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Abstract: To solve the problem of the pavement being
aged due to the influence of temperature, light and other
environmental factors are brought in service. Nano-CaCO3

surface was activated by 6% KH-550, and nano-ZnO sur-
face was activated by 6% aluminate. Nano-CaCO3/nano-
ZnO/SBR composite-modified asphalt was prepared. The
optimum proportion of composite-modified asphalt was
determined by orthogonal test. The influence of modifiers
on asphalt pavement performance was comprehensively
studied. Themicrostructure of composite-modified asphalt
was characterized by scanning electron microscopy and
infrared spectroscopy. Themechanism of composite-modi-
fied asphalt was analyzed. The results show that the
optimum combination of composite-modified asphalt is
4% nano-CaCO3 + 5% nano-ZnO + 4% SBR, the aging
performance of the composite-modified asphalt is reduced
by 6.9%, and the viscosity is increased by 14.6–23.1%. The
complex shear modulus is increased by 24.1% at 82°C, the
stiffness modulus is decreased, on average, by 21.1%. and
the creep curve slope is increased by 9% on average. In the
meantime, during the preparation process of composite-
modified asphalt, it mainly occurred due to chemical reac-
tion with surface-modified nanomaterials and physical
change with SBR polymer materials.

Keywords: pavement material, modification mechanism,
nanomaterials, composite-modified asphalt, microstructure

1 Introduction

With the emergence of complex road environment, increased
traffic volume, and worsening climate and environment
in recent years, it is difficult for asphalt pavement to
meet the use requirements. Asphalt pavement is aging
due to temperature, light, water, and ultraviolet radiation
in the service process, which result in the decrease of low-
temperature crack resistance of asphalt pavement and the
decrease of asphalt elasticity, affecting its road performance
[1]. Therefore, it has great significance to improve the phy-
sical properties and antiaging performance of asphalt by
adding modifiers to meet the safety of modern traffic.

Polymers similar to waste rubber powder are often
added as modifiers in traditional asphalt pavement, which
can improve asphalt performance to a certain extent, but
have side effects in terms of aging performance [2]. In
recent years, nanomaterials have been gradually tried to
be added to polymer-modified asphalt and rely on their
special physical and chemical properties, or compounded
in matrix asphalt by adding multidimensional materials
and nanomaterials, such as nano-clay, carbon nanotubes,
and nano-MMT are combined with SBR to modify asphalt
[3–5]. It is found that nanoparticles are uniformly dis-
persed in the asphalt material when the nanomaterials
are added to the asphalt, which can effectively improve
the high-temperature stability, low-temperature crack
resistance, fatigue resistance, anti-skid capability, aging
resistance, durability, water stability, and construction
workability of asphalt [6–10]. SBR, as a common modifier,
swells under the action of saturates and aromatic in
asphalt, reacts with organic functional groups in asphalt,
and generates new chemical bonds, thereby improving the
low-temperature crack resistance and bonding perfor-
mance of asphalt [11–13]. The multi-effect of nano-CaCO3

particles promotes the formation of strong van der Waals
force with other molecules and forms a stable system. The
high-temperature performance and aging resistance of
asphalt are significantly improved by adding it [14–16].
Nano-ZnO shows superior performance in the field of
optics, electricity, and magnetism. Adding nano-ZnO into
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asphalt can effectively improve the aging performance and
chemical resistance [17,18]. The test shows that nano-ZnO
can be uniformly distributed in asphalt to form a space
reticulate structure. With the increase of nano-ZnO content,
the high-temperature performance and viscosity-tempera-
ture characteristics of modified asphalt are improved more
obviously [19]. In summary, SBR can effectively improve the
low-temperature crack resistance of asphalt. Nano-CaCO3

improves the high-temperature performance of asphalt.
Nano-ZnO not only helps to improve the high and low-tem-
perature performance, but also plays a prominent role in
antiaging and anti-fatigue performance.

