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Abstract: With the increasing demand for improved road performance and sustainable development,
modified asphalt is increasingly being used in pavement construction. This study investigates the
preparation and properties of a novel high-viscosity modified asphalt. Firstly, different contents of
novel thermoplastic rubber (NTPR) were mixed with neat asphalt to prepare high-viscosity modified
asphalt (HVA). Then, the basic physical properties containing penetration, a softening point, ductility,
and viscosity were conducted. Moreover, the rheological properties of the HVA before and after aging
were analyzed via a dynamic shear rheometer test and a bending beam rheometer test. Finally, the
dispersity of the modifier in HVA was analyzed via fluorescence microscopy. The results show that
adding the NTPR restricts the flow of asphalt to a certain extent and improves the high temperature
performance of asphalt. Furthermore, the apparent viscosity of HVA with various contents increases
less and is always less than 3 Pa·s. Although adding NTPR makes the asphalt brittle, the HVA can
meet the requirements when the NTPR is from 6% to 11%. With the increase in the NTPR, the modifier
forms a mesh structure in the asphalt, enhancing its stability. Considering the above results, HVA
with 10~11% of NTPR is recommended because it has better comprehensive properties.

Keywords: high-viscosity modified asphalt; basic physical properties; viscosity properties; rheological
properties; fluorescence distribution

1. Introduction

An asphalt binder is a crucial bonding component in asphalt mixtures, and the asphalt
mastic composed of an asphalt binder and mineral powder is the primary source of the
mixture’s cohesion. With the rapid increase in global traffic volume and vehicle-borne load,
ordinary road petroleum asphalt has high-temperature sensitivity and poor applicability to
the road environment. It has been unable to meet the growing needs of traffic [1–4]. Adding
modifiers such as rubber, resin, polymer, and natural asphalt to create modified asphalt
can improve its performance [5–10]. Especially in harsh conditions, modified asphalt can
exhibit better weather resistance than neat asphalt [11–13]. Therefore, researchers have
been extensively researching the preparation and properties of modified asphalt [14–16].

According to the types of modifiers, modified asphalt can be classified into the follow-
ing three categories: asphalt modified with environmentally friendly materials, asphalt
modified with waste materials, and asphalt modified with high-performance materials.
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Among them, asphalt modified with high-performance materials is focused on improv-
ing the performance of asphalt [17–19]. Common types of asphalt modified with high-
performance materials include polyurethane-modified asphalt, polyphosphate-modified
asphalt, high-modulus modified asphalt, etc. This kind of modified asphalt has been
widely concerned because of its excellent pertinence and can reinforce the weak points
in asphalt pavement [20–22]. Most studies have shown that styrene-butadiene-styrene
copolymer (SBS)-modified asphalt has better rheological properties, and the preparation
of SBS-modified asphalt was studied; the research results show that SBS-modified asphalt
has better storage stability [23–26]. In addition, high-viscosity modified asphalt with excel-
lent high-temperature rutting resistance has also attracted attention. Studies have shown
that high-viscosity modified asphalt can effectively reduce the deformation and damage
of asphalt pavement under high temperature conditions [27–30]. The latest research fo-
cuses on developing novel asphalt modifiers, such as carbon nanotubes, rubber crumbs,
polyurethane, and so on. These novel modifiers can improve a certain aspect of the asphalt
to achieve an improved performance of the asphalt [31–33]. The latest studies focus on
improving the performance of asphalt pavements to meet the increasing demand for road
use [34–37]. To summarize, the main research direction of asphalt modified with high-
performance materials is focused on the preparation and properties of modified asphalt,
and more in-depth research is especially focused on the rheological properties.

The novel thermoplastic rubber (NTPR) used in this study can enhance the adhesion
between the asphalt binder and aggregate and improve the temperature sensitivity of the
asphalt, making it suitable for various road structures [38–40]. Research on high-viscosity
modifiers focuses on their material composition and development. Relevant studies have
proven that high-viscosity modifiers can improve the high-temperature performance of
asphalt [41–43]. However, as a new high-performance material, the preparation method
and properties of HVA are unclear, and few studies have been conducted. The performance
improvement of different NTPR contents compared with neat asphalt needs to be further
investigated. This study will fill the gap in applying NTPR as a road asphalt modifier and
promote the research of modified asphalt pavement.

