
materials

Article

Study on Performance Damage and Mechanism Analysis of
Asphalt under Action of Chloride Salt Erosion

Peilei Zhou 1, Wensheng Wang 1,2,* , Lili Zhu 3, Haoyun Wang 1 and Yongming Ai 1,*

����������
�������

Citation: Zhou, P.; Wang, W.; Zhu, L.;

Wang, H.; Ai, Y. Study on

Performance Damage and

Mechanism Analysis of Asphalt

under Action of Chloride Salt Erosion.

Materials 2021, 14, 3089. https://

doi.org/10.3390/ma14113089

Academic Editor: Marek Iwański
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Abstract: This study aims to investigate the performance evolution and mechanism of asphalt under
action of chloride salt erosion. Asphalt samples soaked with five different snow melting chloride
salt concentrations were taken as the research object. Then, the high-temperature performance,
low-temperature performance, temperature sensitivity and asphalt–aggregate adhesion property
of asphalt samples were carried out. Additionally, Fourier transform infrared spectroscopy (FTIR)
was used to explore the mechanism of chloride salt erosion on asphalt. Test results showed the
linear variation relationships of high-temperature performance, low-temperature performance and
temperature sensitivity with chloride salt concentrations. The high-temperature performance of
asphalt would be improved by chloride snowmelt salt. With the increase in the chloride salt solution
concentration, the low-temperature performance of asphalt became worse, and the temperature
sensitivity increased. Moreover, after the effect of the chloride salt solution, the asphalt–aggregate
adhesion property decreased with the increase in the chloride salt solution concentration. It is
necessary to control the amount of chloride snowmelt salt in the actual snow removal projects.
Finally, based on Fourier transform infrared spectroscopy, the mechanism of chloride salt erosion on
asphalt was preliminarily explored. With the increase in the chloride salt solution concentration, the
proportion of light components (saturated fraction, aromatic fraction) in asphalt decreased, and the
proportion of heavy components (resin and asphaltene) with good thermal stability increased.

Keywords: asphalt; salt erosion; temperature sensitivity; Fourier transform infrared spectroscopy

1. Introduction

Asphalt pavement has good skid resistance, low noise and excellent friction resistance,
which has been applied as the main structure of expressway pavement in China [1–3].
However, asphalt pavement is prone to high temperature rutting, low temperature cracking,
water damage and spalling [4–10]. In some special natural environments, especially in
coastal areas and northwest saline soil areas, corrosion medium such as sulfate–chloride
would lead to the serious damage of asphalt pavement after several years of service, and
the service life of the road is greatly reduced [11–15]. In addition, the road surface is easy
to freeze in winter. In order to keep the road smooth and retain driving safety, salt particles
are sprayed directly to melt ice and snow [16,17]. In recent years, the self-snow-melting
pavement, which has achieved certain development, can directly solve the problem by
adding snow melting and ice suppression materials [18,19]. No matter what way, the
existence of salt will bring continuous negative effects to asphalt pavement.

The method of spreading deicing salt, a snow melting agent with the function of quick
deicing and snow melting, could be considered an effective method to solve the problem
of traffic jams and prevent the pavement from continuing to freeze [16,20]. The theory
principle of spreading deicing salt, a snow melting agent, is generally based on the freezing
point reduction theory [13,15]. The so-called freezing point refers to the temperature when
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a substance reaches the state of solid–liquid coexistence and two-phase equilibrium. When
chloride salt ions are added into water, the surface of the water is occupied by chloride
salt ions, resulting in a relatively small vapor pressure of water compared with ice. Then,
it is necessary to lower the temperature to make the vapor pressure of ice equal to the
vapor pressure of ice, resulting in a decrease in the freezing point. Firstly, many scholars
have explored the macro performance changes of asphalt materials in the salt solution
environment. Xiong et al. carried out the durability evaluation of an asphalt mixture in the
salt corrosion condition under the effect of dynamic water pressure by the splitting test [12].
Wang et al. investigated the pavement performances of an asphalt mixture containing
salt-storage aggregates with the function of snow melting [16]. Amini et al. investigated the
influences of moisture and chloride salt on the performance degradation of asphalt mixture
subjected to freeze–thaw cycles according to the Marshall stability and mass loss [21].
Feng et al. discussed the effects of salt on an asphalt binder based on the conventional
performances, and further studied the influences of salt and freeze–thaw cycles on the
mechanical and volume properties of an asphalt mixture [22]. The above research shows
that the freeze–thaw cycle effect is the main influence factor of asphalt mixture damage,
and chloride salt erosion would accelerate the damage of asphalt mixtures.

