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Abstract: The research on nano titanium dioxide (nano-TiO,)-modified asphalt has re-
ceived increasing attention. However, further studies are required in order to ascertain
the influence of the phenomenon under discussion on the rheological characteristics and
ability to resist deformation of bitumen. In the present study, modified bitumen was for-
mulated by adding nano titanium dioxide. Physical property tests, temperature scanning
tests, frequency scanning tests, repeated creep recovery tests, bending creep stiffness tests,
and long-term aging performance experiments were carried out on the specimen of asphalt
that had undergone the process of modification in order to assess the rheological character-
istics and ability to resist unrecoverable deformation of the modified bitumen at different
temperatures, both high and low. The outcomes of the repeated creep recovery experi-
ment were analyzed using Burgers and fractional derivative models. The microstructure
of nano-TiO, high-viscosity modified asphalt was observed by Scanning Electron Micro-
scope(SEM). In order to ascertain the manner in which base bitumen and nano-TiO, inter-
act, Fourier transform infrared spectroscopy (FTIR) was utilized in the study. The results
show that the thermal stability and prolonged aging resistant properties of the modified bi-
tumen binder improved, but nano-TiO, made the asphalt binder weaker and more likely to
crack at lower temperatures. Taking into account the variation in the road performance of
the bitumen binder, 6% is recommended as the optimal amount of nano-TiO;. Nano-TiO,
was mainly uniformly distributed in asphalt and nano-TiO; was physically mixed with as-
phalt. In comparison with the Burgers model, the present fractional derivative empirical
creep model can fit the creep test data of the asphalt binder well with the advantages of
high accuracy and few parameters. The research results provide a reference for promoting
the implementation of modified bitumen incorporating nano-TiO,.

Keywords: nano-TiO,; rheological property; Burgers model; fractional derivative

empirical creep model

1. Introduction

With the expansion of the urban scale, many negative problems have arisen, such as
traffic congestion, air pollution, rising temperatures, etc., which have had adverse effects
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on humans. Among them, the urban temperature increase caused by the heat island effect
is especially severe. Research shows that the annual average temperature inside the city is
at least 2 °C higher than that in the outer suburbs, and in hot summer, there exists a 10 °C
temperature difference between indoors and outdoors [1-4].

Urban road paving is an important cause of the heat island problem. Especially dur-
ing the summer months, the ambient temperature is even more than 20 °C lower than that
of asphalt pavements. Under such high environmental temperatures, asphalt pavements
often suffer from oil immersion, tire sticking, and rutting under the continuous action of
vehicle loads. These diseases will seriously reduce the performance and service life of as-
phalt roads. To reduce asphalt pavement diseases, scientists use different modifiers to
improve the different properties of base asphalt. For polymer modifiers, styrenebutadiene
styrene builds a network structure with asphalt by absorbing low molecular asphalt [5].
Styrene butadiene rubber makes asphalt more ductile and increases the fracture resistance
of asphalt at low temperatures [6]. Polyethylene could be used to enhance the good fatigue
resistance of asphalt [7]. In the context of nanomaterials, the presence of nano-TiO, par-
ticles has been demonstrated to have a significant impact on the photooxidation behavior
of bitumen. Specifically, the incorporation of nano-TiO; into modified bitumen has been
shown to enhance resistance to photooxidation senescence [8]. The nano-zinc oxide could
decrease the irrecoverable strain of hot mix asphalt (HMA) paving [9].

Nano-TiO; is a photoactive nanoparticle and an environmentally friendly green mate-
rial. It was confirmed that titanium dioxide reduced the nitrogen dioxide and sulfur diox-
ide produced by vehicles in a road environment through its photocatalytic effect to purify
the air [10]. Due to its non-toxic and inexpensive, nano-TiO, has also been used in road
pavements to reduce road temperature and slow down asphalt aging in recent years [11,12].
Many studies have focused on the influence of varying doses of nano-TiO, on the physical
and rheological characteristics, rutting, prolonged and short-term aging characteristics of
bitumen [13,14]. Chen et al. conducted a study on the characteristics of 2% TiO, and the or-
ganic montmorillonite compound-modified bitumen. The findings demonstrated that the
thermal characteristics, ability to resist unrecoverable deformation, thermal oxidation, and
resistance to ultraviolet oxidative aging of asphalt were improved [15]. Ji et al. conducted
a study on the behavior of modified bitumen with varying characteristics of thermoplastic
polyurethane and TiO,, ranging from 1% to 3% of the total mixture. The results indicated
the thermal resistance to oxygen and ability to resist unrecoverable deformation of TiO,-
modified bitumen [16]. Lima et al. modified bitumen using SBS and TiO; (0.1%, 0.25%
and 0.5%). They investigated the ability to resist the aging impact on bitumen, which was