Scholars have done a lot of research on improving the
pavement performance of asphalt mixture and combined
with mechanical software and computer simulation tech-
nology to carry out mechanical simulation analysis [20].
However, there are relatively few studies on the perfor-
mance of asphalt alone and the improvement of its com-
prehensive performance. In addition, only a few scholars
[21,22] have further explored the mechanism of asphalt
modification. Thus, nano-CaCO3/nano-ZnO/SBR compo-
site-modified asphalt was prepared. The effects of modi-
fiers on aging performance, viscosity, high-temperature
performance, and low-temperature performance were stu-
died. Themicrostructure of composite-modified asphalt was
analyzed. The modification mechanism of each modifier
was revealed. In this paper, a series of studies are carried
out in order to obtain composite modified asphalt with
better performance, the basis for its wide application in
engineering practice in the future.

2 Raw materials

2.1 Asphalt

The asphalt used in this paper is the domestic AK-70
asphalt of Zhengzhou Municipal Engineering Corporation
(Asphalt Pavement Co., Ltd). The macro performance
index test of asphalt is carried out according to the test
procedure (JTG E20–2011) [23]. The test results are shown
in Table 1.

2.2 Nano-CaCO3

Nano-CaCO3 used in this paper is provided by Nanjing
Epery Nanomaterials Co., Ltd, which is white powder;
technical indicators are shown in Table 2.

2.3 Nano-ZnO

In this paper, the white powder nano-ZnO is provided by
Nanjing Epery Nanomaterials Co., Ltd.; technical indica-
tors are shown in Table 3.

2.4 SBR

SBR is provided by Tianjin Ming Fund Tai Rubber and
Plastic Technology Co., Ltd., which is rice white powder;
technical indicators are shown in Table 4.

3 Experimental

3.1 Preparation of composite-modified
asphalt

3.1.1 Determination of optimum activation materials for
nano-modifiers

The best coupling agent [24] is selected by comparison to
conduct chemical modification on the surface of nano-
materials, which is conducive to better combination with
asphalt. In this paper, KH-550, KH-570, and aluminate
coupling agents were used to activate nanomaterials,
and the best coupling agent was determined by lipophi-
licity test. Nano-CaCO3 modification method was as fol-
lows: 10 g nano-CaCO3 was weighed, and different doses
of coupling agent solutions were configured. The mixed
coupling agent solution was drained with a glass rod and
added into three flasks. The electric stirrer was started for

Table 1: Technical indicators of matrix asphalt

Index Unit Test
results

Technical
requirements

Penetration
(25°C, 100 g, 5 s)

0.1 mm 61.5 60–80

Ductility
(5 cm/min, 5°C)

cm 11.6 ≥0

Softening point ℃ 46.7 ≥45
After TFOT Quality

change
% 0.327 −0.8 to +0.8

Ductility
(5°C)

cm 7.9 ≥6

Penetration
ratio (25°C)

% 68.8 ≥61
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stirring at a constant speed of 100 rpm. Then, the nano-
CaCO3 was slowly added into three flasks to fully contact
with the coupling agent solutions. The electric stirrer was
adjusted to 300 rpm and stirred at a constant speed for
10 min after the addition of nano-CaCO3, and then the
heater was started up to 50°C and stirred for 20min. After
the stirring, the solutions were filtered out, and the
remaining activated nano-CaCO3 was put into an electric
drying oven for drying. The temperature was controlled at
100°C. After drying, it was ground for use. Nano-ZnOmod-
ification method was as follows: Nano-ZnO was dried in a
100°C electric hot air dryer for 12 h. Different doses of cou-
pling agent solutions were configured, stirred by glass rods
for 10min and then added to three flasks, using electric
stirring motor, stirred at room temperature for 5min. Then
nano-ZnO was slowly added to the flask, and the motor
temperature was adjusted to 60–80°C; the speed was
adjusted to 300 rpm, stirring for 40min. The activated
nano-ZnO was placed in an electric drying oven, and the
temperature was controlled at 105°C for drying. Finally,
the dried nano-ZnO was placed in a mortar for grinding.