The influence of salt erosion on asphalt material is not only reflected in the macro
performance of asphalt mixture, but also reflected in the performance change of asphalt
itself. Zhang et al. studied the influences of salt erosion conditions on the asphalt binder
by using a four fractions test and atomic force microscopy, and they found that the main
reason for the performance degradation of an asphalt binder is that the chemical com-
position of the asphalt binder changed under the action of salt erosion, resulting in the
phenomenon of salt aging. At the same time, the freeze–thaw cycle test of a salt solution
was simulated [23]. Zhang et al. studied the influences of chlorine salt and freeze–thaw
cycles on asphalt mastics from the perspective of microscopic characteristics by using
Fourier transform infrared spectroscopy, gel permeation chromatography, and atomic force
microscopy techniques [24]. The above research shows that salt erosion can significantly
reduce the performance of asphalt itself, leading to the decrease in the bonding effect of the
asphalt binder, and then affect the adhesion between the asphalt and aggregate. Under the
influence of long-term salt erosion and other external environmental factors, the strength
of the asphalt material will reduce rapidly.

Considering the problem that the existence of salt would bring continuous negative
effects to asphalt pavement, this study aims at analyzing the performance evolution and
mechanism of asphalt under action of chloride salt erosion. Asphalt samples soaked with
different snow melting chloride salt concentrations are taken as the research object. The
softening point and viscosity are used to evaluate the high-temperature performance of
asphalt, the ductility and equivalent brittle point are used to evaluate the low-temperature
performance, and the penetration index (PI) is used to evaluate the temperature sensitivity
of asphalt. In addition, the asphalt–aggregate adhesion property is evaluated, and the mech-
anism of chloride salt erosion on asphalt is preliminarily explored by Fourier transform
infrared spectroscopy (FTIR). The analysis and results of this study could provide some
references for the snow melting project by spreading deicing salt, a snow melting agent.

2. Materials and Methods
2.1. Experimental Materials
2.1.1. Asphalt

In this study, the base asphalt was asphalt with a penetration of 70 (×0.1 mm) (Zhong-
hai Asphalt Co., Ltd., Binzhou, China), which meets the requirements of Chinese speci-
fication “Technical specifications for construction of highway asphalt pavements” (JTG
F40-2004) [25]. The detailed performance indexes are shown in Table 1.
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Table 1. Basic performance parameters of AH-70 asphalt.

Test Items Units Index Standards Requirements

Penetration @ 25 ◦C 0.1 mm 76 T0604 60~80
Penetration index (PI) - −1.78 T0604 −1.8~+1.0

Ductility @ 10 ◦C cm 25.3 T0605 ≥20
Ductility @ 15 ◦C cm >100 T0605 ≥100

Softening point (R and B) ◦C 46.6 T0606 ≥43
Brookfield viscosity @ 135 ◦C Pa·s 0.529 T0625 -
Brookfield viscosity @ 60 ◦C Pa·s 0.794 T0625 -

Note: Standards and requirements are defined in Chinese technical specifications (JTG F40-2004).

2.1.2. Snowmelt Salt

This study used sodium chloride snow melting salt to investigate the influence of
chloride salt concentration on the performance of asphalt. Following the Chinese specifi-
cation of “Salt of ice and snow melting for road” (GB/T 23851-2009) [26], the dissolution
rate of chloride salt (snow melting salt) is 6.955 g/min, which meets the specification
requirements. In general, the concentration of snow melting chloride salt determines the
deicing performance to a large extent. The SEM image of snow melting chloride salt is
shown in Figure 1. Figure 1 shows that the surface of snow melting chloride salt is relatively
smooth with few particles attached, and it is easy to connect with water molecules [27].
At the same time, snow melting chloride salt would be easier to enter into the interior of
pavement materials [27]. In order to explore the deicing ability of snow melting chlorine
salt at different concentrations, the following experiment was designed for analysis: (1)
an amount of 100 mL of water was added into a container of the same size and placed at
−10 ◦C in a low temperature incubator until freezing. (2) After 12 h, different chloride salt
solutions with concentrations of 6%, 12%, 18% and 24% were poured into four containers
with ice cakes. (3) These containers with ice cakes and chloride salt solutions were placed
in constant temperature environment at 0 ◦C for 0.5 h, and the ice melting volume could
be measured. The ice melting rate is calculated by the ratio of ice melting volume to ice
volume. The snow melting ability of chloride salt solutions with different concentrations of
is shown in Figure 2.