found to decrease over time due to the presence of a carbonyl group [17]. Zheng et al. con-
ducted a study on the performance of asphalt in the presence of titanium dioxide, with
concentrations ranging from 2% to 4%. The results indicated that there was an enhance-
ment in resistance to unrecoverable deformation and cracking. The UV aging resistance
was improved [8].

These studies provide important technical support for the application of nanosized
titanium dioxide. From the above research, it is clear that nano titanium dioxide can im-
prove the aged properties and rheological characteristics of bitumen under small nano-
TiO, contents. However, further in-depth research is required to ascertain whether the
incorporation of large amounts of titanium dioxide exerts a favorable impact on the ag-
ing performance and rheological characteristics of bitumen. In addition, there is a lack of
necessary research on the viscoelastic deformation characteristics and constitutive model
of nano-TiO,-modified asphalt under a high titanium dioxide content, which is also an
important basis for analyzing the deformation characteristics of bitumen binders.
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The objective and scope of the research are to explore in-depth the rheological proper-
ties and deformation resistance under high temperatures of nano-TiO;-modified asphalt
by physical property tests, temperature scanning tests, frequency scanning tests, repeated
creep recovery tests, and bending creep stiffness tests. The Burgers model and the frac-
tional derivative empirical creep equation were utilized to evaluate the experimental out-
comes. The microstructure of nano-TiO,-modified bitumen was observed by SEM. The in-
terplay between base bitumen and nano-TiO, was investigated through the utilization of
FTIR. The results show that the heightened temperature tolerance of NHV-modified bitu-
men, augmented with nano-TiO,, has been enhanced. Nano-TiO, has been demonstrated
to have a substantial impact on the thermal stability of bitumen at heightened tempera-
tures. Moreover, the incorporation of nano-TiO, can reduce their sensitivity and improve
the elastic properties of the asphalt binder. The ability to resist rutting has been enhanced,
but the resistance to cold-weather cracking has decreased. Taking into account the varia-
tion in road performance of nano-TiO, high-viscosity modified asphalt with the amount
of nano-TiO,, 6% is recommended as the optimal amount of nano-TiO,. The fractional
derivative empirical creep (FDEC) model offers a superior reflection of the creep proper-
ties of modified bitumen and has the advantages of fewer parameters and high precision.

2. Materials and Methods

2.1. Materials
2.1.1. Base Asphalt

The original bitumen with a penetration grade of 60/80 was provided by Alpha
(Jiangyin) Asphalt Company, a Chinese enterprise, Jiangyin, China.

2.1.2. BW-HPM High-Viscosity Modifier

BW-HPM high-viscosity asphalt modifier (as shown in Figure 1a), mainly composed
of polymers, was used. BW-HPM can effectively increase the viscosity and strengthen
asphalt, and enhance the anti-aging properties, durability, and crack resistance of asphalt
pavement. BW-HPM was developed by Xi'an Bowang New Materials Technology Co., Ltd,
Xi’an, China.

Figure 1. (a) BW-HPM high adhesive; (b) nano-TiO,.

2.1.3. Nano-TiO,

The nano-TiO, modifier (Figure 1b) employed in our study was supplied by Jinan
Zhiding Welding Materials Company, Jinan, China. Nano-TiO, is often used as a func-
tional filler or additive, which can enhance the physical characteristics, thermal stability,
light stability, and other characteristics of bitumen binder. Its main performance indica-
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Physical Property

Penetration

Softening
Point
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tors are set out in Table 1. The quantities of nano titanium dioxide are 0%, 3%, 6%, and
9%, correspondingly.

Table 1. The primary technical indicators of nano titanium dioxide.

