Asphalt Type

Before RTFOT After RTFOT

25 ◦C Pen-
etration
(0.1 mm)

5 ◦C
Ductility

(cm)

Softening
Point
(◦C)

Quality
(g)

Residual
Penetration

Ratio (%)

Residual
Ductility
Ratio (%)

Softening Point
Increment (◦C)

Quality
Loss (%)

Matrix asphalt 64.8 13.4 47.5 49.862 73.5 83.6 6.2 0.264
Nano-ZnO-modified

asphalt 60.5 24.6 53.4 50.047 75.2 87.4 5.7 0.237

Nano-ZnO/BF
composite-modified

asphalt
52.3 21.9 57.8 50.236 76.9 85.3 5.4 0.192

As shown in Table 4, the residual penetration ratio of the modified asphalt increased
by 1.7% and 3.4%, respectively, the residual ductility ratio increased by 3.8% and 1.7%,
respectively, the softening point increment decreased by 0.5 ◦C and 0.8 ◦C, respectively,
and the mass change decreased by 0.027% and 0.072%, respectively. The greater the
residual penetration ratio of asphalt after aging, the smaller the increment of softening
point increment and the change in mass, the better the anti-aging performance of asphalt.
This shows that the addition of two additives promoted the aging of asphalt and effectively
reduced the volatilization of light components in asphalt. Both modified asphalts have
better heat-aging resistance than matrix asphalt. It also proves that the nano-ZnO/BF
composite-modified asphalt has the strongest anti-aging ability.

4.2. Analysis of Dynamic Shear Rheological Test
4.2.1. Temperature Scanning

The rutting factor G*/sinδ is used to predict the viscoelastic properties of asphalt.
The temperature scanning test of the three types of asphalt before and after aging was
carried out at 46~82 ◦C. The temperature interval was 6 ◦C. The results are shown in
Figures 1 and 2.
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(a) (b) 

Figure 1. Complex shear modulus–temperature variation diagram of three kinds of asphalt.
(a) Unaged asphalt. (b) Aged asphalt.

 
(a) (b) 

Figure 2. Phase angle–temperature variation diagram of three kinds of asphalt. (a) Unaged asphalt.
(b) Aged asphalt.

Analysis of Figures 1 and 2 shows:
1© When the temperature condition is relatively low, the complex shear modulus of

the three kinds of asphalt is larger, but the phase angle value at the same temperature is
smaller, indicating that the asphalt is more elastic at low temperatures, and has a stronger
capacity to withstand deformation. As the temperature rises, the complex shear modulus
decreases, and the phase angle increases gradually, which demonstrates that the viscosity
of the asphalt is stronger under the condition of a high-temperature environment, and the
anti-deformation capability of the asphalt is reduced to a certain extent. After the nano-
ZnO and BF were added to the matrix asphalt, under the same temperature conditions,
the complex shear modulus G* of the nano-ZnO-modified asphalt and nano-ZnO/BF
composite-modified asphalt showed an upward trend compared with the matrix asphalt,
and the phase angle δ showed a corresponding decreasing trend, but the increase in G* and
the decrease in δ of the composite-modified asphalt were obviously greater than that of
nano-ZnO-modified asphalt. Therefore, the addition of BF to nano-ZnO-modified asphalt
can effectively promote resistance to permanent deformation.
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2© After aging, the G* and δ of the three types of asphalt are almost the same as
those before aging. From Figure 1b, it can be seen that the G* values of the three kinds of
asphalt will increase when aging occurs. However, compared with the G* value changes of
nano-ZnO-modified asphalt and matrix asphalt, it can be seen that after adding BF, the G*
value increases greatly. From Figure 2b, it can be seen that the δ value of asphalt decreases
during aging, but the decreasing trend also increases with the addition of BF. Through the
above analysis, it can be seen that in the process of asphalt RTFOT aging, adding BF to
modified asphalt can play a helpful role in resisting RTFOT aging.

According to the result data, three diverse classifications of asphalt rutting factor–
temperature change trend diagrams are further analyzed. As shown in Figure 3, the
temperature scanning test results before and after aging can be studied more clearly
and intuitively.

 
(a) (b) 

Figure 3. Rutting factor–temperature variation diagram of three kinds of asphalt. (a) Unaged asphalt.
(b) Aged asphalt.

Analysis of Figure 3 shows:
1© As the test temperature rises, the rutting factors of the original asphalt and the aged

asphalt have the same decreasing tendency. Rutting factor in the environmental conditions
of 46 ◦C gradually warming process, the overall trend of rutting factor suddenly decreased,
but the three kinds of asphalt curve after 64 ◦C numerical change slowly and gradually
overlap. The reason is that the relative proportion of viscous behavior is increased with
the increase in test temperature, and the viscous components increase while the elastic
components gradually decrease. Under the same temperature conditions, the rutting
factor G*/sinδ from large to small is nano-ZnO/BF-modified asphalt > nano-ZnO-modified
asphalt > matrix asphalt. If the asphalt shows a large G*/sinδ value, it shows that asphalt
has strong high-temperature deformation resistance, which can more effectively resist
the traffic gravity load so that the rutting deformation phenomenon appears slowly or
decreases significantly.

2© RTFOT aging makes the rutting factor of asphalt larger. Analysis of the reasons
shows that aging changes asphalt’s composition, and the gradual transformation of light
components to heavy components causes the nano-ZnO/BF composite-modified asphalt to
be harder. When the asphalt pavement undergoes heavy traffic under high-temperature
conditions, its good viscoelastic behavior makes it less prone to rutting deformation,
indicating that aging causes the modified asphalt to have better thermal stability. The
increase in the rutting factor of modified asphalt after aging also shows that the high
strength characteristics of BF itself are effectively combined with nanoparticles to form a
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unified system, and the integral performance of modified asphalt is effectively reinforced.
The incorporation of nano-ZnO and BF into the matrix asphalt significantly reduces the
probability of rutting deformation of the asphalt, which is of great importance for the
anti-damage ability of the asphalt under high-temperature conditions.

4.2.2. Frequency Scanning

(1) Frequency scanning test

The frequency scanning experiment can accurately and comprehensively analyze the
dynamic high-temperature characteristics of different asphalts at different shear angle
frequencies. In this section, frequency scanning tests in the three types of asphalt were
carried out at temperatures of 40~88 ◦C, and the temperature interval was 12 ◦C. The results
of the test are shown in Figures 4–6.

Figure 4. Complex modulus–angular frequency change diagram of base asphalt.

Figure 5. Complex modulus–angular frequency change diagram of nano-ZnO-modified asphalt.
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Figure 6. Complex modulus–angular frequency change diagram of nano-ZnO/BF composite-
modified asphalt.

Analysis of Figures 4–6 shows:
1© Under the same temperature conditions, as the angular frequency gradually in-

creases, the complex modulus values of the three asphalts also increase and are almost
linear. In practical road applications, the increase in the frequency of pavement loading
indicates that the higher the vibration frequency of the road in unit time, that is, the to-
tal shear strain generated in unit time decreases, and the complex modulus of asphalt
increases. Under the state of relatively low temperature, the increase in load frequency has
little effect on asphalt road pavement, and the deformation of asphalt road pavement is
small. However, under the state of relatively high temperatures, when the pavement is
subjected to heavy traffic vehicles, its G* is small, and the asphalt pavement is prone to
deformation, which may result in the destruction of the road surface.