Figure 1. The SEM image of snow melting chloride salt.
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Figure 2. Snow melting ability of chloride salt solutions with concentrations.

It can be seen from Figure 2 that with the increase in the chloride salt solution con-
centration, the ice melting rate also increases, implying the ice melting ability of chloride
solution gradually increases. When the chloride salt solution concentration reaches a
certain value, the ice melting ability also reaches the peak, and then the ice melting rate
decreases with the increase in chloride solution concentration. This is because the chlo-
ride salt solution reaches a saturation state, the chloride salt cannot continue to dissolve
when the chloride concentration continues to increase, and the chloride solute precipitates
gradually, which affects the ice melting rate. Therefore, it is very important to study the
influence of different chloride salt solution concentrations on the performances of asphalt,
which would be essential to reduce the damage of snowmelt salt on asphalt pavement.

2.1.3. Asphalt Sample Preparation

The interaction between asphalt and chloride salt solution is a slow and long process.
In order to speed up the interaction rate of these two substances, increasing temperature
is usually used to accelerate their interaction. In this study, the high temperature boiling
method was used to prepare asphalt samples following the previous study [28]. The
specific steps are as follows:

• Step 1:

Chloride salt solutions with different concentrations (0%, 6%, 12%, 18% and 24%) were
poured into the crucible for heating and boiling, then the heated asphalt with a molten
state were poured into the chloride salt solutions and boiled for 3 min.

• Step 2:

The surface of the prepared porcelain basin was evenly smeared with isolation agent,
and the boiled asphalt was taken out and placed in the porcelain basin and marked.

• Step 3:

The porcelain basin containing asphalt was placed on the electric stove at 120~130 ◦C
to separate moisture from the asphalt until the asphalt is not foamed.

2.2. Experimental Methods
2.2.1. High-Temperature Performance by Softening Point and Viscosity Tests

The ability of asphalt to resist high temperature deformation is usually known as
high-temperature stability. In the current test specification “Standard test methods of
bitumen and bituminous mixtures for highway engineering” (JTG E20-2011) [29], the ball
and ring method (T0606-2011) [29] is used to determine the softening point of asphalt.
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The higher the softening point of asphalt, the better the high-temperature performance of
asphalt. On the other hand, because of the wide temperature range of asphalt, the viscosity
range of asphalt is also very large. When heating and melting, the viscosity of asphalt may
be as low as 10−1 Pa·s, while the viscosity of asphalt would be as high as 1011 Pa·s in the
severe cold condition. In general, the road surface temperature is very high in summer in
China, so the viscosity of asphalt at 135 ◦C (T0625-2011) [29] is regarded to truly reflect the
performance of asphalt. Therefore, these two commonly used indexes, i.e., softening point
and viscosity, were used to evaluate the high-temperature performance of asphalt [30].

2.2.2. Low-Temperature Performance by Ductility and Equivalent Brittle Point Tests

The crack problem of asphalt pavement has attracted extensive attention; the main
reason for this problem is the lack of low-temperature crack resistance of the asphalt
mixture [31]. Asphalt plays a bonding role in the asphalt mixture, and its low-temperature
performance has an important impact on the low-temperature crack resistance of asphalt
pavement. Then, it is suggested that the ductility at 10 ◦C (T0605-2011) [29] and the
equivalent brittle point T1.2 (T0604-2011) [29] can be used as the evaluation indexes of the
low-temperature performance of asphalt in this study.

2.2.3. Temperature Sensitivity by Penetration Index

As a kind of typical temperature-sensitive material, the temperature change has
a significant impact on the performance of asphalt. As for the index of temperature
sensitivity of asphalt, the most representative parameters are penetration–viscosity index
(PVN), viscosity–temperature index (VTS) and PI [30]. In this study, the PI of asphalt is
used to evaluate the temperature sensitivity of asphalt. The PI value could be calculated by
three or more penetration values of asphalt tested under different temperature conditions
according to the specified method (T0604-2011) of “Standard test methods of bitumen and
bituminous mixtures for highway engineering” (JTG E20-2011) [29]. The greater the PI
value, the smaller the temperature sensitivity of asphalt.