Average Purity = Specific Surface  Bulk Density =~ Density
Size (nm) (%) Area (m?/g) (g/cm?®) (g/cm?®)

Nano-

TiO, 20 99.9 70-90 0.22 3.9

2.1.4. Preparation of Nano-TiO,-Modified Asphalt

First, the road 70 petroleum asphalt was placed in the oven for more than 4 h (the set
oven temperature was 140 °C = 10 °C), and then it was taken out and heated in the electric
furnace at a temperature of 170 °C = 10 °C. According to the manufacturer’s suggestion,
9% high viscosity agent was added and high-speed shear emulsifier(Fluko-A25, Shanghai
Furuk Technology Development Co., Ltd, Shanghai, China) was used to at a 2000 r/min
rate for 30 min. Then, we prepared 0%, 3%, 6%, and 9% nano-TiO, high-viscosity modified
asphalt according to the above steps.

2.2. Experimental Methods

The methodological framework is shown in Figure 2. The parameters designed in all
experiments are shown in Sections 2.2.1-2.2.8.

Rheological Multi-Stress Creep Long Term Aging Mechanism
Property Recovery Performance Analysis
Burgers Model Residual
Temperature Penetration SEM
Sweep Ratio
Fractional
Derivative Softening
Frequency Empirical Point
Sweep Creep Model Increment FTIR

Figure 2. Methodological framework.

2.2.1. Physical Property Tests

The physical property tests were carried out as stipulated in T0604, T0606, and T0605
in the specification JTG E20-2011 [18]. The physical characteristic tests of nano-TiO, high-
viscosity modified asphalt were conducted, involving penetration, softening point and
ductility tests. The temperature in the penetration tests was set to 25 °C. The temperature
in the ductility tests was set at 15 °C with a rate of loading of 50 mm/min. The softening
point experiments were performed using the Ring and Ball method.

2.2.2. Temperature Sweep Test

In our study, we conducted a series of temperature sweep tests to evaluate the rheo-
logical characteristics of the nano-TiO; high-viscosity modified asphalt. The performance
index of the modified asphalt binder, including complex shear modulus (G*) and phase an-
gle (), was acquired through the utilization of the DHR-1 dynamic shear rheometer. The
temperature sweeping experiment was performed at a range of temperatures from 34 °C
to 82 °C, with a 6 °C increment and a constant angular velocity of 10 rad/s. The parallel
metal plates were as follows: 25 mm in terms of diameter, and 1 mm in terms of gap. The
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rheological behaviors of the modified bitumen binder at elevated and low temperatures
were assessed using the rutting factor obtained through experiments [19].

2.2.3. Frequency Sweep Test

The frequency sweeping experiments conducted involved a scope of 1-100 rad/s at
temperatures ranging from 30 °C to 60 °C with an interval of 10 °C. Then, the frequency
scanning curve of the bitumen binder was matched and evaluated by employing a straight
line equation [20].

2.2.4. Multi-Stress Creep Recovery (MSCR) Test

The DSR instrument was utilized to load asphalt for 1 s and unload asphalt for 9 s
under stress of 25 Pa, and the cycle was repeated 60 times within the temperature region
of 30 °C-60 °C with an interval of 10 °C. The MSCR test was conducted with the aid of the
TA DHR-1 apparatus. The 25 mm parallel plate with a 1 mm gap was selected. Then, the
results of the creep recovery test were systematically fitted and analyzed by using the Burg-
ers model of viscoelasticity theory and the fractional derivative empirical creep (FDEC)
model [21,22].

2.2.5. Bending Creep Stiffness Test

The creep behavior of pitch under low-temperature conditions was determined by
a constant load and by measuring the bending deformation of girder specimens at low
temperatures (such as —6 °C, —12 °C and —18 °C). Then, the creep parameters, namely
the stiffness, S (t), and the rate, m (t) [23], were computed. The value of the bending creep
stiffening and m-value of the bitumen binder were determined by the implementation of
a bending beam rheometer. The test temperature conditions were —6 °C, —12 °C, and
18 °C, respectively.