2© The change rate of G* of matrix asphalt, nano-ZnO-modified asphalt, and nano-
ZnO/BF composite-modified asphalt is basically the same and roughly parallel under
five different test temperature conditions. Analysis of experimental data shows that with
the change in environmental conditions, the G* of asphalt is negatively correlated with
temperature. The reason is that the asphalt softens in a high-temperature environment,
which leads to the weakening of the interaction force between the interior of the asphalt, the
weakening of the elastic properties of the modified asphalt, and a change in the direction
of viscoelasticity. The final result is that the G* decreases, and the viscous component of
asphalt increases. The transformation of asphalt to viscous characteristics reduces its ability
to resist high-temperature deformation. It shows that in a high-temperature environment,
the probability of road rutting will increase significantly, and the performance of asphalt
pavement will be weakened.

(2) Main curve analysis of frequency scanning results

First, the data of the complex modulus and angular frequency of the three original
asphalts are fitted to the curve equation. Then, by selecting the G* value, the displace-
ment factors corresponding to the matrix asphalt, nano-ZnO-modified asphalt, and nano-
ZnO/BF composite-modified asphalt are calculated in turn. Finally, with the help of the
time–temperature equivalence principle, the main curve diagram of lgG* − lgω is con-
structed to increase the research interval. The time–temperature equivalence principle is
based on the fact that there is a certain distance between the data curves of other temper-
atures and the data curves of this temperature at a certain temperature. This distance is
called the displacement factor.

1© Determination of displacement factors of the three original asphalts.
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Through the analysis of the frequency scanning data of matrix asphalt at different
test temperatures, and then the double logarithm curve equation is fitted. The results are
presented in Table 5.

Table 5. Matrix asphalt double logarithmic fitting curve summary table.

Test Temperature (◦C) Fitting Curve Equation R2

40 lgG* = 0.9270lgω + 3.3825 0.9996
52 lgG* = 0.9608lgω + 2.6847 0.9999
64 lgG* = 0.9386lgω + 1.9455 0.9987
76 lgG* = 0.9024lgω + 1.3011 0.9997
88 lgG* = 0.8793lgω + 0.7813 0.9811

In this section, by selecting G* = 1000 Pa, it is substituted into lgG* to obtain
lgG* = 3, and then the lgG* value is substituted into the fitting curve equation of Table 5,
respectively. The corresponding lgω values at various temperatures can be obtained. On
the basis of the displacement factor of the test temperature of 40 ◦C, the displacement factor
values corresponding to the angular frequency lgω under the remaining temperatures are
calculated in turn. The results are in Table 6 below.

Table 6. Matrix asphalt displacement factor table.

Test Temperature (◦C) Lgω (Rad/s) Displacement Factor

40 −0.4126 0
52 0.3282 −0.7408
64 1.1235 −1.5361
76 1.8826 −2.2952
88 2.5233 −2.9359

Taking the same analysis method as matrix asphalt, the fitting curve equations and cor-
responding displacement factor values of nano-ZnO-modified asphalt and nano-ZnO/BF
composite-modified asphalt were calculated in turn, as given in Tables 7 and 8, respectively.

Table 7. Two modified asphalt double logarithmic fitting curve equation summary table.

Types of Modified Asphalt Test Temperature (◦C) Fitting Curve Equation R2

Nano-ZnO-modified asphalt

40 lgG* = 0.8777lgω + 3.8214 0.9997
52 lgG* = 0.9193lgω + 3.0539 0.9998
64 lgG* = 0.8956lgω + 2.4102 0.9962
76 lgG* = 0.9389lgω + 1.6799 0.9984
88 lgG* = 0.8419lgω + 1.2662 0.9807

Nano-ZnO/BF
composite-modified asphalt

40 lgG* = 0.8456lgω + 4.1064 0.9993
52 lgG* = 0.9108lgω + 3.2771 0.9992
64 lgG* = 0.9404lgω + 2.5598 0.9998
76 lgG* = 0.9220lgω + 2.0145 0.9997
88 lgG* = 0.8827lgω + 1.5499 0.9966

2© Main curve analysis of the three original asphalts.
When the time–temperature equivalence principle is used for graphic drawing, the

curves of different temperatures will move horizontally on the basis of the displacement
factor. Then, by studying the generated lgG* − lgω curve of a wider area, the temperature
susceptibility of different asphalts under the action of the external environment can be
evaluated and analyzed. The diagrammatic drawing of the displacement factor principle is
illustrated in Figure 7.
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Table 8. Two modified asphalt displacement factor tables.

Types of Modified Asphalt Test Temperature (◦C)
Lgω

(Rad/s)
Displacement Factor

Nano-ZnO-modified asphalt

40 −0.9359 0
52 −0.0586 −0.8773
64 0.6586 −1.5945
76 1.4060 −2.3419
88 2.0594 −2.9953

Nano-ZnO/BF
composite-modified asphalt

40 −1.3084 0
52 −0.3042 −1.0042
64 0.4681 −1.7765
76 1.0689 −2.3773
88 1.6428 −2.9512

Figure 7. Schematic diagram of displacement factor.

Based on the principle of time–temperature equivalence, the temperature of 40 ◦C
is used as the benchmark. According to the displacement scale factor values of the three
original asphalts calculated in Tables 6 and 8, the remaining complex modulus change
diagrams are moved horizontally to the left, and the main curve of lgG* − lgω is obtained,
as shown in Figure 8.

According to the analysis of Figure 8, under the same loading conditions of angular
frequency, especially in the high-temperature and low-frequency section, the G* value
of nano-ZnO/BF composite-modified asphalt is larger than that of nano-ZnO-modified
asphalt, and the complex modulus value of matrix asphalt is the smallest, indicating that
matrix asphalt has poor rutting resistance. BF can improve the high-temperature properties
of asphalt, but the improvement effect is not as obvious as that of composite materials. It can
be seen intuitively from Figure 8 that in the low-temperature and high-frequency section,
as the angular frequency increases, the G* of the three types of asphalt also increases. The
main curve of matrix asphalt and nano-ZnO-modified asphalt gradually approaches, and
the complex modulus values are not much different, indicating that the nanoparticles as
modifiers in the low-temperature environment have no significant effect in improving the
temperature sensitivity of the asphalt. However, the complex modulus of the nano-ZnO/BF
compound-modified asphalt is still at the highest position and is in a continuous rising
stage; this shows that the two admixtures can effectively upgrade the high-temperature
anti-rutting properties of asphalt, and the promotional effects are still remarkable in the
high-frequency section.
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Figure 8. The complex modulus–angular frequency main curves of the three original asphalts.

4.3. Analysis of Bending Beam Rheological Test

Three temperature conditions were selected for the three kinds of asphalt: −12 ◦C,
−18 ◦C, and −24 ◦C. The loading time was determined to be 240 s. The stiffness modulus
S value and tangent slope m value of the bending creep stiffness test were automatically
collected and recorded by the sensing system, as given in Figures 9 and 10.

 
(a) (b) 

Figure 9. Creep stiffness modulus of asphalt at different temperatures. (a) Unaged asphalt.
(b) Aged asphalt.

From the analysis of Figures 9a and 10a, it can be seen that the creep stiffness modulus
of the three different types of asphalt increases, and the creep tangent slope decreases as
the temperature decreases. Among them, the increase (decrease) of matrix asphalt is the
most significant, which reflects that matrix asphalt shows more significant brittleness under
low-temperature conditions and has poor deformation resistance. After the nanoparticle
modifier is added, the S value decreases and the m value increases. After the addition of
BF to the nano-modified asphalt, the S value increases and the m value decreases. The
reason may be that the BF absorbs a part of the light component content in the asphalt
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so that the content of heavy components is relatively high. Nanoparticles and BF form a
dense three-dimensional mesh system, which increases its synergy, thus promoting the
creep stiffness modulus of nano-ZnO/BF composite-modified asphalt to be higher than
that of nano-ZnO-modified asphalt.

  
(a) (b) 

Figure 10. Creep tangent slope of asphalt at different temperatures. (a) Unaged asphalt.
(b) Aged asphalt.