2.2.4. Asphalt–Aggregate Adhesion Property Test

Water damage is the main early damage form of asphalt pavement among the common
distresses in China. The existence of water will destroy the bonding interface between
the asphalt and aggregate, which leads to the asphalt film falling off from the aggregate
surface, and then the road performance of asphalt pavement will be decreased [32]. At
present, the boiling method and water immersion method are the most widely used tests
to evaluate the adhesion property between the asphalt and aggregate in China [33]. In
this study, according to T0616-2011 of “Standard test methods of bitumen and bituminous
mixtures for highway engineering” (JTG E20-2011) [29], the boiling method was used to
test the effect of the chloride salt solution concentration on the asphalt–aggregate adhesion
property between asphalt and aggregate.

2.2.5. Fourier Transform Infrared Spectroscopy Test

Infrared spectroscopy (IR) can react with the molecular structure of materials, which
can effectively detect the structure of complex molecules [34,35]. In this study, according to
“General rules for infrared analysis” (GB/T 6040-2002) [36], the infrared spectroscopy of
asphalt samples soaked in different chloride salt solution concentrations were measured by
Fourier transform infrared spectrometer to observe the changes of the molecular structure
of asphalt.

3. Results and Discussion
3.1. High-Temperature Performance
3.1.1. Softening Point

According to the ball and ring method (T0606-2011) of Chinese specification (JTG
E20-2011), the measured softening point results of asphalt with different chloride salt
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concentrations are plotted in Figure 3a. When the penetration of asphalt is 800 (0.1 mm), the
corresponding temperature is known as the equivalent softening point T800, which can also
be used to evaluate the high-temperature performance of asphalt. The equivalent softening
point T800 can be calculated by extending the fitting linear penetration–temperature line at
the intersection of penetration value 800 in the nomograph with three or more penetration
values of asphalt under different temperature conditions. The calculation equation is listed
in the Equation (1). The calculated equivalent softening point T800 of asphalt with different
chloride salt concentrations are plotted in Figure 3b.

T800 =
2.9031 − K

AlgP
(1)

in which K is the fitted constant in the regression equation of penetration–temperature,
and AlgP is the fitted coefficient in the regression equation of penetration–temperature. The
fitting results are listed in Table 2.
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Figure 3. The variation of high-temperature performance with different chloride salt concentrations: (a) softening point;
(b) equivalent softening point.

Table 2. Fitting parameters of penetration–temperature linear relationship.

Group No. 0 (Dry) 1 (0%) 2 (6%) 3 (12%) 4 (18%) 5 (24%)

K 0.05302 0.05318 0.05268 0.05256 0.05238 0.05211
AlgP 0.41102 0.39052 0.37755 0.37223 0.36230 0.34891
R2 0.997 0.999 0.999 0.998 0.999 0.999

It can be seen from Figure 3 that from the overall trend, the softening point and
equivalent softening point T800 of asphalt samples soaked in the chloride salt solution
are significantly higher than those of the dry asphalt sample. In Figure 3a, the softening
point of the asphalt sample soaked in water (Group No. 1) is 2.5% higher than that of the
asphalt sample in Group No. 0. Besides, when the chloride salt solution concentration
increases from 6% to 24%, the softening point of asphalt samples increases by 3.5%, 5.4%,
8.0% and 9.6%, respectively. In Figure 3b, compared with the control group (Group No. 0),
the equivalent softening point T800 of the asphalt sample after soaking in water and
chloride salt solution with various concentrations increased by 0.4%, 1.8%, 2.6%, 3.7% and
4.3%, respectively. Both the softening point and equivalent softening point show linear
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relationships with the increase in chloride salt concentration. The variation of the softening
point and equivalent softening point with different chloride salt concentrations shows that
under the effect of chloride snowmelt salt, the softening point of asphalt would increase,
and the greater the chloride salt solution concentration is, the larger the change range of
the softening point is, which indicated that the high-temperature performance of asphalt
would be improved by chloride snowmelt salt.