2.2.6. Long-Term Aging Performance Test

As stated in JTG E20-2011 [18], the prolonged aging characteristics of bituminous spec-
imens were tested using a pressure aging oven. The asphalt sample after thermal-oxidative
aging treatment was loaded into a sample tray. The container pressure was 2.1 MPa. At
100 °C, the asphalt sample was continuously aged for 20 h, and the prolonged aging of
the bituminous specimens was completed. The penetration index and softening point in-
dex were conducted following prolonged aging. The material’s behavior when aged was
evaluated by calculating its residual penetration ratio and softening point increment.

2.2.7. Scanning Electron Microscope (SEM) Test

Scanning electron microscopy (Quanta 450, FEI, Waltham, MA, USA) was employed
to observe the microstructure of asphalt specimen. The asphalt sample was gold-plated
due to its weak conductivity. The spraying voltage was 10 mA. The spraying target mate-
rial was gold—palladium alloy. The spraying time was 45 s. The dried asphalt sample was
uniformly pasted onto the conductive adhesive for testing.

2.2.8. Fourier Transform Infrared Spectroscopy (FTIR) Test

The surface functional groups of bitumen were analyzed by Fourier transform in-
frared spectroscopy (Nicolet i510, Waltham, MA, USA). Next, 1 mg of asphalt samples and
200 mg of dried KBr were thoroughly mixed and ground. The mixture was evenly placed
between the top and bottom molds of the tablet mold. The pressure was set to 8 t/cm?
and the pressurization time was 2 min. The transparent sample ingot was prepared. The
sample diameter was 13 mm and the thickness was 1 mm. The sample ingot was placed in

the instrument. The spectral range was 5004000 cm !
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3. Results and Discussion
3.1. Physical Property

The physical characteristics of the prepared bitumen binder are shown in Figure 3.
From Figure 3, it can be seen that with the rising percentage of nanoscale titanium dioxide,
the penetration index of the bitumen binder and its ductility undergo a gradual decrease,
while its softening point increases concomitantly. Compared with the high-viscosity as-
phalt, the penetration value of the modified asphalt with a 9% content decreased by 27.2%,
the ductility decreased by 43.0%, and the softening point increased by 7.4%. This indicates
that the thermal stabilization properties of the high-viscosity bitumen with the addition of
nanoscale titanium dioxide have been improved and the resistance unrecoverable defor-
mation ability has been enhanced, but the anti-crack resistance at lower temperatures has
decreased and the material’s fatigue resilience is weakened.
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Figure 3. Physical properties of high-viscosity asphalt.

These indicators may not be suitable for evaluating thermal stabilization properties at
high temperatures and anti-crack resistance at lower temperatures of the bitumen binder,
and cannot simulate the flow deformation of asphalt under continuous loading (such as
rutting problems). Therefore, further research on the characteristic of rheology of modified
bitumen is needed based on rheological theory.

3.2. Temperature Sweep Tests

Figure 4 shows the complex modulus and phase angle () values for the NHV-
modified bitumen when the temperature was between 34 °C and 82 °C. The higher the
complex modulus amount, the stiffer the bitumen binder under high temperature or high-
frequency load, and the stronger the resistance to rutting. Figure 4 shows that an increase
in test temperature results in a gradual decrease in the complex modulus of bitumen. This
indicates that temperature has a significant impact on the anti-deformation ability of the
bitumen. The modulus of the treated bitumen is gradually increased with the rise in the
dosage of nano-TiO,. As the test temperature rises, the reduction amplitude of the complex
modulus of the treated bitumen decreases gradually. It has been discovered that the mod-
ulus of the 9% treated bitumen at 34 degrees is 1.40 times that of the high-viscosity asphalt.
Nonetheless, the value of the modulus for the 9% bitumen binder at 82 °Cis 7.05 times that

of the high-viscosity asphalt. This suggests that nano-TiO, greatly improves the thermal
stability of the binder.
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Figure 4. Complex modulus (G*) and phase angle (5) of NHV-modified bitumen under different
test temperatures.

The viscoelastic ratio of asphalt can be obtained by measuring the phase angle. The
bitumen binder becomes more elastic and sensitive to cold temperatures at lower phase
angles. As can be noted in Figure 4, as the experimental temperature goes up, the phase
angle rises steadily, whereas the phase angle of the bitumen binder incorporating nano-
TiO; initially rises and then falls. Moreover, as the dosage increases, the phase angle of
the bitumen binder decreases gradually. This result further suggests that adding nano-
TiO; reduces bitumen binder sensitivity and improves its elastic properties.