It can be seen from Figures 9b and 10b that the parameter S of matrix asphalt, nano-
ZnO-modified asphalt, and nano-ZnO/BF composite-modified asphalt increased to a
certain extent after RTFOT aging. Analysis at −12 ◦C shows that the S value of matrix
asphalt increased by 16.5% after aging, the S value of nano-ZnO-modified asphalt increased
by 14.9% after aging, and the S value of composite-modified asphalt increased by 15.0%
after aging. The creep tangent slope of the three test asphalts decreased after short-term
aging. The m values of matrix asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF
composite-modified asphalt at −12 ◦C decreased by 21.6%, 14.8%, and 13.4%, respectively.
In summary, nanoparticles can improve the low-temperature creep property of asphalt to
some degree, while the effect of adding fiber is not obvious. After short-term aging, the
modified asphalt with admixture weakens the change range of creep rate, which further
verifies that the addition of nanoparticles and fibers can enhance the anti-aging properties
of asphalt.

4.4. Micromorphology Analysis
4.4.1. Study on the Microstructure of Raw Materials

The scanning electron microscope morphology of nano-ZnO and basalt fiber was
studied, as shown in Figures 11 and 12.

It can be seen from Figure 11 that the shape of the surface-modified nano-zinc oxide
particles is approximately spherical, and the particle diameter is about 30 nm. The alumi-
nate coupling agent reacts with nano-zinc oxide so that the surface of the particles is coated
with a layer of film, which improves its dispersion.

It can be seen from Figure 12 that the basalt fiber is linearly distributed, the surface is
smooth, and it is not easy to deform and distort, indicating that the fiber has high strength
and can have a good reinforcement effect on the asphalt mixture.
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(a) (b) 

Figure 11. Scanning electron microscopy of two multiples of nano-ZnO. (a) The magnification is
20,000 times. (b) The magnification is 50,000 times.

  
(a) (b) 

Figure 12. Scanning electron microscopy of two kinds of basalt fiber. (a) The magnification is
1000 times. (b) The magnification is 5000 times.

4.4.2. Morphology Characterization Analysis of Composite-Modified Asphalt

The morphology of matrix asphalt, nano-ZnO-modified asphalt, and nano-ZnO/BF
composite-modified asphalt was studied using scanning electron microscopy (SEM), as
shown in Figures 13–15.

 

Figure 13. Ase asphalt scanning electron microscope.
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Figure 14. Scanning electron microscopy of nano-ZnO-modified asphalt.

 

Figure 15. Scanning electron microscopy of nano-ZnO/BF composite-modified asphalt.

It can be seen from Figure 13 that after the matrix asphalt is magnified by 2000 times, no
other impurities or particles appear in the scanning electron microscope image, the surface
is very smooth, and the micro-morphology is evenly distributed. This also proves that
the matrix asphalt selected in this paper is relatively clean and pure, which is convenient
for later comparison with the images of nano-ZnO-modified asphalt and nano-ZnO/BF
composite-modified asphalt.

It can be seen from Figure 14 that, compared with the matrix asphalt, the surface of
the modified asphalt added with nano-ZnO has some protrusions, and a small amount
of agglomeration occurs, but on the whole, it is still evenly dispersed in the asphalt, and
a relatively stable network structure is formed with the asphalt. This may be due to the
damage to the structure of the nanoparticles themselves during the high-speed stirring
process. The chemical structures, such as functional groups and covalent bonds, change,
and the increase in their surface activity makes it easier to integrate with the asphalt,
increasing the viscosity and toughness of the overall structure, thereby improving the
asphalt’s performance.

It can be seen from Figure 15 that the microstructure of the composite-modified asphalt
becomes more complex, and the surface presents an intricate irregular wrinkle phase. This
is because the fiber itself has high oil absorption. After the adsorption of the surrounding
asphalt reaches saturation, the fiber is completely coated by the asphalt, forming a wrinkle
phenomenon around the vacancy, indicating that the fiber and the asphalt have good
compatibility. There is no reaction between the two admixtures. The mutual extension of
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the surface of the asphalt phase and the fiber phase forms a denser structure, which helps
to improve the stability of the asphalt.

4.5. Infrared Spectrum Test Analysis of Composite-Modified Asphalt

The data obtained from the wavenumber-transmittance test of the three kinds of
asphalt are summarized into an infrared spectrum, and then the characteristic peaks are
compared and analyzed. The test results are shown in Figure 16.

 

Figure 16. Infrared spectra of the three kinds of modified asphalt.

The infrared spectra of the three kinds of asphalt in Figure 14 are studied and analyzed.
The main conclusions are as follows:

(1) The infrared spectra of matrix asphalt are analyzed as follows: There are two significant
characteristic absorption peaks at 2905 cm−1 and 2817 cm−1, which are caused by
the stretching vibration of the C–H bond in asymmetric methylene and symmetric
methylene (-CH2-), respectively. The stretching vibration peaks at 1486 cm−1 and
1378 cm−1 were observed, which may be caused by the bending vibration of the
C–H bond in the asymmetric group and the symmetrical methyl (-CH3-). A weak
absorption peak was found at a wave number of about 1035 cm−1, corresponding
to the stretching vibration of the functional group S=O in the sulfoxide (R1-SO-R2).
The absorption peaks found at 815 cm−1 and 738 cm−1 at the end are due to the
out-of-plane bending of the =C–H group in the olefin. It can be seen that the matrix
asphalt contains aromatic hydrocarbon compounds.

(2) After adding nanoparticles into the matrix asphalt, the peak position of the infrared
spectrum of the asphalt changed significantly. The absorption peak of nano-ZnO-
modified asphalt gradually weakens and disappears in the range of 1300 cm−1 to
1530 cm−1, indicating that there is a certain amount of strong oxidizing hydroxyl (-OH)
on the surface of the surface-treated nano-materials. Under the action of high-speed
shear, a certain chemical reaction occurs between the matrix asphalt. The intensity and
position of the absorption peaks found at 726 cm−1 and 613 cm−1 at the end changed
slightly. The reason may be that nano-ZnO has a certain influence on the out-of-plane
swing vibration of CH2 olefins and the in-plane swing of long-chain alkanes CH2
groups. In short, nano-ZnO and matrix asphalt have a certain chemical reaction, but
mainly a physical reaction.

(3) On the whole, nano-ZnO/BF composite-modified asphalt has a certain wave number
absorption peak band in the range of 3150~3460 cm−1. On the one hand, the CH
functional group in the asphalt may have a weak chemical reaction with the composite
modifier during the preparation process. On the other hand, it is caused by the
stretching vibration of O–H and N–H bonds in the phenolic hydroxyl group. At
the wave numbers 815 cm−1 and 726 cm−1, there are moderate stretching vibration
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peaks, which are mainly caused by the bending vibration of the crystalline long chain
(-(CH2)n-, (n ≥ 4)). At the wave number 1035 cm−1, the absorption peak with obvious
strength is found. The reason may be the degradation reaction of the polymer chain
segment, which leads to the change in the content of the related group C=C, and the
C=C group is a conjugated double bond. The value can characterize the mechanical
properties of asphalt, which further indicates that nano-ZnO/BF composite-modified
asphalt has strong mechanical properties.

In summary, when nano-ZnO and BF are added to matrix asphalt, the types of func-
tional groups remain almost unchanged, and only the content of functional groups changes.
It shows that after adding the composite modifier, there is basically no chemical reaction
inside the asphalt, mainly physical dispersion and compatibility.

5. Conclusions

(1) After adding nano-ZnO and BF to matrix asphalt, the three performance indica-
tors before and after RTFOT aging improved to varying degrees. Compared with
nano-ZnO-modified asphalt, the residual ductility ratio, softening point increment,
and mass change in nano-ZnO/BF composite-modified asphalt decreased by 1.7%,
0.3 ◦C and 0.045%, respectively, and the residual penetration ratio increased by 1.7%,
indicating that the fiber can reduce the effect of aging on asphalt and further improve
its anti-aging performance.