2. Objective and Research Approach

The preparation and properties of HVA will be the focus of this study, and the follow-
ing research objectives were identified:

• Prepare NTPR-modified asphalt with a content of 6% to 11% (with a 1% gap) and
compare it with neat asphalt.

• Investigate the effect of the NTPR content on the basic properties and high- and low-
temperature rheological properties before and after aging, and analyze the dispersion
of the modifier in the asphalt.

With this objective, laboratory experiments are conducted on NTPR-modified asphalt
(6–11%) and neat asphalt. Figure 1 summarizes the research methods used in this study.
Firstly, different contents of the NTPR were mixed with neat asphalt to prepare the HVA.
Then, a penetration test, softening point test, ductility test, and viscosity test were con-
ducted. A dynamic shear rheometer (DSR) was used to conduct a frequency sweep test
of the NTPR-modified and neat asphalts before and after aging, which obtained each
asphalt’s complex modulus (G*), phase angle (δ), rutting factor, and CRRF. The bending
beam rheometer (BBR) test was used to assess the low-temperature rheological properties
of the asphalt and obtain the creep stiffness (S) and creep rate (m) of each asphalt. Finally,
fluorescence microscopy (FM) was used to analyze the NTPR-modified and neat asphalt
for modifier dispersion.
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Figure 1. Research approach.

3. Materials and Methods
3.1. Raw Materials
3.1.1. Neat Asphalt

The neat asphalt used in this study was 70# road petroleum asphalt. The main
performance indexes are shown in Table 1, all of which meet the relevant requirements of
JTG E20-2011.

Table 1. Main technical performance indexes of neat asphalt.

Technical Index Measured Value Indicator Requirement Test Basis

Penetration (25 ◦C, 5 s, 100 g) 72.03 60~80 T0604
Penetration index (PI) −0.97 −1.5~+1.0 T0604

Ductility (5 cm/min, 10 ◦C, cm) 72.1 ≥20 T0605
Softening point (◦C) 47 ≥46 T0606

Dynamic viscosity at 60 ◦C (Pa·s) 186 ≥180 T0620
Density at 15 ◦C (g/cm3) 1.031 / T0603

Quality change (%) 0.09 ±0.8 T0610 and T0609
Residual penetration ratio (%) 71.6 ≥61 T0604

Residual ductility at 10 ◦C (cm) 8.3 ≥6 T0605

3.1.2. NTPR Modifier

NTPR belongs to the thermoplastic rubber type material; it has a flat black, it is
granular and round in shape, and the diameter is about 2–3 mm. The specific indexes are
shown in Table 2.
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Table 2. Physical properties of NTPR.

Item Measured Values

Particle size (mm) 2–3
Density (g/cm3) 0.9

Water absorption (%) 0.3

3.2. Experimental Methods
3.2.1. Preparing HVA

In this study, HVA was prepared using a high-speed shearing machine composed of a
stator and rotor. Under the shearing action of the shearing machine, the particles of NTPR
were finely ground and then mixed with the asphalt. The preparation process of HVA is
shown in Figure 2, and the preparation procedure was as follows:

(1) Firstly, the temperature was raised to 160 ◦C to melt the neat asphalt. Then, NTPR
particles were slowly and uniformly added, and the mixture was stirred with a glass
rod for 15 min to allow for NTPR to melt and disperse preliminarily in the asphalt.

(2) Secondly, the temperature was raised to 180 ◦C, and the high-speed shearing machine
was started with a speed control set to 5000~6000 RPM for a shearing time of 90 min.

(3) Finally, the asphalt was heated in the oven at 160 ◦C for about 60 min to fully dissolve
the modifier and obtain the finished HVA.
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3.2.2. Basic Properties Test

The HVA (6%, 7%, 8%, 9%, 10%, and 11%) was obtained according to the preparation
method described in Section 3.2.1 and tested for basic property indexes. The six asphalts’
basic properties were assessed via penetration at 25 ◦C, softening point, and ductility at
5 ◦C. Two specimens were tested for each binder and the average value was used as the
final analysis result. Penetration was an essential indicator for evaluating the viscoelasticity
of asphalt at room temperature and was of great significance for studying the rheological
characteristics of asphalt. Softening point is a critical parameter for assessing the mobility
of asphalt under high temperature conditions. Low-temperature ductility is closely related
to pavement cracking.
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3.2.3. Viscosity Test