The higher the rutting factor, the better the bitumen binder is at resisting unrecover-
able deformation at high temperatures. As seen in Figure 5, the rutting factor decreased
across the overall temperature range. The bitumen binder was found to be more suscep-
tible to high-temperature deformation that could not be recovered. The rutting factor
of nano titanium dioxide high-viscosity modified asphalt increases with the dosage, un-
der the same temperature conditions, demonstrating that nano-TiO, enhances the high-
temperature stability of the bitumen binder. The bitumen binder was more prone to high-
temperature unrecoverable deformation.

200 |- —=— (0% Nano-Ti0,
—=&— 3% Nano-Ti0,
—&— 6% Nano-Ti0,
_sor —v— 9% Nano-Ti0,
3 2
—=
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=
"7 100
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*
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0F " L 1 n 1 " n n
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Temperature('C)

Figure 5. Relationship of rutting factor (G*/sind) and test temperature of NHV-modified bitumen.
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3.3. Frequency Sweep Test

Figure 6 presents the relation between modulus and frequency in the frequency scan-
ning tests. The dots of different colors in the figure represent the results of the frequency
scanning test, and the lines of different colors are the fitting straight lines of the test results.
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Figure 6. The relationship of the complex shear modulus and the angular frequency: (a) 30 °C;
(b) 40 °C; () 50 °C; (d) 60 °C.

Generally speaking, the high-frequency region can assess the response of pavement
under rapid loads, while materials” long-term stability, creep or relaxation characteristics
can be reflected in the low-frequency region. With an increase in experimental tempera-
ture, the modulus of the bitumen binder decreases in the entire frequency domain, indi-
cating that the temperature sensitivity of the asphalt binder is still very high. Under the
condition of 10 rad/w, and at temperatures of 30 degrees and 60 degrees, the modulus
of 9% NHV-modified bitumen is 1.52 times that of high-viscosity asphalt and 1.97 times
that of high-viscosity asphalt. It suggests that adding nano-TiO; significantly enhances the
thermal tolerance of the bitumen binder at high temperatures, which is aligned with the
findings shown in Figures 4 and 5. With the increase in angular frequency, the modulus
gradually increases, and the increased amplitude of the complex shear modulus becomes
larger and larger with the increased frequency. Under the test temperature of 60 degrees
and the conditions of 100 rad/w, the complex shear modulus of the NHV-modified bitu-
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men increased by 8327.9, 9573.4, and 10045.9 Pa, respectively. It indicates that the modified
bitumen mixed with nano-TiO, demonstrates more excellent performance against impact
loads under high-temperature conditions. The modulus has a strong negative linear re-
lationship to the angular frequency in the logarithmic coordinate system, and the lowest
determination coefficient of the linear fitting analysis is 0.9975.

3.4. Multi-Stress Creep Recovery (MSCR) Test
3.4.1. Burgers Model

The Burgers model is widely used in viscoelastic mechanics. It is a four-element
model (Figure 7). It was used to calculate material parameters and analyze the mechanical
characteristics of viscoelastic bitumen binder material [24,25] and the mixture microstruc-
ture [26,27]. This model can better characterize the creep deformation characteristics of
viscoelastic materials, and its creep compliance is as follows:

1 t 1

=g+ + 50 —e Xty (1)
EZ
W :
E, 7,
n,

Figure 7. Burgers model diagram.

In the equation above, J(t) is creep compliance of t time, Pa~!; E; and E, are the
spring elastic modulus of the Maxwell and Kelvin model, Pa; 771 and #; are the viscosity
parameters of the Kelvin and Maxwell model, Pa - s; and t is the time parameter, s.

3.4.2. Fractional Derivative Empirical Creep Model

Various engineering fields have used the FDEC model because it can overcome the
shortcoming that the classical integer derivative model and experimental results are not in
good agreement [28-31].