(2) The rutting factor of the three kinds of original asphalt and thermal aging asphalt de-
creases with the increase in test temperature, and at the same temperature, the G*/sinδ
of the three kinds of asphalt from large to small is nano-ZnO/BF composite-modified
asphalt > nano-ZnO-modified asphalt > matrix asphalt, indicating that the composite-
modified asphalt has the strongest high-temperature deformation resistance. RTFOT
aging makes the rutting factor of asphalt larger, which is of great significance to its
damage resistance in a high-temperature environment.

(3) The complex modulus of three kinds of original asphalt and aged asphalt increased
gradually with the increase in angular frequency, almost linear relationship; nano-
ZnO/BF composite-modified asphalt has good deformation resistance in both high-
frequency and low-frequency regions, which improves the pavement’s performance
from a macro perspective. After short-term aging, the complex modulus of the three
kinds of asphalt showed a significant growth trend; that is, aging improved the
high-temperature stability of the asphalt.

(4) After adding BF to nano-ZnO-modified asphalt, the S value increases and the m
value decreases, that is, nanoparticles can improve the low-temperature creep perfor-
mance of asphalt to a certain extent, while the low-temperature improvement effect
of nano-ZnO/BF composite-modified asphalt is not obvious. The S value of nano-
ZnO-modified asphalt and composite-modified asphalt increased by 14.9% and 15.0%,
respectively, while the m value decreased by 14.8% and 13.4%, respectively, and the
change range of creep rate of modified asphalt decreased at −12 ◦C. After RTFOT
aging, the creep rate of modified asphalt decreased, indicating that the incorporation
of modifiers can improve the anti-aging performance of asphalt.

(5) The modified asphalt mixed with nanoparticles and BF increases the viscosity and
toughness of the whole structure and forms a three-dimensional network structure,
which can effectively improve the performance of the asphalt. It can be seen from
the infrared spectrum that nano-ZnO/BF composite-modified asphalt has strong
mechanical properties. Nano-ZnO and BF have weak chemical reactions in matrix
asphalt, but they are mainly physically dispersed and compatible.
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Abstract: To address the issue of bad compatibility between a single polymer modifier and asphalt
and high preparation cost, the composite modified asphalt with polyphosphoric acid (PPA) and
SBS as a modifier was prepared. Basic properties, viscosity characteristics, high-temperature and
low-temperature rheological performance, and aging-resistant performance of SBS/PPA composite
modified asphalt were comprehensively evaluated, and the best content of PPA was obtained through
the experimental results below. By performing an infrared spectrum test and a scanning electron
microscope test, structural changes and modifying mechanisms of composite modified asphalt were
analyzed. The results indicate the optimal PPA content is 0.75%. After adding PPA, the penetration
and ductility of composite modified asphalt were reduced, while the softening point increased. At
135 ◦C, the viscosity was 1.2 times that of SBS modified asphalt. The average weight loss ratio
was 0.163%. When the content of PPA was 0.75% and 1%, the rutting factor increased significantly.
Therefore, PPA can not only improve the thermal oxidation aging resistance of asphalt, it can also
improve the shear resistance, high-temperature performance, and temperature sensitivity of asphalt.
Between 1027 and 1150 cm−1, the composite modified asphalt forms a new absorption peak, and from
1610 cm−1, the absorption peak presents an upward trend, suggesting that PPA reacts chemically with
asphalt, produces the new substance, and also increases a large number of hydrocarbon components
with chain structure. The surface appearance of the compound modified asphalt gradually presents a
smooth wrinkle state due to the increase of PPA, so the issue of easy segregation of SBS in asphalt
is improved.

Keywords: environmental protection material; composite modified asphalt; rheological properties;
polyphosphoric acid; microscopic analysis

1. Introduction

Hole cracks, pit collapse, and other diseases occur in asphalt pavement all year round.
In addition to construction reasons, pavement aging is also an important cause. The princi-
pal cause for pavement aging is the decrease of cohesion and even movement of aggregate
and asphalt in asphalt mixture subjected to repeated heavy loads and high temperatures [1].
Conventional polymer modified asphalt has the problems of poor compatibility with as-
phalt and easy segregation during transportation, which ultimately results in a decrease in
service life and a rise in the cost of building and maintaining [2]. Therefore, it is of great
significance for practical road applications to combine modifiers with different modification
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mechanisms into base asphalt to achieve complementary advantages among modifiers to
improve asphalt performance.

As the third generation of synthetic rubber, an SBS modifier is widely used because
of its excellent thermal stability and high-temperature performance, but it still cannot
avoid the problem of transportation segregation caused by poor blending compatibility,
and the performance deterioration is also common [3–6]. Cortizo et al. [7] indicated
that the penetration of SBS modified asphalt was reduced and the softening point was
raised after RTFOT. The infrared spectrum showed that changes in performance were
mainly due to changes in microstructure, as well as the molecular weight of SBS modified
asphalt under thermal oxidative degradation. The modification of asphalt with a different
modifying agent was investigated. It was found that although both SBS and rubber powder
were physically modified, its performance was obviously superior to single mixing [8–12].
The physical index, storage stability, and aging resistance of SBS modified asphalt can
be improved by applying surface-active nanomaterials to produce composite modified
asphalt [13,14]. When the chemical modifier gradually entered the academic field of vision,
the composite modified asphalt co-doped with the reactive modification agent based on
polyurethane precursor (PRM) and SBS appeared, which increased the compatibility of the
polymer modifier and asphalt by chemical crosslinking and formed a more stable network
structure [15,16].

As an acidic modifier, polyphosphoric acid was first popularized abroad, accounting
for more than 16% of the modified asphalt market in the United States [17]. This is enough
to show that polyphosphoric acid can play an active role in modified asphalt, and its
cost is only half or even lower than that of polymer. Therefore, for large-volume asphalt
pavement construction projects, the use of polyphosphoric acid is a choice to save economic
costs and has economic benefits for practical road applications. Jafari et al. [18,19] found
that adding PPA could improve the properties of high-temperature and aging resistance
through various rheological tests. Amirkhanian et al. [20,21] found that the addition of
phosphorus-containing acidic modifiers represented by PPA could facilitate the conversion
of asphalt colloids to asphaltenes, so that asphalt can be transformed into a solution-gel type
asphalt colloid structure; the effect of improving the high-temperature property of asphalt
is realized by a stable homogeneous system. Cao et al. [22] used a standard penetration
test (SD) method and a semi-circular bending (SCB) test, pointed out that PPA can change
the asphalt structure and that the high-temperature stabilization is enhanced, and revealed
that the reason for the increase of asphalt brittleness is that PPA increases the viscosity.
Adding PPA into asphalt mixture makes low-temperature crack resistance worse, and the
negative impact is greater. Wang [23] put forward that the phosphorylation reaction caused
the macromolecular long-chain hydrocarbon components to appear in the asphalt, so the
asphalt became hard and the penetration decreased. Hou [24], through multiple stress creep
recovery (MSCR) tests, found that when the content of PPA was 1~1.25%, high-temperature
stability can be enhanced regardless of whether the polymer is added into asphalt through
the MSCR test.