(1) Dynamic viscosity at 60 ◦C

The dynamic viscosity test was conducted at 60 ◦C using vacuum decompression
capillary and dynamic viscosity test apparatus. The test water temperature was controlled
to be 60 ◦C, and the vacuum level was 300 ± 0.5 mmHg. The capillary tube type was
selected according to whether the specimen flowed through a specific volume for more
than 60 s. Seven types of asphalt were subjected to dynamic viscosity test, which were
70# neat asphalt, 6% NTPR, 7% NTPR, 8% NTPR, 9% NTPR, 10% NTPR, and 11% NTPR.
Two samples of each binder were tested, and the average result is reported in this paper.

(2) Apparent viscosity test

Apparent viscosity tests were performed on 70# neat asphalt, 6% NTPR, 7% NTPR,
8% NTPR, 9% NTPR, 10% NTPR, and 11% NTPR. Each sample was tested twice, and the
average value was used as the final analysis result. The instrument used was Brookfield
rotary viscometer. The apparent viscosities of the above seven asphalts were determined at
60 ◦C, 135 ◦C, and 175 ◦C, respectively. The torque readings were controlled to be in the
range of 10% to 98%. The test procedure was referred to the JTG E20-2011.

3.2.4. DSR Test

The loading often results in elastic deformation and viscous flow of asphalt. At lower
temperatures, asphalt behaves as a Hookean elastic solid, while at higher temperatures,
it becomes a viscous liquid, exhibiting stress relaxation with poor recovery ability [38,39].
Using DSR tests, the rheological properties of asphalt materials can be estimated, thus pre-
dicting their performance under actual road conditions. This study conducted temperature
sweep tests on ten types of asphalt, which were 70# neat asphalt, HVA (6%, 7%, 8%, 9%,
10%, and 11%), and aged HVA (6%, 8%, and 10%). Two specimens were tested for each
binder and the average value was used as the final analysis result. The test conditions
were specified as follows: the strain was taken as 1%, the shear rate was 10 rad/s, and the
test temperatures were graded according to PG as 52 ◦C, 58 ◦C, 64 ◦C, 70 ◦C, 76 ◦C, and
82 ◦C. It should be noted that the aging asphalt was tested using a rolling thin film oven
test (RTFOT) to simulate the short-term aging process of asphalt. The change rate of the
rutting factor (CRRF) can be used to determine the aging resistance of the asphalt binder at
high temperatures. The formula used for calculating the CRRF is shown in Equation (1).

CRRF =
Aged rutting factor−Unaged rutting factor

Unaged rutting factor
(1)

3.2.5. BBR Test

The principle of the BBR test is to perform a creep test of an asphalt beam specimen
with dimensions of 125 mm × 12.5 mm × 6.25 mm by placing it on a support and applying
a load using a hydraulic pump. A manual 3–4 g preload ensures tight contact between the
beam and the support fixture. Then, a 100 g load is applied to the specimen for 1 s and held
in place. The load is then released back to the preload for 20 s. After 20 s, a 100 g load is
reapplied, and the test lasts for 240 s. The asphalt samples for the BBR test had seven types
of asphalt, which were 70# neat asphalt, 6% NTPR, 7% NTPR, 8% NTPR, 9% NTPR, 10%
NTPR, and 11% NTPR. Two specimens were tested for each binder, and the average value
was used as the final analysis result. The BBR test was conducted at−12 ◦C and−6 ◦C. The
S and m values at 60 s were obtained as shown in Equations (2) and (3). Besides this, the
scholars proposed to use the m/S value to evaluate the low-temperature performance of
asphalt, which can effectively avoid the situation that there may be contradictory situations
when using S and m to evaluate the low-temperature performance of asphalt.

S(t) =
PL3

4bh3δ(t)
(2)
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where S(t) is the flexural creep stiffness at time t, MPa, P is the applied load, L is the distance,
b is the width, h is the depth, and d(t) is the mid-span deflection.

m(t) =
∣∣∣∣d{lg[S(t)]}

d[lg(t)]

∣∣∣∣ = |B + 2C[lg(t)]| (3)

where the m(t) parameter is the absolute value of the slope of creep stiffness versus time,
and B and C are regression coefficients.