3.1.2 Preparation of nano-CaCO3/nano-ZnO/SBR
composite-modified asphalt

Adjust the temperature of heated asphalt to 80°C until all
the asphalt melted for dehydration. After dehydration, a

certain amount of matrix asphalt was weighed and
placed on the heating base of a high-speed shear set at
135°C for no more than 30min. In the heating process,
glass rod was used to stir matrix asphalt to prevent
asphalt aging due to local heating. The surface-modified
nano-ZnO was added in the process of mixing. When it
was integrated into asphalt, the high-speed shear was
stabilized at 4,000 rpm and stirred for 15 min. After the
high-speed stirring, the high-speed shear was adjusted to
1,500 rpm for stirring. At this time, the surface-modified
nano-CaCO3 was gradually added. After the addition
was completed, the speed of the high-speed shear was
adjusted to 4,000 rpm, and the stirring time was 15 min.
After it was fully integrated into the asphalt, the shear
was closed, and the sample was naturally cooled and
placed for about 24 h. On the second day, the sample
was reheated to about 135°C, and the speed was set at
1,500 rpm to add the required dose of SBR. After stirring
until it was fully integrated into asphalt, the speed was
set at 4,500 rpm, and continuous shear stirring was car-
ried out for 25 min. After stirring, the rotational speed is
adjusted to 1,500 rpm, and the SBR was sheared for
10 min, so that the SBR was further refined under low-
speed shear stirring, and finally the composite-modified
asphalt was prepared.

Combined with the personal test and previous scho-
lars’ summary [10,25] of the content test of the three
modified materials in the matrix asphalt, the content of

Table 2: Technical indicators of nano-CaCO3

Test items Test results Technical requirements

Quality fraction of CaCO3 (%) 99.5 ≥95
Average particle size of electron microscope (nm) 80 ≤80
Specific surface area (m2/g) 100 ≥35
Volatiles at 105°C (%) 0.2 ≤0.7

Table 3: Technical indicators of nano-ZnO

Test items Test results Technical requirements

Quality fraction of ZnO (%) 99.5 ≥95
Average particle size of electron microscope (nm) 15 ≤80
Specific surface area (m2/g) 110 ≥35
Volatiles at 105°C (%) 0.1 ≤0.7

Table 4: Technical indicators of SBR

Test items Color Particle size (purpose) Dry rubber content (%) Combinated styrene (%)

Technical requirements Observation GB/T2916 GB/T1040 GB/T8658
Test results White 30 100 17–19
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nano-CaCO3 was finally determined to be 4, 5, and 6%,
the content of nano-ZnO was determined to be 1, 3, and
5%, and the content of SBR was determined to be 3, 4,
and 5%. The essential performance tests of nano-CaCO3,
nano-ZnO, and SBR with different doses were carried out.
The optimal combination dosage of the three modifiers
was obtained by orthogonal test [26]. Table 5 shows the
dosage combination of each modifier in orthogonal test.

3.2 Thin film oven test

According to the T 0609-2011 in the test procedure (JTG
E20-2011) [23], the composite-modified asphalt was pre-
pared. The aging test of 50 g composite-modified asphalt
heated for 5 h at 163°C was carried out to study the aging
resistance of composite-modified asphalt.

3.3 Brookfield viscosity test

Since this paper mainly studies the viscosity of asphalt at
different temperatures, the Brookfield viscometer method,
namely the rotational viscosity test, was adopted. According
to the T 0625-2011 in the test procedure (JTG E20-2011) [23],
under the temperature conditions of 110, 120, 130, 135, 140,
150, 160, 175, 185, and 190°C, the viscosity tests of matrix
asphalt and composite-modified asphalt were carried out to
obtain the variation trend of viscosity and study the influ-
ence of modifiers on viscosity-temperature characteristics.

3.4 Dynamic shear rheological test

According to the T 0628-2011 in the test procedure (JTG
E20-2011) [23], the test used a large sample of 25 mm
diameter and 1mm thickness for temperature scanning.

The loading frequency was 10 rad/s, the control strain
was 1%, the temperature range was from 46 to 82°C,
and each interval was 6°C. The complex shear modulus
G*, phase angle δ, rutting factor G*/sin δ and other para-
meters of the matrix asphalt before and after aging, and
the composite-modified asphalt before and after aging
were tested by dynamic shear rheological to study the
high-temperature performance of the composite-modi-
fied asphalt.