Nowadays, there are some problems in combining SBS with base asphalt, such as
unstable compatibility, easy segregation, and insufficient anti-aging performance, which
will have a non-negligible impact on the asphalt structure. The content of PPA as a modifier
in composite modified asphalt still needs to be carefully studied. It is generally believed that
the content of PPA in 0.5~2% is more appropriate. In addition, the modification mechanism
of PPA is still controversial, so it is important to systematically study its modification
mechanism from the micro level. For this reason, SBS/PPA compound modified asphalt
was prepared, and its properties and modifying mechanism were compared and explored.
The changes in conventional properties and rheological properties of SBS modified asphalt
with different PPA contents were revealed; then, further analysis about microstructure
changes in modified asphalt was carried out.
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2. Raw Materials

2.1. Asphalt

A-grade 70# road petroleum asphalt, produced by Zhengzhou Municipal Engineering
Corporation, was adopted in this study. Basic properties of base asphalt were tested in
accordance with the test program [25], and its technical indicators were assessed against the
technical specifications [26]. The experimental results are shown in Table 1, which suggests
the asphalt specification is up to standard.

Table 1. Technical indicators of 70# base asphalt.

Test Items Unit Test Results
Technical

Requirements
Test Method

Penetration (100 g, 5 s) 0.1 mm 67.6 60~80 T0604
Ductility (5 cm/min, 10 ◦C) cm 48 ≥20 T0605

Softening point ◦C 46.5 ≥46 T0606
Penetration index PI — −0.768 −1.5~+1.0 T0604

After RTFOT
Quality change % −0.272 −0.8~+0.8 T0610

Penetration ratio (25 ◦C) % 62.4 ≥61 T0604
Ductility (5 cm/min, 10 ◦C) cm 6.8 ≥6 T0605

2.2. Polyphosphoric Acid

The polyphosphoric acid (PPA) with a purity of 117% (H3PO4 content), provided by
Lanjue Chemical Co., Ltd. (Zhongshan, China), is used in this study. It is a transparent
viscous liquid. The results presented in Table 2 show that the polyphosphate modifier
meets the specification.

Table 2. Technical indicators of polyphosphoric acid.

Test Items Unit Test Results

P2O5 concentration % 82.6
25 ◦C vapor pressure Pa 2.61 × 10−6

Boiling point ◦C 558
Chloride (Cl) content % 0.0002

Iron (Fe) content % 0.0010
Arsenic (As) content % 0.0066

Heavy metal (Pb) content % 0.0014

2.3. Styrene-Butadiene-Styrene Block Copolymer

In this study, SBS-YH791 SBS1301 modified material, produced in Yueyang, Baling
Petrochemical (Yueyang, China), was used, and its state is white solid particles. It can
be concluded from the test results presented in Table 3 that the SBS modifier satisfies the
specification.

Table 3. Technical indicators of SBS.

Test Items Unit Test Results
Technical

Requirements

Molecular structure — Linear Linear
Ash % 0.07 ≤0.20

300% tensile stress MPa 4.8 ≥3.5
Tensile strength MPa 28.4 ≥24.0

Elongation at break % 742 ≥730
Volatile matter % 0.54 ≤0.70

Styrene/Butadiene mass ratio — 20/80 20/80
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3. Experimental

3.1. Formulate Sample Content and Modified Asphalt Preparation Method
3.1.1. Preliminary Formulation of Sample Content

According to the actual construction situation of the current pavement and the compre-
hensive analysis of fuzzy mathematics, it was finally determined that the comprehensive
evaluation of various physical properties is the best when the SBS content is 5% [27]. As a
result, SBS content in SBS modified asphalt was 5% [28–30]. Considering the advantages
of PPA in high-temperature performance and its negative influence on low-temperature
performance [31], a large number of studies [32,33] believe that the content of PPA should
not be higher than 1%. Because a small amount of PPA can achieve a high amount of
polymer modification effect, it is appropriate to reduce the amount of SBS when preparing
composite modified asphalt. In this study, the SBS content was selected to be 3.5% of the
asphalt quality, and the contents of PPA were 0.5%, 0.75%, 1.0%, 1.25%, and 1.5% of asphalt
quality, respectively.

3.1.2. Preparation of SBS Modified Asphalt

First, the asphalt was heated to its melting flow in an electrothermal blast drying oven
at 160 ◦C, then taken out and placed on a constant temperature heating table. The weighed
5% SBS was slowly and uniformly added at 3000 r/min. After that, shear 45~50 min at
4500 r/min. During the shearing period, glass rods were continuously stirred to prevent un-
even shearing. After the stirring was completed, the rotational speed was set to 1500 r/min
for 30 min, so that SBS was further dissolved in asphalt in a finer state. Finally, the sheared
sample was put into an electrothermal blast drying oven at 180 ◦C to swell and develop for
1 h to achieve the purpose of full compatibility between the modifier and the asphalt.

3.1.3. Preparation of SBS/PPA Composite Modified Asphalt

First, the asphalt was put into the electric hot blast drying box, and the asphalt was
heated to melt and dehydrate. It continued to heat to 165 ◦C, then was taken out and placed
on a constant temperature heating table. A total of 3.5% SBS was added at a slow and
uniform speed of 3000 r/min; then, the asphalt was sheared at a speed of 4500 r/min for
35~40 min and finally maintained a constant temperature. It was mixed at a low speed
for about 25 min to fully swell SBS modified asphalt. After the sample was fully prepared
and swelled, the constant temperature heating platform was heated to 170 ◦C, and the
speed was increased to 4500 r/min. A different dosage of PPA modifiers, which were
weighed by the electronic balance, were added at a constant speed, and the speed was set
to 5000 r/min for 30 min after complete addition. Lastly, the sheared sample was put into
an electrothermal blast drying oven at 180 ◦C to swell and develop for 1 h.

3.2. Basic Performance Test

According to the specification [25], the short-term aging of asphalt and the above
prepared samples were carried out by an SYD-3061 rotating film oven. A total of 14 groups
of samples prepared above were tested for three major indicators, and the basic property
changes of samples with or without aging were compared.

3.3. Brookfield Viscosity Test

In accordance with the T 0625-2011 test method in the specification [25], the NDJ series
Brookfield viscometer of Changji Geological Instrument Co., Ltd. in Shanghai, China was
used to carry out 135 ◦C and 175 ◦C rotational viscosity tests on above prepared samples.
The effect of the modifier on viscosity-temperature characteristics was studied.

3.4. DSR

In accordance with the T 0628-2011 test method in specification [25], the temperature
scanning experiments were conducted on the prepared samples in the original sample
group and the aging group by using the instrument. A large sample with a diameter of
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25 mm and a thickness of 1 mm was used. The angular frequency was adjusted to 10 rad/s,
the experiment temperature was set to start from 46 ◦C, and the interval was 6 ◦C until
82 ◦C. The phase angle δ and rutting factor G*/sinδ of all samples were compared. In
addition, frequency scanning tests were performed on 6 groups of modified asphalt in the
original and aging groups. The experiment temperature was set to start from 40 ◦C, and
the interval was 12 ◦C until 88 ◦C. The frequency was set from 0.1 to 100 rad/s and the
strain level was 1%. The change trend of logG*/sinδ, with frequency at 52 ◦C and 76 ◦C,
was analyzed to study the high-temperature property and aging resistance of composite
modified asphalt.

3.5. BBR

According to the T 0627-2011 in the specification [25], the trabecular bending specimens of
all samples were prepared, as shown in Figure 1. The specimen size is 127 × 12.7 × 6.35 mm.
Experiment temperature was set at −12 ◦C, −18 ◦C, and −24 ◦C, and all specimens were
loaded, unloaded, and dead loaded. The stiffness modulus and creep curve slope of each
asphalt group before and after aging were compared to study its low-temperature crack
resistance.

 
Figure 1. Low-temperature bending beam specimens.

3.6. FTIR

With the help of the Nicolet iS10 FTIR spectrometer produced by Thermo Fisher
Scientific (Waltham, MA, USA), as shown in Figure 2, the infrared spectrum test of 7 kinds
of asphalt in the original sample group was carried out, the change rule of absorbance in
the spectrum after the addition of a modifier was analyzed, and the reaction type between
modifier and asphalt was judged. The test parameters mainly include a scanning range of
500 cm−1~4000 cm−1, scanning time of 64 times, and a minimum resolution of 0.019 cm−1.