The Riemann-Liouville fractional derivative operator is defined as follows [32-34]:

(Dg f)(t) = I“(ll—fy) %/Ot (tf_(TT))WdTO <y<1 @)

When s = t — 7, Equation (3) can be converted into an integral form, as shown below:

(DL)(0) = Frs =y *4f ©

The following is an expression of the Abel adhesive pot element [35]:
o = nl,(t) * de (4)

Its creep compliance is as follows:
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1 - 1
J(t) = —o(t) * = ty 5
O =590 10y = e+ ©
1,t>0

In this expression, ¢(t) is unit strain and ¢(t) = 0.t<0

The fractional derivative is equivalent to the convolution of the I,(¢).
The Nutting function [36] is the basis for creep behavior in viscoelastic materials,
which is shown below:
ety =AMV, 0<y <1 (6)

Its creep compliance is as follows:
Jt) =AM, 0<y <1 @)

The creep flexibility can be expressed as a power function as demonstrated in
Equations (5) and (7).
1

A= —
nr(y+1)

The coefficient of viscoelastic material and the order have an effect on A, as indicated

®)

by Formula (8).

3.4.3. Model Fitting Analysis

To maintain data stability and analysis reliability, only the test results from the 29th
creep recovery cycle were selected for analysis. The parameter determination method of
the Burgers model adopts the fixed parameter fitting method. The remaining parame-
ters are calculated by nonlinear fitting regression analysis. The parameters of the Burg-
ers model and fractional derivative empirical creep model are also obtained by matching
the experimental data, as depicted in Figures 8-11. The parameters values of the model
obtained through the fitting analysis of data are presented in Figures 12 and 13.

With the gradual increase in nano-TiO, content, the deformation behavior of nano-
TiOy-modified bitumen at high temperatures is significantly enhanced, as shown in
Figures 8-11. At 60 °C, the initial deformation of 3%, 6%, and 9% modified asphalt is re-
duced by 22.2%, 47.5%, and 54.4%, respectively, compared with the matrix asphalt.

Both the FDEC and the Burgers models can fit the creep deformation of nano-TiO,
high-viscosity modified asphalt well, but the smallest R? value after adjusting the fitting
curve of the Burgers model is 0.9471. The smallest R? value after adjusting the fitting curve
of the FDEC model is 0.9992. The accuracy of the fit of the FDEC model is higher, and it
has fewer parameters. Therefore, the FDEC model has the benefits of fewer parameters
and higher fitting accuracy, and it has important theoretical value.

These two models have a certain regularity and physical significance to the fitting pa-
rameters of the experimental results. The values of Ej, #; and #; in the Burgers model
gradually decline as the experimental temperature increases, while A parameters in the
fractional derivative empirical model gradually increase. The correlation between the fit-
ting parameters of the two models is shown in Figures 14 and 15. When p < 0.05 in the
correlation heat map, it is marked as *, as shown in Figure 14. The parameters between
the two models have a negative correlation. Among them, in the logarithmic coordinate
system, the correlation between parameters #4, 772, and A indicates that the A parameter
can assess the ability of the modified bitumen to resist deformation. That is, the bigger the
A, the superior the resistance to deformation of the bitumen binder. It further explains that
the parameters of the FDEC model have certain physical significance.
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Figure 9. Test results and fitting curves (modified asphalt with 3% nano-TiO,).

0.25
®  Testresults (30°C) ® Testresults (40°C)
r Fitting results of Burgers model Fitting results of Burgers model
~ - -Fitting results of fractional 0.20 = = ~Fitting results of fractional
- derivative empirical model derivative empirical model
0.15
E
- £010
7
0.05
- 0.00
L A 1 A A s 1 L I L L A
0.0 0.2 0.4 0.6 08 1.0 0.0 02 04 0.6 08 1.0
Step time (s) = Step time (s)
8 Testresults (50°C) ®  Testresults (60°C)
- Fitting results of Burgers model A ~—— Fitting results of Burgers model
= = -Fitting results of fractional 8 - -~ - ~Fitting results of fractional
3 derivative empirical model g derivative empirical model -
6
8
= E 4
7
2
L 0
L 1 1 1 1 1 1 1 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Step time (s) Step time (s)
Figure 8. Test results and fitting curves (high-viscosity asphalt).
®  Test Results (30°C) 0.30 ®  Testresults (40°C)
Fitting results of Burgers model —— Fitting results of Burgers model
= F@mgfﬁum uf fractional 025 | - - -Fitting results of fractional
derivative empirical model s derivative empirical model
0.20
°\3
£ 015
=
(7]
0.10
0.05
0.00
0.0 0.2 04 0.6 08 1.0 0.0 02 04 0.6 08 1.0
Step time (s) 10 Step time (s)
& Test results (50°C) = Test Results (60°C)
Fitting results of Burgers model Fitting results of Burgers model
- - -Fitting results of fractional 8 - - -Fitting results of fractional
derivative anpirical model derivative cmpirical model
6
g
g
E 4
7
]
0
0.0 0.2 04 0.6 08 1.0 0.0 02 04 0.6 08 10
Step time (s) Step time (s)