3.5 Bending beam rheological test (BBR)

All kinds of asphalt were prepared into samples (147 mm
long, 12.7 mm wide, 6.35 mm thick), at the test tempera-
ture of 12°C, 18°C, 24°C under zero by loading, unloading
and constant load control, the matrix asphalt, composite
modified asphalt bending rheological test, so as to deter-
mine the bending creep stiffness modulus S and creep
curve slope m, study the low temperature crack resis-
tance of asphalt.

3.6 Test of SEM

The field emission scanning electron microscope (SEM)
with the model of JSM-7500F was used to test the four
kinds of asphalt, namely, matrix asphalt, nano-CaCO3-
modified asphalt, nano-ZnO-modified asphalt, and SBR-
modified asphalt. The distribution of single material in
matrix asphalt can be compared and analyzed, and the
microscopic observation of composite-modified asphalt
can be carried out to distinguish the combination of the
three materials with asphalt. In addition, through the
analysis of the microstructure of these asphalts, the dif-
ferences between them and the forces between various
groups that may exist can be compared to determine
whether the material and asphalt were chemically com-
bined or physically combined.

3.7 Test of Fourier infrared spectrum

The infrared spectrum test and scanning analysis are
carried out by the frontier Fourier infrared spectrometer,
in which the wave number range is 4,000–400/cm, the
resolution is 4/cm, and the scanning times are 64. The
modification effect of coupling agent on nanomaterials

Table 5: The dosage combination of each modifier

Order number Dosage (%)

Nano-CaCO3 Nano-ZnO SBR

1 4 1 3
2 4 3 4
3 4 5 5
4 5 1 4
5 5 3 5
6 5 5 3
7 6 1 5
8 6 3 3
9 6 5 4
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and the reaction process with nanomaterials during the
preparation of composite-modified asphalt were determined.

4 Test results and analysis

4.1 Optimum coupling agent and dosage
of nanomaterials

Three kinds of coupling agents, KH-550, KH-570, and
aluminate, were used to activate the surface of nanoma-
terials, and the best coupling agent and its dosage were
determined by lipophilicity test. It can be seen from
Figure 1 that the activation effect of KH-550 on nano-
CaCO3 is better than that of KH-570 and aluminate, and
the optimal dose is 6%. The activation effect of aluminate
on nano-ZnO is better than that of KH-550 and KH-570,
and the optimal dose is also 6%. Therefore, 6% KH-550-
activated nano-CaCO3 and 6% aluminate-activated nano-
ZnO are finally selected.

4.2 Determination of optimum dosage
combination

The penetration test, ductility test, and softening point test
were carried out according to the dosage combination of

each modifier in the orthogonal test determined in 3.2.
Finally, the range analysis method was used to analyze
the results of the orthogonal test, as shown in Table 6.

According to the penetration index, the optimal pro-
portion results are: nano-CaCO3 content is 4%, nano-ZnO
content is 5%, and SBR content is 5%. According to the
softening point index, the optimal proportion results
are: nano-CaCO3 content is 4%, nano-ZnO content is
3%, and SBR content is 4%. According to the ductility
index, the optimum proportion results are: nano-CaCO3

content is 5%, nano-ZnO content is 5%, and SBR content
is 4%. Considering the comprehensive balance method
and economy, nano-CaCO3 mainly affects the high-tem-
perature performance of asphalt, and the content of
nano-CaCO3 is determined to be 4%. Nano-ZnO has a
great influence on the aging resistance, and the content
of nano-ZnO is determined to be 5%. SBR is the best to
improve the low-temperature performance of asphalt,
and the SBR content is 4%. Finally, the best combination
dosage is: 4% nano-CaCO3 + 5% nano-ZnO + 4% SBR.

4.3 Analysis of aging performance

The performance test results of matrix asphalt and modi-
fied asphalt before and after aging are shown in Table 7.
The mass loss of matrix asphalt under short-term aging
condition of thin film heating oven is 0.327%, and the
mass loss of composite-modified asphalt is 0.101%.