 
Figure 2. Infrared spectrometer.
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3.7. SEM

The test of SEM was carried out by SU8010 field-emission scanning electron microscope
produced by HITACHI in Tokyo, Japan, the combination of the modifier and asphalt was
observed, and its microstructure change was analyzed. The preparation process for the
specimens was as follows: first, the prepared sample was put into the oven and heated to
melt. Then, the sample was dipped quickly with a glass rod, and the sample with a volume
of 10 mm × 10 mm × 1 mm (or 2 mm) was formed on the clean glass slide. After cooling,
the specimens were sprayed with gold and then the experiments were conducted. The test
specimens are illustrated in Figure 3.

 
Figure 3. SEM test specimens.

4. Test Results and Analysis

4.1. Analysis of Basic Performance Results
4.1.1. Analysis of Performance Results of Original Group Modified Asphalt

The tests of penetration, softening point, and ductility performance were conducted
on asphalt and six groups of modified asphalt in the original group. The test results are
presented in Table 4.

Table 4. Three index results of composite modified asphalt.

Test Number and Schemes Penetration (25 ◦C, 0.1 mm) Softening Point (K) Ductility (5 ◦C, cm)

1 70# Base asphalt 67.6 319.7 10.3
2 5% SBS 51.9 339.5 29.7
3 0.5% PPA + 3.5% SBS 54.7 322.9 26.6
4 0.75% PPA + 3.5% SBS 51.8 331.0 20.3
5 1.0% PPA + 3.5% SBS 49.1 336.4 16.8
6 1.25% PPA + 3.5% SBS 44.7 342.6 14.4
7 1.5% PPA + 3.5% SBS 42.4 73.2 12.9

After adding SBS, the penetration is reduced by 23.2%, the softening point increased
from 319.7 K to 339.5 K—an increase of 6.2%—and the ductility is 2.9 times that of asphalt,
suggesting that SBS can remarkably improve the high- and low-temperature properties
of asphalt. The penetration of each modified group is smaller than that of asphalt, and it
will be reduced gradually as the dosage is increased. The ductility of each modified group
exceeds that of asphalt, but when the content exceeds a certain limit, the ductility will show
a downward trend. When PPA content is 1.5%, it tends to be closer to basic asphalt. The
softening point of each modified group exceeds that of the asphalt, and when PPA content
is 1.5, it is 1.5 times that of the asphalt, indicating that even a little amount of PPA can
increase the viscosity of asphalt, which makes a positive function on the property of asphalt
at both high and low temperatures.
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The penetration of each composite modified asphalt group decreases as the increment
of the dosage. When PPA dosage is 0.75%, the penetration is similar to that of SBS modified
asphalt. When PPA dosage is less than 1%, although the softening point is smaller than
that of SBS modified asphalt, the softening point is increased as the dosage is increased,
indicating that adding PPA will increase the viscosity of SBS modified asphalt and enhance
its high-temperature performance [34]. The 5 ◦C ductility of each composite modified
asphalt group reduces as the increment of the dosage; even if PPA dosage is 0.5%, it is
not as good as 5% SBS modified asphalt, illustrating that adding PPA makes it gradually
harden so that its ability to extend and deform at a low temperature decreases. Therefore,
adding PPA is not conducive to the low-temperature property of SBS modified asphalt.

4.1.2. Analysis of Performance Results of Aging Group Modified Asphalt

Experimentation results of the mass change, 25 ◦C penetration, 5 ◦C ductility, and
softening point of seven groups of asphalt after aging are presented in Table 5.

Table 5. Aging test results of composite modified asphalt.

Test Number and Schemes Mass Change (%)
Penetration

(25 ◦C, 0.1 mm)
Softening Point

(◦C)
Ductility (5 ◦C, cm)

1 70# Base asphalt 0.272 42.2 54.2 7.8
2 5% SBS 0.218 34.2 74.7 21.4
3 0.5% PPA + 3.5% SBS 0.204 34.4 56.4 20.7
4 0.75% PPA + 3.5% SBS 0.192 33.2 63.9 14.9
5 1.0% PPA + 3.5% SBS 0.167 32.9 67.1 12.6
6 1.25% PPA + 3.5% SBS 0.133 32.1 72.7 11.2
7 1.5% PPA + 3.5% SBS 0.119 31.3 75.1 10.3

As shown in Table 5, as the increment of PPA dosage increases from 0.5% to 1.5%, the
average mass loss rate of composite modified asphalt is 0.163%, which is less than 0.264% of
base asphalt and 0.218% of 5% SBS modified asphalt. The results suggest that adding PPA
could enhance the thermal oxidation resistance of asphalt, and the more the content, the
less the weight loss. The penetration of seven groups of aged asphalt decreases after aging,
and the higher the PPA dosage, the smaller the penetration, and the base asphalt decreases
the most. When the PPA content increases from 0.5% to 1.5%, the residual penetration
ratio increases from 62.9% to 73.8%, and the change range is more than 10%. The residual
penetration ratio of SBS modified asphalt is between the composite modified asphalt group
with PPA content of 0.75~1.0%, indicating that adding PPA could decrease the thermal
oxidation of SBS/PPA compound modified asphalt and improve its aging resistance. After
aging, the softening point of seven groups of asphalt increases, and the increment of PPA
content causes the increment of the softening point of each compound modified asphalt to
reduce, indicating that adding PPA is beneficial to greatly improving the aging resistance
of SBS modified asphalt. After aging, the ductility of the seven groups of asphalt decreases,
and the greater the PPA content, the lower the difference in ductility pre- and post-aging,
and the residual ductility ratio increases from 70% to nearly 80%. The ductility of composite
modified asphalt and its ductility difference is less than 5% SBS modified asphalt, but still
better than matrix asphalt, indicating that thermal oxygen aging will weaken the ductility
and low-temperature property of compound modified asphalt.

4.2. Analysis of Viscosity-Temperature Characteristics Results

The viscosity experiment results of seven groups of samples at 135 ◦C and 175 ◦C are
summarized in Figure 4. Through analysis, adding SBS to the base asphalt at 135 ◦C can
increase the viscosity by 1.4 times, and the viscosity is increased by 3.8 times at 175 ◦C. At
135 ◦C, the viscosity of each compound modified asphalt group increased by 34%, 73.7%,
134.2%, 166.7%, and 179.8%, respectively, compared with SBS modified asphalt. However,
when PPA dosage exceeds 1% to 1.25%, the viscosity exceeds 3 Pa·s, which does not meet
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the construction requirements. At 175 ◦C, the viscosity of the seven groups of asphalt has
decreased by no less than 50%, but the viscosity after adding PPA is always greater than
that without PPA. This is because the viscosity is mainly determined by the asphaltene
content; adding PPA will increase the asphaltene content—which is mainly converted from
the resin—and further enhance the high-temperature property of asphalt. It proves that
adding PPA can increase the shear deformation resistance of asphalt mixture.

Figure 4. Brookfield viscosity test results.

4.3. Analysis of DSR Test Results
4.3.1. Analysis of Temperature Sweep

Figure 5 illustrates the change curves of G*/sinδ and δ concerning temperature in
the original group, and Figure 6 presents the change curves of G*/sinδ and δ concerning
temperature in the aging group. The analysis shows that:

(1) As the experimental temperature gets higher and higher, the experimental results
of all samples in the original group and the aging group are generally that G*/sinδ
decreases and δ increases. The main cause of this phenomenon is that the higher the
temperature is, the weaker the close force between asphalt molecules is. The asphalt
binder presents a viscous fluid at high temperature, which leads to a decrease in its
recovery deformation ability and a poor anti-deformation ability.