3.2.6. FM Test

The FM can better observe the distribution of NTPR in asphalt, and a judgment can
be made on the dispersion of the modifier in asphalt based on the density and uniformity
of the modifier distribution [44]. Observation of 400× fluorescence is carried out using
a fluorescence microscope, where the NTPR molecule can absorb energy and become
activated, transitioning to an excited state when exposed to specific wavelengths of light
such as blue, green, and ultraviolet light. After returning to its original state, except for
the portion of energy converted into other forms, most of the energy is radiated again in
the form of light energy. Therefore, the dispersion of NTPR in the asphalt can be judged
based on the distribution of fluorescent spots and the strength of the light source [45,46].
The asphalt samples for the FM test had four types of asphalt, which were 70# neat asphalt,
6% NTPR, 8% NTPR, and 10% NTPR.

4. Results and Discussion
4.1. Effect of NTPR on Basic Properties
4.1.1. Effect of NTPR on Penetration

According to the test results in Figure 3, with the increase in the NTPR modifier, the
penetration of the asphalt gradually decrease due to the dispersing and swelling effect
that occurs during mixing, which also absorbs the lightweight components of the asphalt,
forming a spatial network structure [47,48]. This spatial network structure hinders the
flow of the asphalt molecules, resulting in a decrease in penetration. As the content of the
NTPR increases, the spatial network structure becomes more developed, producing a more
apparent inhibitory effect on the flow of the asphalt. Therefore, it leads to a more significant
reduction in penetration.
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Figure 3. Variation of penetration with NTPR content.

4.1.2. Effect of NTPR on Softening Point

As shown in Figure 4, the addition of NTPR had a significant effect on the softening
point of the modified asphalt, showing various degrees of improvement [49,50]. A further
observation of the curve of the softening point variation with the NTPR content can be
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divided into two stages. At an NTPR content below 10%, the increase in the softening point
was relatively slow, indicating a relatively mild modification effect. Furthermore, when the
amount of NTPR exceeded 10%, the softening point increased significantly, indicating that
the modifying effect of the NTPR on the softening point of asphalt became more apparent.
The effect of NTPR on the softening point is nonlinear, and the softening point increases
abruptly when the NTPR dosing is more than 10%, which is likely to be caused by the
formation of a mesh structure of the modifier in the asphalt.
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4.1.3. Effect of NTPR on Ductility

Low-temperature ductility is an important indicator to assess the low-temperature
performance of asphalt [51]. Figure 5 shows that the content of NTPR significantly af-
fects the ductility value, which shows an increasing trend as the content of the NTPR
modifier increases. However, the ductility increases and then decreases slightly when the
range increases from 6% to 8%. Further, the ductility values at 5 ◦C and the increasing
trend increases when the NTPR modifier dopes from 8% to 11%. This indicates that the
modification effect gradually increases in the range of up to 11% in the NTPR content.
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4.2. Effect of NTPR on Viscosity
4.2.1. Effect of NTPR on Dynamic Viscosity

Based on the experimental results presented in Figure 6, it can be observed that the
viscosity of modified asphalt significantly increases with the increase in the NTPR content.
Within the range of 6% to 9%, the viscosity change is relatively slow, but when the content
reaches 9% to 10%, the difference in the viscosity accelerates. It is worth noting that when
the amount of modifier increases from 10% to 11%, the trend of the viscosity increase
becomes significantly more intense. Through analysis, it can be inferred that at a lower
NTPR content, the modifier cannot effectively bond various components in the asphalt
structure together. It does not form a tight network structure, leading to a low and relatively
uniform viscosity of the asphalt at a low content. However, when the NTPR content exceeds
10%, the NTPR can mix uniformly at various locations in the asphalt under a high-speed
shearing machine, resulting in a dense mesh structure. This demonstrates that the NTPR
exhibits good availability at high admixture levels and does not suffer from adhesive
agglomeration. Of particular note is the higher 60 ◦C dynamic viscosity that facilitates the
adhesion between the asphalt and aggregate when using 11% NTPR.
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Figure 6. Variation of dynamic viscosity with NTPR content.