Figure 1: Lipophilic degree of activated nanomaterials: (a) lipophilic degree of activated nano-CaCO3 and (b) lipophilic degree of activated
nano-ZnO.
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From the test results of residual penetration ratio, the resi-
dual penetration ratio of matrix asphalt is 68.8%, the resi-
dual penetration ratio of composite-modified asphalt is
79.4%, and the residual penetration ratio of composite-mod-
ified asphalt is 15.4% higher than that of matrix asphalt.
Through the ductility test, the ductility value of matrix
asphalt after aging is 31.9% lower than that before aging,
and the ductility value of composite-modified asphalt is
6.9% lower than that before aging, which shows that com-
posite-modified asphalt can slow down the decrease of duc-
tility value. It indicates that the addition ofmodifiers reduces
the mass loss of matrix asphalt and increases the residual
penetration ratio, which can effectively prevent asphalt
aging and improve the antiaging performance.

4.4 Analysis of Brookfield viscosity test

According to the 3.5, the viscosity test of matrix asphalt
and composite-modified asphalt was carried out. The
test results are shown in Figure 2. It can be seen that

with the increase of temperature, the viscosity decreases
gradually, but on the whole, the viscosity of the compo-
site-modified asphalt is 14.6–23.1% higher than that of
the matrix asphalt. Additionally, it can be seen that
when the temperature is 135°C, the viscosity value of
the composite-modified asphalt does not exceed 3 Pa·s,
which is beneficial to the construction. Therefore, the
viscosity of composite-modified asphalt is better. The
increase of viscosity can enhance the ability of asphalt
to resist shear deformation when it is added to the mix-
ture, and its ability to resist rutting is also increased. It
shows that the addition of modifiers can improve the
high-temperature performance of asphalt and also has
good construction performance.

4.5 Analysis of rheological property

4.5.1 Dynamic shear test results

According to the test method mentioned in 3.6, dynamic
shear tests were carried out on four samples, and the

Table 6: Range calculation results of orthogonal experiment

Test items Nano-CaCO3 Nano-ZnO SBR

(25°C, 100 g, 5 s) Penetration (0.1 mm)
K1 136.9 139.8 140.1
K2 143.2 151.6 143.9
K3 142.1 130.8 132.3
k1 45.6 49.6 46.7
k2 47.7 51.5 47.9
k3 47.4 43.6 44.1
Extreme difference 2.1 7.9 3.8
Optimization 4% 5% 5%

Softening point (℃)
K1 159.8 156.7 158.2
K2 158.1 159.6 158.9
K3 156.8 158.4 157.6
k1 53.3 52.3 52.7
k2 52.7 53.2 53.0
k3 52.3 52.8 52.5
Extreme difference 1.0 0.9 0.5
Optimization 4% 3% 4%

(5 cm/min, 5°C) Ductility (cm)
K1 42.3 42.1 42.2
K2 42.4 41.2 43.2
K3 41.0 42.4 40.3
k1 14.1 14.0 14.1
k2 14.1 13.7 14.4
k3 13.6 14.1 13.4
Extreme difference 0.5 0.4 1.0
Optimization 5% 5% 4%

Note: The value of K represents the total value of each factor at each level. The value of k represents the average value of the total value, and
the value indicates the influence of this factor on the test parameters.
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results are shown in Figure 3. It shows that the complex
shear modulus decreases and the phase angle increases
with the increase of temperature before asphalt aging.
When the temperature rises to 70°C, the value of matrix
asphalt rutting factor G*/sin δ is 0.94 kPa, which is less
than ≥1.0 kPa required by the test procedure (JTG E20-
2011) [23]. On the contrary, the rutting factor G*/sin δ of
composite-modified asphalt at 82°C is 1.14 kPa. There-
fore, adding modifiers in asphalt can effectively resist
rutting deformation, indicating that the addition of com-
posite-modified materials improves the high-temperature
performance of asphalt.