For these reasons, on the one hand, due to the change of asphalt components, with
the increase in the chloride salt solution concentration, the proportion of light components
(saturated fraction, aromatic fraction) in asphalt decreases, and the proportion of heavy
components (resin and asphaltene) with good thermal stability increases, which would
lead to the increase in high-temperature performance of asphalt. On the other hand, the
chloride ions in the chloride salt solution exist in the form of crystals among asphalt
molecules and increase the molecular weight of asphalt. At this time, asphalt molecules
need to overcome more resistance while moving. In addition to the heat absorbed by
asphalt molecules, chloride ions would share part of the heat. Then, with the increase
in the chloride salt solution concentration (i.e., the chloride ions increase), the asphalt
heating system including the chloride salt solution could bear more heat, resulting in a
better high-temperature performance of asphalt.

3.1.2. Viscosity

In order to further analyze the influence of chloride snowmelt salt on the high-
temperature performance of asphalt, in addition to the softening point, the viscosity
of asphalt at 135 ◦C were also measured according to T0625-2011 of Chinese specification
(JTG E20-2011). The viscosity variation of asphalt at 135 ◦C with different chloride salt
concentrations is shown in Figure 4.
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As can be seen from Figure 4, compared with the control group (Group No. 0), the
viscosity at 135 ◦C of asphalt soaked in water and chloride salt solutions is improved on
the whole. The viscosity variation of asphalt at 135 ◦C varying with chloride salt solution
concentrations presents a linear trend with R2 of 0.930. When the chloride salt solution
concentration increases from 0% to 24%, compared with the control group (Group No. 0),
the viscosity at 135 ◦C of asphalt samples increase by 5.2%, 7.9%, 12.1%, 14.1% and 17.9%,
respectively. The viscosity variation trend also indicates that the high-temperature per-
formance of asphalt sample has been improved by chloride snowmelt salt. Due to the
existence of chloride ions in asphalt molecules, in the Brookfield viscometer test, the
change of asphalt composition (the increase in resin and asphaltene contents with larger
molecular weight) requires the rotor to overcome a greater intermolecular force in order
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to maintain a fixed speed. Therefore, there is an increasing viscosity value of asphalt,
and the viscosity increasement in asphalt will increase with the increase in the chloride
solution concentration.

3.2. Low-Temperature Performance
3.2.1. Ductility

According to the experimental method (T0605-2011) of Chinese specification (JTG
E20-2011), the measured ductility results at 10 ◦C of asphalt with different chloride salt
solution concentrations are plotted in Figure 5. As can be seen from Figure 5, with the
increase in the chloride salt solution concentration, the ductility at 10 ◦C of the asphalt
sample presents a strong linear variation trend with R2 of 0.966. Compared with the control
group (Group No. 0), the ductility at 10 ◦C of the asphalt sample decreases by 9.2%, 13.6%,
17.2%, 23.3% and 27.6% when the chloride salt solution concentration increases from 0% to
24%, respectively. The ductility variation of asphalt depends on the chloride salt solution
concentration. The ductility at 10 ◦C of the asphalt soaked in a higher concentration of chlo-
ride salt solution is significantly lower than that of the control group (dry asphalt sample).
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The main reason for such ductility variation of asphalt with different chloride salt
solution concentrations is that the chloride ions in the chloride salt solution process crystals
with large sizes among asphalt molecules, leading to materials being easier to break,
and the chloride salt ions will block the links between asphalt molecules, which makes
asphalt easier to break in the ductility test. With the increase in the chloride salt solution
concentration (i.e., the chloride ions increase), the low-temperature performance of asphalt
becomes worse. In addition, with the increase in the chloride salt solution concentration,
the asphalt components gradually change, the proportion of heavy components (resin
and asphaltene) increases, while the proportion of light components (saturated fraction,
aromatic fraction) with good plasticity in asphalt decreases, which would lead to a worse
ductility of asphalt. Moreover, the ductility at 10 ◦C of the asphalt is generally required no
less than 200 mm. According to the ductility result in Figure 5, the chloride salt solution
concentration should be recommended as less than 12~18%.

3.2.2. Equivalent Brittle Point

When the penetration of asphalt is 1.2 (0.1 mm), the corresponding temperature is
known as the equivalent brittle point T1.2, which can also be used to evaluate the low-
temperature performance of asphalt. The equivalent brittle point T1.2 is also calculated
by extending the fitting linear penetration–temperature line at the intersection of penetra-
tion value 1.2 in the nomograph with three or more penetration values of asphalt under
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different temperature conditions. The corresponding calculation equation is listed in the
Equation (2).