4.2.2. Effect of NTPR on Apparent Viscosity

The apparent viscosity test aims to control the mixing temperature of the asphalt
mixture construction and to ensure the construction performance of the asphalt mixture.
Figure 7 shows that the apparent viscosity of the neat asphalt is the lowest, while the
HVA shows a significant increase in the apparent viscosity. Further observations of the
test results at different temperatures reveal that with the increase in the modifier, the
apparent viscosity value at 60 ◦C increased significantly. In contrast, the increase in the
apparent viscosity at 135 ◦C and 175 ◦C was relatively small. This observation reveals that
the combined effect of the NTPR modifier and asphalt had a more significant effect on
improving the low-temperature apparent viscosity while having a more negligible impact
on the high-temperature apparent viscosity. The specification recommends a temperature
at 0.28 ± 0.03 Pa·s as the range for the compaction molding temperature, and recommends
a temperature at a viscosity of 0.17 ± 0.02 Pa·s as the range for the mixing temperature.
Based on Figure 7, we can see that the compaction temperature of the HVA is much
larger than that of the neat asphalt, and the compaction temperature of 6% NTPR is 15 ◦C
higher than that of the neat asphalt. Similarly, the mixing temperature of the HVA is also
higher than the neat asphalt. Therefore, based on the consideration of the construction
ease, the construction temperature of the HVA mix should be increased moderately. A
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higher apparent viscosity at low temperatures helps the asphalt maintain flexibility in
cold climates, effectively preventing road cracking and damage. Conversely, a lower
apparent viscosity at high temperatures is very beneficial for the pumping performance of
the asphalt during construction, improving the construction efficiency. Considering the
ease of construction, the NTPR content can be controlled at 6% to 10%.
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Figure 7. Apparent viscosity of HVA with different NTPR contents.

4.3. Effect of NTPR on High-Temperature Properties
4.3.1. High-Temperature Properties of HVA before Aging

A comparison of the results in Figure 8a reveals a gradual decrease in the G* of the neat
asphalt and different HVA with the increasing temperature. Specifically, the logarithmic
relationship between the temperature and complex modulus shows a linear trend with the
increasing temperature. This trend became more significant with an increase in the amount
of the NTPR modifier. Additionally, at the same temperature, the higher the amount of
NTPR modifier, the higher the complex elastic modulus of the asphalt. This result further
highlights the significant impact of the NTPR modifier on the mechanical properties of the
asphalt. The high content of the NTPR modifier can improve the complex elastic modulus
of the asphalt, indicating that adding the modifier can enhance the elastic characteristics of
the asphalt, thereby improving its resistance to deformation and mechanical stability.

The δ represents the ratio between the elastic and viscous components in the asphalt,
with the value range of 0 to π/2. A smaller δ indicates that the asphalt has a more elastic
component and less of a viscous component. When δ is 0, the material behaves as a
Hookean elastic solid, while when δ is π/2, the material behaves as a Newtonian viscous
fluid [52]. As seen in Figure 8b, the temperature has less influence on the trend of the phase
angle compared to the complex modulus. Specifically, the difference in their phase angles
is negligible for asphalt with 0% and 6% of NTPR modifier. Within the 7% to 10% content
range, the phase angle values are relatively close and show similar trends compared to
the other contents. However, when the amount of the NTPR modifier increases to 11%,
the phase angle of the asphalt is the smallest, indicating that it has the best resistance to
deformation under loading. This research result highlights the effect of the NTPR modifier
on the phase angle of asphalt and its relationship with temperature. A lower phase angle
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value indicates that the asphalt has a better elastic recovery performance and resistance
to deformation under stress loading, which is crucial for the long-term stability of road
structures. Through this innovative discovery, we gain a deeper understanding of the
impact of the NTPR modifier on the δ and observe the difference in δ under different
contents. This achievement provides essential clues for further exploring the mechanism of
the NTPR modifier and optimizing its application. Future research could lead to a more
precise asphalt modifier design and pavement material performance optimization based
on the rheological properties of the NTPR described above [53].
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Figure 8. G* and δ curves of HVA for each content: (a) G* of HVA and (b) δ of HVA.