After asphalt aging, the complex shear modulus G* of
matrix asphalt and composite-modified asphalt gradually
decrease with the increase of temperature, but at the
same temperature, the complex shear modulus of com-
posite-modified asphalt after aging is greater than that

of matrix asphalt after aging. It illustrates that the
shear deformation resistance of aged composite-modified
asphalt is stronger than that of aged matrix asphalt. The
phase angle of matrix asphalt and composite-modified
asphalt after aging is smaller than that before aging,
because the viscous and elastic components inside the
matrix and composite-modified asphalt after aging are
decreased, and the asphalt is slowly hardened, resulting
in the decrease of phase angle. However, it is found that
the phase angle of the aged composite-modified asphalt
is smaller than that of the aged matrix asphalt, indicating
that the elastic recovery ability of the modified asphalt is
stronger than that of the matrix asphalt in the subsequent
service process.

The rutting factor G*/sin δ of aged asphalt at 82°C
is 0.84 kPa, while the rutting factor G*/sin δ of aged com-
posite-modified asphalt at 82°C is 1.03 kPa, which is
greater than ≥1.0 kPa required by T 0628-2011 in the
test procedure (JTG E20-2011) [23]. It also reveals that
the addition of modifiers can effectively slow down the
rutting deformation and enhance the ability to resist rut-
ting in short-term use.

In conclusion, the addition of modified materials can
effectively resist rutting deformation and improve the
high-temperature performance of asphalt.

4.5.2 Bending beam rheological test results

The bending beam rheological test results of matrix
asphalt and modified asphalt are shown in Table 8. It
can be seen that with the decrease of temperature, the
stiffness modulus S values of composite-modified asphalt
are smaller than that of matrix asphalt, and the decrease
ratios are 15.6, 30.5, and 17.3% under three temperature con-
ditions. Consequently, the addition of modifiers improves the
relaxation ability of matrix asphalt at low temperature and
improves the low-temperature crack resistance of asphalt.
From the slope m values of creep curve, the m values of

Table 7: Short-term aging test results of modified asphalt

Asphalt type Before aging After aging

Mass (g) 25°C
penetration
(0.1 mm)

Ductility
(cm)

Mass
loss (%)

25°C
penetration
(0.1 mm)

Residual
penetration
ratio (%)

Ductility
(cm)

70 # asphalt 49.851 61.5 11.6 0.327 42.3 68.8 7.9
Composite-
modified asphalt

50.066 50.3 25.9 0.101 39.9 79.4 24.1

Figure 2: Results of Brookfield viscosity test.

The properties of nano-CaCO3/nano-ZnO/SBR composite-modified asphalt  1259



matrix asphalt and composite-modified asphalt gradually
decrease with the decrease of temperature, and the m values
of composite-modified asphalt are larger than that of matrix
asphalt. However, compared with the matrix asphalt, the
composite-modified asphalt increases by 10.2, 9.1, and
7.8% at different temperatures. It shows that modifiers
are not easy to produce tensile stress due to temperature
shrinkage deformation under low-temperature conditions.
The addition of modifiers can improve the low-tempera-
ture crack resistance of asphalt.

Figure 3: Different asphalts dynamic shear test results. (a) Different asphalts complex shear modulus, (b) different asphalts phase angle,
and (c) different asphalts rutting factor.

Table 8: Freeze-thaw test results of cement stabilized gangue
mixture

Asphalt type Creep stiffness modulus
S (MPa)

Creep curve slope m

−12°C −18°C −24°C −12°C −18°C −24°C

70 # Asphalt 101.4 275.0 649.0 0.401 0.307 0.247
Composite-
modified
asphalt

85.7 191.0 537.0 0.442 0.335 0.266
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4.6 Analysis of composite asphalt
morphological characterization

4.6.1 Morphology characterization of matrix asphalt

Matrix asphalt is amplified 200 times image as Figure 4,
there are no other substances or particles in the image,
and the image surface is smooth and uniform.