Coatings 2025, 15, 717

12 of 20

0.05

0.04

0,03

Strain (%)

0.01

0.00

0.05

004

0.03

0.02

Strain (%)

001

0.00

Strain (%)

Figure 11. Test results and fitting curves (modified asphalt with 9% nano-TiO5).
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3.5. Bending Creep Stiffness Test

The greater the creep stiffness is, the lower the capability of the NHV-modified bitu-
men to protect against the risk of deforming at lower temperatures, and it is more likely to
crack in cold conditions. The m value represents the temperature sensitivity of the mate-
rial. The smaller the m, the higher the temperature sensitivity, as Figures 16 and 17 show.
As the dosage of nano-TiO; increases, the creep stiffness steadily grows under the constant
temperature environment. It indicates that using nano titanium dioxide made the modi-
fied bitumen more crisp and likely to crack at lower temperatures. When the experimental
temperature drops, the bitumen stiffness rises gradually, indicating that with the decrease
in temperature, the crack resistance performance of the asphalt binder further decreases.
Moreover, the lower the temperature and the larger dosage of nano titanium dioxide, the
worse the crack resistance of the bitumen binder. Under the condition of —18 °C, the creep
stiffness of 9% NHV-modified asphalt is 9.39 times that of high-viscosity asphalt.

2500

2000

1500

1000

Creep stiffness(Pa)

500

10

Nano-TiO,(%)

Figure 16. Creep stiffness value.

0.6

R —

m
T

Specification value

02
—=— .0 °C
—e—-12°C
—a&— 18 °C
0.0 | ] 1 L 1

Nano-TiO,(%o)
Figure 17. m value.

The m values of 3%, 6%, and 9% nano-TiO;-modified asphalt at different tempera-
tures are all greater than 0.3. This indicates that although the characteristics at low tem-
peratures of nano titanium dioxide high-viscosity modified bitumen decrease with the in-
crease in modifier dosage, the low-temperature performance of 3%, 6%, and 9% nano-TiO,-
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modified bitumen meets the specification requirements [15]. However, the m value of 9%
nano-TiO, high-viscosity modified bitumen at —18 °C is very close to the specification
value, so the dosage of nano titanium dioxide should be reduced. Therefore, considering
that thermal stability behavior of nano-TiO, high-viscosity modified bitumen improves
with a higher nano-TiO, content, 6% is recommended as the optimal content.

3.6. Long-Term Aging Performance

According to Section 2.2.6, the residual penetration ratio (RPR) and softening point
increment (SPI) of nano-TiO,-modified high-viscosity bitumen after prolonged aging were
conducted for investing prolonged aging characteristics. This is clear from Figure 18.
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3.0
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Figure 18. (a) RPR of nano-TiO;-modified asphalt; (b) SPI of nano titanium dioxide-
modified bitumen.

The RPR of nano-TiO, high-viscosity modified bitumen increases as the nano-TiO;
content increases, as shown in Figure 18a. Compared with original bitumen, the RPR of
nano titanium dioxide-modified bitumen containing 3%, 6% or 9% of nano-TiO; increases
by 13%, 24% or 52%, respectively. The prolonged resistance of bitumen binder to aging
is enhanced by the rise in nano titanium dioxide content. It is because the added nano-
TiO, absorbs external energy, and the hardening rate of asphalt under the impact of hot
oxygen and reduced pressure. The prolonged aging resistant properties of bitumen have
been improved.