The rutting factor (G*/sinδ) is commonly used to assess the asphalt’s ability to resist
permanent deformation. Generally, the larger the G*/sinδ, the lower the flow deformation
produced by the asphalt and the stronger the high-temperature performance. The study
further analyzed the results in Figure 9, focusing on the G*/sinδ of modified asphalt with
different NTPR modifier admixtures at different temperatures. The modified asphalt shows
a significant decrease as the temperature increases. Specifically, the rate of change of
the rutting resistance factor is faster when the temperature is increased to about 58 ◦C.
Between 58 ◦C and 70 ◦C, the change trend gradually slows down, while above 70 ◦C, the
change trend tends to level off. Like the complex modulus, the logarithm of G*/sinδ shows
a linear relationship with the temperature variation. In addition, the rutting resistance
factor of the modified asphalt continues to increase with the increase in the NTPR modifier
admixture. Compared with the neat asphalt, the six different admixtures of the NTPR-
modified asphalt show a significant advantage in the rutting resistance factor. Considering
the high-temperature stability, when the NTPR content is controlled at 10~11%, the high-
temperature deformation resistance of HVA is better than other dosages of HVA. This
indicates that NTPR-modified asphalt has better rutting resistance and can reduce flow
deformation under high temperature conditions. The results of this study highlight the
effect of the NTPR modifier on the rutting resistance of modified asphalt and demonstrate
the difference in rutting resistance factors at different admixtures. This provides an essential
reference for further research on the optimal application of the NTPR modifier to improve
the rutting resistance of road materials. Future studies can further explore the optimization
of HVA by adjusting the content of the NTPR modifier to achieve a more efficient and
sustainable road material design and application.



Sustainability 2023, 15, 12190 11 of 19Sustainability 2023, 15, x FOR PEER REVIEW  12  of  19 
 

 

Figure 9. Rutting factor curve of HVA for each content. 

4.3.2. High-Temperature Properties of HVA after RTFOT 

Asphalt mixtures are subject to aging during mixing, transportation, and long-term 

road use, with asphalt aging during the mixing process being short-term aging [54,55]. 

The DSR test results of 6%, 8%, and 10% NTPR and neat asphalt after RTFOT are shown 

in Figure 10. From Figure 10a, it can be seen that the logarithm of the complex modulus 

of the aged HVA still maintains an excellent linear relationship with the temperature. As 

the  temperature  increases,  the  complex modulus  of  the  aged HVA  decreases  subse-

quently. Under the same high temperature conditions, the aged HVA exhibited a higher 

complex modulus than the aged neat asphalt. This indicates that the HVA pavement will 

maintain better stability and be less prone to high-temperature deformation disease of the 

pavement as  it passes  through  the service  life. The complex modulus of the HVA after 

aging becomes more significant when the amount of the NTPR admixture increases. Fig-

ure 10b shows that the phase angle of the neat, aged asphalt approaches 90° faster when 

the temperature increases, and the aged HVA maintains better elastic properties under the 

same  temperature  conditions.  In  particular, when  the  temperature  reaches  82  °C,  the 

phase angle of the HVA with a 10% NTPR content is not much different from that of the 

neat, aged asphalt at 58 °C. This  indicates  that the highly doped HVA has better aging 

resistance than the neat asphalt. 

52 58 64 70 76 82
0.1

1

10

R
u

tt
in

g 
fa

ct
or

 (
G
*/

si
nδ

) 
(k

P
a)

Temperature (°C)

 NA
 6% NTPR
 7% NTPR
 8% NTPR
 9% NTPR
 10% NTPR
 11% NTPR

Figure 9. Rutting factor curve of HVA for each content.

4.3.2. High-Temperature Properties of HVA after RTFOT

Asphalt mixtures are subject to aging during mixing, transportation, and long-term
road use, with asphalt aging during the mixing process being short-term aging [54,55].
The DSR test results of 6%, 8%, and 10% NTPR and neat asphalt after RTFOT are shown
in Figure 10. From Figure 10a, it can be seen that the logarithm of the complex modulus
of the aged HVA still maintains an excellent linear relationship with the temperature. As
the temperature increases, the complex modulus of the aged HVA decreases subsequently.
Under the same high temperature conditions, the aged HVA exhibited a higher complex
modulus than the aged neat asphalt. This indicates that the HVA pavement will maintain
better stability and be less prone to high-temperature deformation disease of the pavement
as it passes through the service life. The complex modulus of the HVA after aging becomes
more significant when the amount of the NTPR admixture increases. Figure 10b shows
that the phase angle of the neat, aged asphalt approaches 90◦ faster when the temperature
increases, and the aged HVA maintains better elastic properties under the same temperature
conditions. In particular, when the temperature reaches 82 ◦C, the phase angle of the HVA
with a 10% NTPR content is not much different from that of the neat, aged asphalt at 58 ◦C.
This indicates that the highly doped HVA has better aging resistance than the neat asphalt.