T1.2 =
0.0792 − K

AlgP
(2)

According to the fitting parameters in Table 2, the calculated equivalent brittle points
T1.2 of asphalt with different chloride salt concentrations are plotted in Figure 6. From
the overall variation trend in Figure 6, the equivalent brittle point T1.2 of asphalt sample
presents a linear relationship with the increase in the chloride salt solution concentration, in
which R2 of 0.966. Similarly, the chloride ions in the chloride salt solution contain crystals
with large sizes among asphalt molecules, which have poor plasticity. Due to the change of
asphalt components, the equivalent brittle point T1.2 of asphalt decreases with the chloride
salt solution concentration.
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3.3. Temperature Sensitivity

According to the experimental method (T0604-2011) of Chinese specification (JTG
E20-2011), the penetration values at 15 ◦C, 25 ◦C and 30 ◦C of asphalt could be measured.
Then, the measured penetration–temperature result is fitted by a linear function. Following
the T0604 in JTG E20-2011, the calculation equation of PI is listed in the Equation (3), which
is used to evaluate the temperature sensitivity of asphalt.

PI =
20 − 500AlgP

1 + 50AlgP
(3)

Following the fitting parameters in Table 2, the calculated PI of asphalt with different
chloride salt concentrations are plotted in Figure 7. In Figure 7, from the overall vari-
ation trend, the temperature sensitivity of asphalt decreases slightly by water, and the
temperature sensitivity increases by soaking in chloride salt solution concentration. The
temperature sensitivity of asphalt sample presents an increasing linear relationship with
the increase in the chloride salt solution concentration and R2 of 0.932, which indicates that
the higher the chloride salt solution concentration, the greater the PI value of asphalt, and
the better the temperature sensitivity. The reason is that: after the action of chloride salt
solution, the composition of asphalt changes; that is, the proportion of light components
(saturated fraction, aromatic fraction) in asphalt decreases, and the proportion of heavy
components (resin and asphaltene) with good thermal stability increases. Besides, with
the increase in the chloride salt solution concentration, the content of resin and asphaltene
in asphalt samples will be further increased, so the temperature sensitivity of asphalt will
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be reduced. Moreover, the chloride ions in the chloride salt solution exist in the form of
crystals among asphalt molecules; when the asphalt heating system including chloride salt
solution absorb heat to move, the chloride ions would share part of the heat.
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3.4. Asphalt–Aggregate Adhesion Property

The boiling method was adopted in this study to evaluate the adhesion property
between asphalt and aggregate according to T0616-2011 of JTG E20-2011 (similar to ASTM
D3625). The limestone aggregates were used in this study, the corresponding geological
nature and some characteristics have been introduced in the previous study [28]. The
asphalt–aggregate adhesion grade of asphalt varying with different chloride salt concentra-
tions is shown in Figure 8.
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It can be seen in Figure 8 that the adhesion between asphalt and aggregate decreases
after the effect of the chloride salt solution, and the spalling area of asphalt film generally
increases with the increase in the chloride salt solution concentration. In other words,
the asphalt–aggregate adhesion property decreases with the increase in the chloride salt
solution concentration. The reason for the above variation result is that after the asphalt is
soaked in chloride salt solution, the moisture penetrates into asphalt through adsorption,
replacement and diffusion, causing damage to the bonding interface between asphalt and
aggregate. In addition, the sodium ions in chloride salt solution have chemical adsorption
with asphalt, which accelerates asphalt emulsification and makes asphalt unable to adhere
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to the aggregate surface. With the increase in the chloride salt solution concentration,
more and more sodium ions have adsorption with asphalt, resulting in the poor asphalt–
aggregate adhesion. There are many rainy and snowy days in the north of China in
winter. Generally, the requirement for the asphalt–aggregate adhesion grade of expressway
and first-class highway is grade 4. It can be seen from Figure 8 that if the chloride salt
solution concentration is higher than 12%, asphalt pavement finds it difficult to meet the
requirement of the asphalt-adhesion grade. Therefore, it is necessary to control the amount
of chloride snowmelt salt in the actual snow removal projects.