(2) Regardless of aging or not, the G*/sinδ of each composite modified asphalt group
increases with increasing PPA content, suggesting the viscosity is further strengthened
by adding PPA. At the same test conditions, when the content of PPA is 0.75% and
1%, the G*/sinδ value increases significantly, and the absolute value of slope reaches
more than 0.5, indicating that the best dosage range of PPA in composite modified
asphalt is 0.75~1%.

(3) Regardless of aging or not, the δ of each group has a significant downward trend with
increasing PPA dosage. When the PPA dosage is 0.75%, the phase angle is significantly
smaller than that of others, suggesting that under high temperature load, when the
PPA dosage is 0.75%, the improvement degree of elastic element in the composite
modified asphalt is the largest, closest to the elastomer, and is easier to recover after
load deformation.
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Figure 5. Rutting factor and phase angle-temperature change curve of the original group.

 

Figure 6. Rutting factor and phase angle-temperature change curve of the aging group.

4.3.2. Analysis of Frequency Scanning

Figure 7 illustrates the logarithmic curve of the change about G*/sinδ in the six groups
of modified asphalt in the original group and the aging group at 52 ◦C and 76 ◦C. The
analysis shows that:

(1) The G*/sinδ values in the original sample group and the aging group generally
increase in parallel with the change curve of frequency, and the logarithm of the
rutting factor has a good linear correlation with the logarithm of frequency, illustrating
that the influence of each modified asphalt group on frequency is basically the same.
The increase of G*/sinδ value in the aging group is larger than that in the original
group, and the logarithmic value of G*/sinδ in each group gradually approaches
with increasing frequency, suggesting the high-temperature performance has changed
significantly as a result of aging. The reason why G*/sinδ in the aging group is
higher than that in the original sample group is that under the action of aging, asphalt
lightweight component volatilizes, asphaltene increases, elasticity of the asphalt gets
stronger, and the load resistance and deformation resistance are strengthened.

(2) With regard to the G*/sinδ value, the composite modified asphalt of the original
group and the aging group is always greater than the SBS modified asphalt in all
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frequency ranges. Especially for 0.75% SBS/PPA composite modified asphalt, no
matter how much the temperature is, the G*/sinδ value corresponding to this dosage
is the highest. This is mainly because adding PPA can accelerate the change of asphalt
structure to gel type more quickly, and the elastic behavior is more obvious when the
aging effect is applied to the same degree.

(3) At 76 ◦C, the G*/sinδ value of the compound modified asphalt with 0.75% content
increases by 40.4% after aging, while the measured G*/sinδ values of the SBS modified
asphalt original group and the aging group are relatively low, and the G*/sinδ value
increases by 27.7% after aging. The effect of aging reduces the volatilization of the
light components, which results in a lower viscosity and a hardening of the asphalt
binder. However, aging will also destroy the original stable spatial structure that was
initially formed by SBS decomposition, so its high-temperature rutting resistance is
worse than that of composite modified asphalt.

 
(a) The original group. (b) The aging group. 

Figure 7. Logarithmic curves of the rutting factor and frequency of modified asphalt.

4.4. Analysis of BBR Test Results

Figures 8 and 9 show the variation curves of stiffness modulus S and creep rate m
with respect to temperature in the original group and the aging group, respectively. The
analysis shows that:

(1) Before aging, the lower the temperature of the original sample group is, the larger
the S is, and the smaller the m is. Comparing the S value and m value at the same
temperature, the base asphalt has the highest S value and the minimum m value. The
S value and m value of each composite modified asphalt group are all below the SBS
modified asphalt, indicating that after adding PPA, its deformation resistance and stress
relaxation property have different degrees of decline, but compared with the matrix asphalt,
the low-temperature creep ability of the modified group is still better. By comparing the
different PPA content of compound modified asphalt, the S value is increased and the m
value is reduced as the PPA content is increased, indicating that PPA will weaken the low
temperature creep property of SBS modified asphalt, and that the degree of low temperature
variation is positively correlated with PPA content. Therefore, the low-temperature property
of SBS modified asphalt in the original sample group is the best.

(2) After aging, the variation tendency in asphalt with temperature is consistent
with that in the original group. The S value of the compound modified asphalt in the
interval of −18~−24 ◦C is the same as that in the original sample group. The slope is
significantly larger, and the S value of all asphalts in this temperature range increases the
fastest, indicating that adding PPA will reduce its low-temperature performance regardless
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of aging or not. The aging group asphalt is still hard in this temperature range, and the
load acting on it makes it more easily damaged by load deformation. The increment of S
value becomes smaller after aging, indicating that adding PPA could weaken the aging
effect and further improve the aging resistance, but it will have a reverse effect on the
low-temperature creep property.

Figure 8. Stiffness modulus and creep rate of the original group.

 

Figure 9. Stiffness modulus and creep rate of aging asphalt.

4.5. Determination of Optimum Dosage Combination

Based on the basic property test, it is found that adding PPA can decrease the pen-
etration and ductility of SBS modified asphalt, increase the softening point, and reduce
mass loss after aging. It shows that the more PPA content there is, the more obvious the
improvement effect on high-temperature properties, thermal oxidation resistance, and
aging resistance of SBS modified asphalt, while it is negatively correlated with the low-
temperature anti-cracking performance. The Brookfield viscosity test indicates that the
more PPA content there is, the higher the viscosity increases, but it should not exceed 1%.
The high-temperature rheological test shows that the improvement effect is the best when
0.75% PPA is added. The low-temperature creep test shows that the higher the PPA content
is, the more unfavorable the low-temperature ductility is. Therefore, taking into account
the properties of the high and low temperature, viscosity temperature characteristics as
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well as aging resistance of composite modified asphalt, the optimum amount of PPA is
recommended to be 0.75%.

4.6. Analysis of FTIR Test

Figure 10 is the infrared spectrum of 70# base asphalt. The small functional group
absorption peak within 1000 cm−1 is due to the presence of aromatics in the asphalt, and
the bending vibration of the benzene ring C-H bond is generated. At 1028 cm−1, the
energy fluctuation is because of the extensional vibration of the sulfoxide group S=O in
the asphalt molecule. At 1375 cm−1, it is owing to the symmetric extensional vibration of
the C-H bond in methyl -CH3-, and at 1457 cm−1, it is for the sake of the antisymmetric
extensional vibration, in which the antisymmetric stretching vibration is stronger. The
absorption peak transmittance at 1616 cm−1 is because the vibration of the toluene C=C
double bond skeleton is low. Two absorption peaks with strong transmittance are generated
at 2917 cm−1 and 2847 cm−1. The reason is that the methylene group has antisymmetric and
symmetric stretching vibrations, and the vibration amplitude generated by antisymmetric
is larger than the symmetry. In summary, the constituent of asphalt is complicated and is a
hydrocarbon containing a variety of hydrocarbons.

 
Figure 10. Infrared spectrogram of base asphalt.

By analyzing the infrared spectra of each group of modified asphalt shown in Figure 11,
it can be seen that:

(1) After the addition of SBS, the vibration of the C-H bond in the benzene ring of the
polystyrene block in SBS causes an absorption peak at 697 cm−1, and the -C=C- double
bond bending vibration of the butadiene block causes an absorption peak at 964 cm−1.
In the region of 1000~2000 cm−1, the absorption peaks at 1027 cm−1, 1457 cm−1, and
1610 cm−1 are simply superimposed compared with the base asphalt, so SBS and base
asphalt only produce physical changes.