As shown in Figure 18b, the SPI of nano titanium dioxide-modified high-viscosity
bitumen falls with an increase in the nano-TiO;, content. Compared with base asphalt,
the SPI of nano-TiO;-modified asphalt increased by 27%, 50%, and 71% with 3%, 6%, and
9% additions, respectively.. The smaller the SPI of asphalt, the higher its long-term aging
performance. It demonstrates that nano-TiO, can enhance the aging resistance of asphalt.
This is because nano-TiO; is distributed in a uniform way throughout the bitumen, and
creates a stable structure with asphalt to effectively absorb heat. The oxidation process of
asphalt is inhibited, which improves the long-term durability of asphalt.

3.7. Modification Mechanism of Nano-TiO,-Modified Asphalt
3.7.1. SEM

According to Section 2.2.6, SEM pictures of the original bitumen and nano-TiO,-
modified high-viscosity bitumen were taken to study the fusion state of nano-TiO, and
asphalt as depicted in Figure 19.
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(@) )

Figure 19. SEM image: (a) base asphalt; (b) nano-TiO,-modified bitumen.

As shown in Figure 19, the original bitumen interface is smooth and free of impurities.
Nano-TiO, particles are mainly uniformly distributed in asphalt. This is because nano-
TiO; has high surface energy and active energy, and can be fully mixed with asphalt un-
der a high-speed shear force, avoiding the occurrence of the agglomeration phenomenon.
Therefore, nano-TiO, can successfully isolate the impact of ultraviolet light on the bitumen
binder, and effectively improve the high-temperature and anti-aging performance of the
bitumen binder. In addition, the uniform fusion of nano-TiO, and asphalt increases the
asphaltene percentage, improving thermal stability and temperature sensitivity.

3.7.2. FTIR

The infrared spectra of the original specimen and nano-TiO,-modified asphalt were
tested according to Section 2.2.7. The interaction between original bitumen and nano-TiO,
was studied, as shown in Figure 20.

TiO, modified asphalt

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 20. Infrared spectra of base asphalt and nano-TiO, high-viscosity modified bitumen.

In comparison to the original bitumen, the characteristic peaks in the infrared spec-
tra of nano-TiO,-modified high-viscosity bitumen are primarily within 1500 cm~! to
637 cm !, as shown in the framed area in Figure 20 Specifically, a characteristic peak ap-
pears at 914 cm ! in the infrared spectrum, which is the result of the bending vibration of
Ti-Ti bonds. Additionally, characteristic peaks observed between 520 cm ™! and 470 cm ™!
arise from the bending vibrations of Ti-O bonds. These observations indicate that the func-
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tional groups of TiO, nanoparticles are preserved after blending with asphalt, and a nanos-
tructured layer is formed. Furthermore, the peak positions and transmittance values of
the spectral curves remain nearly identical. There is no new chemical bond formation. It
demonstrates that the nano titanium dioxide-modified bitumen binder undergoes a blend-
ing process rather than chemical bonding.

4. Conclusions

(a) The heightened temperature tolerance of the nano-TiO, high-viscosity modified as-
phalt has been improved, the anti-rutting ability has been enhanced, and the crack
resistance performance at lower temperature has decreased.

(b) The results of temperature scanning tests and frequency scanning tests show that
nano titanium dioxide can significantly improve the heightened temperature toler-
ance of bitumen binders. The sensitivity of the bitumen binder is reduced, and the
elastic characteristics of the bitumen are improved. In the logarithmic coordinate
system, the complex shear modulus exhibits an excellent linear correlation with the
angular frequency. However, under low-temperature conditions, nano-TiO, grad-
ually enhances the creep stiffness of the bitumen binder, indicating that nano-TiO,
makes the bitumen brittle and more liable to cracking at lower temperatures.

(c) The fitting analysis of the MSCR results of NHV-modified asphalt using the Burgers
model and the FDEC model shows that both these two models can fit the creep defor-
mation of nano-TiO, high-viscosity modified asphalt well, but the FDEC model has
higher accuracy and fewer parameters. The parameters have certain physical mean-
ings, among which A can represent the ability index of modified asphalt to resist
unrecoverable deformation at high temperatures.

(d) Inaddition to the rheological characteristics of the bitumen binder, critical mechanical
characteristic aspects like fatigue life, tensile strength, rutting resistance, and fracture
toughness in the field are very important. In future research, these indicators will
be thoroughly studied to explore the practical applicability of nano-TiO,-modified
asphalt in real-world pavement design.
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