4.6.2 Morphology characterization of nano-CaCO3-
modified asphalt

The partial amplification of nano-CaCO3-modified asphalt
is 5,000 times as shown in Figure 5(a). It can be seen that
there is a small amount of agglomeration in the figure,
which also reflects that the effect of high-speed shear used
in the early stage to modify nanomaterials does not reach
100%. But when amplifying another local nano-CaCO3-mod-
ified asphalt 10,000 times, as shown in Figure 5(b), it is
found that it is uniformly dispersed in asphalt and some

are wrapped in asphalt. Because of some characteristics of
nanoparticles, the active particles are combined with the
molecules in the asphalt to form a relatively stable network
structure, which also makes the nano-CaCO3 particles form
a continuous phase with the asphalt molecules, increasing
the overall structure resistance to load and improving the
thermal stability.

4.6.3 Morphology characterization of nano-ZnO-
modified asphalt

The local amplification of nano-ZnO-modified asphalt is
2,000 times as Figure 6(a). It can be seen that there is a
small amount of agglomeration in the figure, but the
overall dispersion effect is still good. When amplifying
another local nano-ZnO-modified asphalt 10,000 times, as
shown in Figure 6(b), nano-ZnO is uniformly dispersed in
asphalt and nano-ZnO and asphalt form a network structure,
which may be due to the high-speed stirring of high-speed
shear machine to destroy the structure of nano-ZnO parti-
cles, increase the surface activity of particles, and make it
more closely combined with the asphalt interface. The
destruction of nano-ZnO particles changes the chemical
structures such as functional groups and covalent bonds
and enhances the viscosity and toughness of modified
asphalt, thereby improving the performance of asphalt.

4.6.4 Morphology characterization of SBR-modified
asphalt

The two images in Figure 7 are amplified by 5,000 and
10,000 times of SBR-modified asphalt. It can be found
that SBR is evenly distributed in asphalt which is due

Figure 4: Image of matrix asphalt.

Figure 5: Different magnification images of nano-CaCO3-modified asphalt: (a) nano-CaCO3-modified asphalt amplifies 5,000 times and
(b) nano-CaCO3-modified asphalt amplifies 10,000 times.
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Figure 6: Different magnification images of nano-ZnO-modified asphalt: (a) nano-ZnO-modified asphalt amplifies 2,000 times and (b) nano-
ZnO-modified asphalt amplifies 10,000 times.

Figure 7: Different magnification images of SBR-modified asphalt. (a) SBR-modified asphalt amplifies 5,000 times and (b) SBR-modified
asphalt amplifies 10,000 times.

Figure 8: Different magnification images of composite-modified asphalt: (a) composite-modified asphalt amplifies 5,000 times and
(b) composite-modified asphalt amplifies 20,000 times.
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to the effect of shear, but it cannot be completely dis-
solved in it, just is filled in the asphalt in the state of
elastic particles, so the surface looks a bit uneven. Never-
theless, the blending effect of SBR and matrix asphalt is
still good.

4.6.5 Morphology characterization of nanomaterials/
SBR composite-modified asphalt

When the composite-modified asphalt is amplified 5,000
times as shown in Figure 8(a), the shear effect of modifiers
mixed together is better than that of nanomaterial alone.
The composite-modified asphalt is amplified 20,000 times

as shown in Figure 8(b). It is obvious that the three mate-
rials are basically completely fused with asphalt. Com-
pared with the three materials alone, the interface layer
of the composite-modified asphalt cannot be seen, which
is the result of the interaction of the three materials. The
network structure formed by nano-CaCO3 and nano-ZnO
combined with the filling of SBR particles makes the sta-
bility of this structure better than before and the connec-
tion between modifiers and matrix asphalt smooth, which
is also the reason for the better overall properties of com-
posite-modified asphalt.

4.7 Analysis of Fourier infrared spectrum

According to the test requirement in 3.7, the modification
effect of nanomaterials surface coupling agent can be
analyzed, and the microscopic analysis of single modified
asphalt and composite-modified asphalt can be carried
out. Finally, the reaction process in the preparation of
modified asphalt is obtained.