This study further explores the effect of asphalt aging on G*/sinδ. The results in
Figure 11 show that the rutting factor of asphalt after aging increases significantly compared
with that before aging. When the temperature is 82 ◦C, the G*/sinδ of the HVA after aging
is higher than 1 kPa, with the latter being three times that of the neat asphalt after aging.
At the same time, the phase angle of the aging asphalt also shows a decreasing trend. The
modified asphalt mixed with the NTPR has a better rutting resistance than the neat asphalt
after aging. This indicates that the HVA asphalt pavement will not be prone to rutting and
other high-temperature diseases during the use stage. The NTPR can still play a role after
high-temperature aging, making the HVA after aging maintain good high-temperature
stability, which is consistent with the conclusions of previous studies [56,57].
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Figure 10. G* and δ curves of HVA after aging: (a) G* of HVA after aging and (b) δ of HVA after aging.
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Figure 11. The rutting factor of HVA after aging.

The higher the CRRF, the worse the aging resistance of the asphalt, and the more
serious the degree of aging. The CRRF has been widely used as an index to evaluate the
degree of aging of asphalt. In this paper, the CRRF is used to evaluate the aging resistance
of the HVA. It can be seen from Figure 12 that the CRRF of 6% NTPR is the largest in the
HVA, which reaches 2.46, indicating that the aging resistance of the HVA with a low content
of NTPR is poor. The anti-aging performance of 6% NTPR is not much different from that
of NA. With the increase in NTPR doping, the CRRF of the HVA gradually decreases, and
the aging resistance performance is enhanced. When the doping of the NTPR was 10%,
the CRRF of HVA was 0.51. Compared with 6% NTPR, the aging resistance of 10% NTPR



Sustainability 2023, 15, 12190 13 of 19

is nearly five times higher. This indicates that the high doping of HVA has better aging
resistance properties.
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Figure 12. The rutting factor of HVA after aging.

4.4. Effect of NTPR on Low-Temperature Properties

The greater the creep stiffness obtained from the BBR test indicates that the greater
the stress generated by the asphalt temperature contraction, the more brittle the asphalt,
and the greater the probability of cracking [58]. The creep rate m is the rate of change
of the creep stiffness S with time t. The smaller the creep rate, the slower the asphalt
temperature stress relaxation, and the more likely it will crack. According to the relevant
provisions of the BBR test, the stiffness of the asphalt beam should not be greater than
300 kPa, and the creep rate should not be less than 0.3. In this test, whether −6 ◦C or
−12 ◦C, the neat asphalt and all NTPR-modified asphalt can meet the requirements of the
corresponding specifications. Especially at −6 ◦C, the low-temperature properties of HVA
are not much different from those of the neat asphalt. The analysis shows that adding the
NTPR modifier to the neat asphalt harms the low-temperature properties of the asphalt.
The modulus of the asphalt becomes larger, brittle, and easy to crack under low temperature
conditions. However, it is sufficient to meet the requirements of asphalt pavement when
the temperature exceeds −12 ◦C. On the other hand, as shown in Figures 13 and 14, the
stiffness of the asphalt increases, and the creep rate decreases as the temperature decreases
for all the samples, indicating a higher probability of asphalt becoming brittle and cracking
under low temperature conditions. Furthermore, according to the trend of the m/S value,
with an increase in the NTPR content, the m/S value remains stable, showing a slightly
decreasing trend. This implies that the addition of the NTPR modifier has little impact
on the low-temperature properties of the asphalt. Especially for the high-content (11%)
HVA, the decrease in the m/S value is only 10% compared to the low-content (6%) HVA.
Nevertheless, the low-temperature properties of 6% and 7% NTPR were slightly better than
the other bitumens.
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Figure 13. BBR test results at −6 ◦C.
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Figure 14. BBR test results at −12 ◦C.