(2) Compared with modified asphalt under different PPA dosages, the absorption peaks
of SBS modified asphalt after adding PPA are mainly concentrated in the above five
listed: 697 cm−1, 964 cm−1, 1027 cm−1, 1457 cm−1, and 1610 cm−1. Among them,
the absorption peak intensity at 964 cm−1 is weakened because the addition of PPA
will undergo a reduction reaction to open the -C=C- double bond of SBS, further
promoting the copolymerization reaction between asphalt and SBS. The greater the
content, the better the compatibility, and the stronger the high-temperature stability.

(3) Because SBS is an immiscible system, the infrared spectrum of the SBS is only a
simple superposition of the infrared spectrum of polystyrene and polybutadiene. The
position and intensity of the absorption peak are basically unchanged, and no new
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absorption peak appears. The C=C double bond bending vibration of the butadiene
block in the SBS modifier causes an absorption peak at 964 cm−1, and the C-H bond
out-of-plane bending vibration in the benzene ring of the polystyrene block in the SBS
modifier causes an absorption peak at 697 cm−1.

 

Figure 11. Infrared spectrogram of composite modified asphalt.

4.7. Analysis of SEM Test
4.7.1. Microstructure of Asphalt

The base asphalt is magnified 500 times to obtain Figure 12. It can be seen that there
are some textures on the surface of the base asphalt, but no other substances or particles
appear, indicating that the clean base asphalt is selected in this study.

 
Figure 12. Base asphalt scanning electron micrograph.

4.7.2. Microstructure of SBS Modified Asphalt

As shown in Figure 13, the microstructure of SBS modified asphalt has changed greatly
after being enlarged by 2000 times. The SBS modifier is basically dissolved in asphalt due
to shear action, forming a more uniform distribution of wavy mesh space structure. When
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the magnification is 5000 times, it is observed that there are still stacked SBS particles in the
lower right corner area and the particle size is different, indicating that there is an issue of
poor compatibility between SBS and asphalt. The SBS modifier is crosslinked with asphalt
in the state of elastic particles, so the surface is uneven [35].

(a) (b) 

Figure 13. SBS modified asphalt scanning electron micrographs. (a) Amplified 2000 times; (b) Ampli-
fied 5000 times.

4.7.3. Microstructure of SBS/PPA Composite Modified Asphalt

Figure 14a–j are the SEM images of compound modified asphalt amplified by 5000 times
and 10,000 times under different dosages. Figure 14a,b show the compound modified as-
phalt with 0.5% PPA. It can be seen that the number of elastic particle protrusions formed
by the SBS modifier is significantly reduced, forming uneven surface morphology. After
10,000 times magnification, it can still be seen that there are dispersed SBS particles on the
surface of compound modified asphalt. Figure 14c,d are composite modified asphalt with
0.75% PPA content. When the magnification is 5000 times, there are still some SBS particles
in the upper left corner of the picture. When the region is further enlarged, a smooth plane
can be seen in the region, indicating that the increase of PPA dosage makes SBS particles
more compatible with asphalt. The PPA content in Figure 14e,f is 1%. The graininess in the
figure is obviously weakened, and the distribution is more scattered. After 10,000 times
magnification, the smooth area increases significantly, and occasionally SBS particles ex-
ist. The PPA content in Figure 14g,h is 1.25%. The microstructure of composite modified
asphalt with this content basically shows a slight wrinkle mechanism. The compatibility
between SBS particles and asphalt is good, and there is almost no obvious particle bulge.
The PPA content in Figure 14i,j is 1.5%. At this time, the microscopic image is smoother,
there are many clear folds, and the SBS particles in the composite modified asphalt have
completely disappeared.
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Figure 14. Cont.
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Figure 14. SBS/PPA composite modified asphalt scanning electron micrographs. (a) 0.5% PPA
magnified 5000 times; (b) 0.5% PPA magnified 10,000 times; (c) 0.75% PPA magnified 5000 times;
(d) 0.75% PPA magnified 10,000 times; (e) 1% PPA magnified 5000 times; (f) 1% PPA magnified 10,000
times; (g) 1.25% PPA magnified 5000 times; (h) 1.25% PPA magnified 10,000 times; (i) 1.5% PPA
magnified 5000 times; (j) 1.5% PPA magnified 10,000 times.

As the increment of PPA dosage increases from 0.5% to 1.5%, the microstructure is
basically smooth from the initial uniform bulge to the final smooth state, and the SBS
particles are completely dissolved in the matrix asphalt. From the microscopic mechanism
analysis, the surface of the cementing material is smooth because adding PPA will reduce
the size and number of SBS particles. Therefore, the uniformity distribution of asphalt is
improved, and a more stable phase structure is formed. The swelling adsorption between
the light component (mainly oil) and SBS is enhanced by the rise of the dosage. Meanwhile,
the addition of PPA has a chemical reaction, and the asphaltenes are increased; therefore,
when the content is 1.25% and 1.5%, a large number of uniform folds will be distributed
in the image, which is also the reason why adding PPA in SBS modified asphalt further
improves the high-temperature stability.

5. Conclusions

(1) The softening point and viscosity of SBS/PPA composite modified asphalt increase
with the increase of content, and the penetration decreases. The change range of resid-
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ual penetration ratio, mass change rate, and softening point increment of aged com-
posite modified asphalt are smaller than that of SBS modified asphalt, indicating that
the addition of PPA can improve the thermal oxidation resistance, high-temperature
performance, and anti-aging performance of SBS modified asphalt. After adding PPA,
the ductility of composite modified asphalt decreases, and the residual ductility ratio
increases after aging, indicating that PPA will weaken the low-temperature crack
resistance. At 135 ◦C, the average viscosity of composite modified asphalt after PPA
addition is 2.2 times that of SBS modified asphalt, indicating that PPA can improve
the viscosity-temperature characteristics, but once the PPA content exceeds 1%, it will
not meet the construction requirements due to high viscosity.

(2) Under the same test temperature, when the PPA dosage is between 0.75% and 1%, the
anti-rutting factor increases significantly, indicating the composite modified asphalt
in this range is less sensitive to temperature, resulting in better plastic deformation
resistance than other test groups. When the PPA content is 0.75%, the phase angle is
the lowest. In summary, adding PPA will increase the elastic element in SBS modified
asphalt and exert better high-temperature rheological properties. The S value is
increased while the m value is reduced as the PPA content is increased. At −12 ◦C,
as PPA dosage increases, the S value of aged composite modified asphalt is reduced
from 40.2% to 5.3% compared with that before aging, and the creep rate m is reduced
from 8.5% to 5.1%, suggesting that the aging resistance of the composite modified
asphalt is improved, but adding PPA will make the low-temperature creep worse.
Therefore, considering the above indexes of composite modified asphalt, the optimal
PPA dosage in composite modified asphalt is 0.75%.

(3) The physical effect of SBS is mainly manifested in the bending vibration of the C-H
bond of the benzene ring and the bending vibration of the butadiene block C=C,
resulting in new absorption peaks at 697 cm−1 and 964 cm−1, while the remaining
positions are simply superimposed with asphalt. The incorporation of PPA has un-
dergone chemical modification. The reduction reaction weakens the absorption peak
intensity at 964 cm−1, new absorption peaks are produced from 1027 to 1150 cm−1,
and the absorption peak after 1610 cm−1 continues to rise. The microstructure of SBS
modified asphalt shows a more uniform distribution of wavy mesh space structure,
and there are still stacked SBS particles with different particle sizes, indicating that the
combination of SBS and asphalt is difficult. The microstructure of composite modified
asphalt gradually forms a smooth wrinkle state with an increasing PPA dosage, and
SBS particles basically disappear in composite modified asphalt. PPA could improve
the segregation state of SBS in asphalt, and the composite modified asphalt is ex-
isted in a more stable phase structure. The results indicate that adding PPA into
low-content SBS modified asphalt could shape a more stable network structure, and
the macro properties are the high-temperature properties, the viscosity-temperature
characteristics, and the aging resistance of the compound modified asphalt.
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