4.7.1 Analysis of modification effect of nanomaterials

It can be seen from Figure 9(a) that (1) the absorption peak
of nano-CaCO3 before surface modification at 1,476/cm in
the spectrum is due to the stretching vibration of C–O
bond in −CO3

2 . The absorption peak at 2,497/cm is due to

the bending vibration of C–O bond in −CO3
2 . (2) After the

surface of nano-CaCO3 is modified, a new peak appeared
at 2,889/cm, which is caused by the stretching vibration

Figure 9: Infrared spectra of modification effect of nanomaterials: (a) IR spectra before and after surface modification of nano-CaCO3 and
(b) IR spectra before and after surface modification of nano-ZnO.

Figure 10: Infrared spectra of five types of asphalt.
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and bending vibration of methylene (–CH2–) in coupling
agent. Therefore, the chemical bonds in silane coupling
agent (KH-550), which is used to modify nano-CaCO3,
have been linked to the surface of nano-CaCO3.

It can be seen from Figure 9(b) that (1) the characteristic
absorption peak of −OH at 3,450/cm is corresponding to the
nano-ZnO before surface modification, and the absorption
peak at 503/cm is caused by the stretching vibration of Zn–O
bond. (2) Because of the stretching vibration of meth (–CH3)
andmethylene (–CH2–) in coupling agent, the surface-mod-
ified nano-ZnO produced new peaks at 2,784 and 2,910/cm.
Therefore, it shows that the surface of nano-ZnO is intro-
duced into the corresponding group of aluminates coupling
agent, and they play a good role together.

4.7.2 Analysis of modified asphalt infrared spectrum

It can be clearly seen from Figure 10 that the peak values of
matrix asphalt between 2,300–2,500 and 2,700–3,000/cm
may be due to the vibration of C–H in paraffin hydrocar-
bons and cycloparaffins. The difference between modified
asphalt and base asphalt is that the absorption peaks
at 2,300–2,500 and 2,700–3,000/cm are gradually wea-
kened, which may be mainly due to the chemical reaction
between matrix asphalt and hydroxyl (–OH) in the modi-
fier. By observing the infrared spectrum of nano-CaCO3-
modified asphalt and nano-ZnO-modified asphalt, it
can be found that there are absorption peaks between
3,300–3,500/cm. However, comparing with the spec-
trum of composite-modified asphalt, it can be found
that the absorption peak disappeared, indicating that
the chemical reaction between the surface-treated nano-
materials and the matrix asphalt has been occurred
under the action of high-speed shear. There have been
no obvious changes between the spectrum of SBR-modi-
fied asphalt and matrix asphalt, which shows that modi-
fier SBR mainly occurs due to physical changes.

It can be concluded that in the preparation process of
composite-modified asphalt, the chemical reaction is mainly
occurred with the surface-modified nanomaterials, and at
the meantime, the physical reaction is occurred with SBR
polymer materials.

5 Conclusion

(1) The lipophilicity test finally determines that nano-
CaCO3 is activated by 6% KH-550 and nano-ZnO is
activated by 6% aluminate. The best combination
dosage is as follows: 4% nano-CaCO3 + 5% nano-

ZnO + 4% SBR. The aging performance of the compo-
site-modified asphalt is reduced by 6.9%; the visco-
sity is increased by 14.6–23.1%. Compared with the
matrix asphalt, the S values of the stiffness modulus
of the low-temperature performance are reduced, and
the decrease ratios are 15.6, 30.5, and 17.3% under
three temperature conditions. It can be seen that
the high-temperature performance, low-temperature
performance, aging performance, and viscosity of
composite-modified asphalt are better than those of
matrix asphalt.

(2) Through the Fourier infrared spectrum test, it is
concluded that the chemical reaction mainly occurs
between the composite-modified asphalt and the
surface-modified nanomaterials, and the physical
change occurs with SBR. Not only the three mate-
rials can be uniformly dispersed in asphalt, but also
the network structure which is formed by nanoma-
terials combines with the filling of SBR particles and
makes the structural stability of modified asphalt
better. The connection of modifiers makes the per-
formance of composite-modified asphalt better.

(3) In the next step, the differential scanning calorimetry
test of composite-modified asphalt can be analyzed.
In addition, all experiments are carried out under
relatively ideal environmental conditions in the labora-
tory. Therefore, a test road needs to be paved for prac-
tical verification to see whether its performance can be
fully improved under actual environment conditions.
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