4.5. Distribution State of NTPR in Asphalt

In Figure 15, the characteristic that NTPR reflects fluorescence under the irradiation
of light of specific wavelengths, while the neat asphalt is dimmer under the same light
irradiation, is utilized. Figure 15a shows the fluorescence image of the neat asphalt, and
it can be seen that there are no fluorescent dots in the picture; Figure 15b shows the
fluorescence image of 6% NTPR, and it can be seen that there are scattered fluorescent dots,
namely modifier particles, in the picture. However, the NTPR did not form a network in
the asphalt at this time, and was relatively independent of the asphalt. Figure 15c shows
the fluorescence image of the HVA at 8%, and it can be seen that compared with the HVA
at 6%, the modifier particles of the HVA at the current doping condition are more densely
distributed and can be evenly dispersed in the asphalt solution; Figure 15d shows the
fluorescence image of the HVA at 10%, and it can be seen that at this time, the fluorescence
effect of the modifier is more intense. The particles overlap each other in contact and form
a net-like structure. The properties test of the asphalt shows that when the content of the
NTPR reaches 11%, the properties of the HVA show obvious differences compared with
other asphalts. Combined with the fluorescence images of 10% NTPR, it can be speculated
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that when the content of the NTPR is 11%, there may be a phase inversion in the asphalt,
that is, the asphalt is dispersed into the modifier. This results in 11% NTPR properties
that differ from other bitumens. These analyses need further experimental verification.
In summary, it can be seen that as the content of the NTPR increases, the density of its
distribution increases, and the fluorescence becomes more intense, and finally, at 10%, the
fluorescence distribution is denser and starts to contact each other, gradually developing
a mesh-like structure. The flow of neat asphalt is restricted in the structure of the NTPR,
the stability is increased, and the temperature sensitivity is reduced. The 10% NTPR
microstructure is quite different from the other asphalts, forming a mesh structure. This is
one of the reasons why high-content HVA performs better than other asphalts.
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5. Conclusions

In this study, starting from the raw materials and the modification preparation process
of NTPR, six modified asphalt samples with 6~11% NTPR were prepared and compared
with the neat asphalt for laboratory tests on the penetration, softening point, viscosity,
high- and low-temperature rheological properties, and modifier distribution. The main
conclusions are as follows:
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(1) The addition of NTPR limited the flow of the asphalt to some extent and improved the
high-temperature performance. This trend increased with the NTPR admixture, and
the recommended NTPR admixture of 10~11% HVA has a better overall performance.
Considering the economy and performance, 10% of NTPR modifier is recommended
for modified asphalt preparation.

(2) The high-temperature apparent viscosity of modified asphalt increased less with the
addition of NTPR. It was always less than 3 Pa·s, which is conducive to ensuring the
fluidity of asphalt in construction. At the same time, the dynamic viscosity of 60 ◦C is
more significant, which provides excellent adhesion of asphalt and aggregate.

(3) The NTPR improved the high-temperature rutting resistance of asphalt. Compared
with the neat asphalt, the rutting factor of the HVA (10%) after aging at 82 ◦C was
three times higher than that of the neat asphalt after aging.

(4) The incorporation of NTPR makes the asphalt brittle. However, when the blending
amount is controlled at 6~11%, the low-temperature performance of the HVA is less
attenuated, and all of them can meet the low-temperature requirements of asphalt.

(5) The density of the modifier distribution in the asphalt gradually increased and began
to develop toward a mesh structure between each other with the increase in the NTPR
content, which reduced the temperature sensitivity of the HVA, enhancing the stability
of the HVA. When the content of the NTPR reached 10%, a mesh structure was formed
inside the modified asphalt.

This study explored the preparation and properties of NTPR-modified asphalt. The
basic property indexes, rheological properties, and microstructure were investigated. The
contribution of the article is that the results obtained will be far reaching for the construction
of modified asphalt pavements, especially for heavy traffic. It will reduce the pavement
deformation diseases caused by high-temperature environments and consequently reduce
road maintenance costs. However, these studies were only conducted in the laboratory,
and future research should focus on field trials. In addition, a side-by-side comparison
of NTPR-modified asphalt with other asphalt modified with high-performance materials
should also be emphasized.
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