3.5. Fourier Transform Infrared Spectroscopy Test

Fourier transform infrared spectroscopy (FTIR) was used to test asphalt samples
soaked in different chloride salt solution concentrations to analyze the action mechanism
of chloride salt on asphalt. The FTIR results of asphalt varying with different chloride salt
concentrations is shown in Figure 9. As can be seen in Figure 9, compared with the base
asphalt soaked in water, the absorption peak in the characteristic area of asphalt samples
soaked in chloride salt solution has no change. The main absorption peaks of asphalt
samples in different chloride salt solution concentrations are as follows: the antisymmetric
stretching vibration of methylene (CH2) at 2918 cm−1, symmetric stretching vibration of
methylene (CH2) at 2850 cm−1, skeleton vibration of benzene ring near 1460 cm−1, shear
vibration of methyl (CH3) near 1378 cm−1, and benzene ring substitution area of in the
wavenumber range of 900~500 cm−1. The addition of chloride salt has a great influence
on the absorption peak near 1600 cm−1 characterizing aromatic fraction and the benzene
ring substitution area, which would be also the main reason for the performance change of
asphalt caused by chloride salt addition.
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4. Conclusions

This study takes the asphalt samples soaked with different snow melting chloride salt
concentrations as the research object. The softening point and viscosity are used to evaluate
the high-temperature performance of asphalt, the ductility and equivalent brittle point
are used to evaluate the low-temperature performance, and the PI is used to evaluate the
temperature sensitivity of asphalt. In addition, the asphalt–aggregate adhesion property is



Materials 2021, 14, 3089 12 of 14

evaluated, and the mechanism of chloride salt erosion on asphalt is preliminarily explored
by Fourier transform infrared spectroscopy (FTIR). The conclusions are as follows:

1. The linear variation relationships of the softening point, equivalent softening point
and viscosity with chloride salt concentrations showed that the high-temperature
performance of asphalt would be improved by chloride snowmelt salt.

2. According to the ductility and equivalent brittle point, with the increase in the chloride
salt solution concentration (i.e., the chloride ions increase), the low-temperature
performance of asphalt becomes worse, and the chloride salt solution concentration
should be recommended as less than 12~18%.

3. The temperature sensitivity of asphalt presents an increasing linear relationship with
the increase in the chloride salt solution concentration, and the temperature sensitivity
increases by soaking in chloride salt solution concentration.

4. After the effect of the chloride salt solution, the asphalt–aggregate adhesion property
decreases with the increase in the chloride salt solution concentration. It is necessary
to control the amount of chloride snowmelt salt in the actual snow removal projects.

5. Based on Fourier transform infrared spectroscopy, the main reason for the perfor-
mances of asphalt caused by chloride salt might be attributed to the change of asphalt
components. With the increase in the chloride salt solution concentration, the propor-
tion of light components (saturated fraction, aromatic fraction) in asphalt decreases,
and the proportion of heavy components (resin and asphaltene) with good thermal
stability increases.

In future work, the influence of this salt contents variations along time (including
aging simulation, alternated with UV radiation) would be evaluated. Meanwhile, further
study will carry out the characterization tests (such as SEM or TEM) for the used materials,
and the rheological property test of asphalt.

Author Contributions: Conceptualization, P.Z., W.W. and Y.A.; Methodology, P.Z. and W.W.; Valida-
tion, Y.A.; Formal Analysis, H.W. and W.W.; Investigation, W.W., L.Z. and H.W.; Writing—Original
Draft Preparation, W.W.; Writing—Review and Editing, P.Z., L.Z. and Y.A.; Project Administration,
P.Z.; Funding Acquisition, P.Z. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 11702108) and Graduate Innovation Fund of Jilin University (101832020CX155).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to appreciate anonymous reviewers for their constructive
suggestions and comments to improve the quality of the paper.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Ma, T.; Geng, L.; Ding, X.H.; Zhang, D.Y.; Huang, X.M. Experimental study of deicing asphalt mixture with anti-icing additives.

Constr. Build. Mater. 2016, 127, 653–662. [CrossRef]
2. Zhu, J.Q.; Ma, T.; Fan, J.W.; Fang, Z.Y.; Chen, T.; Zhou, Y. Experimental study of high modulus asphalt mixture containing

reclaimed asphalt pavement. J. Clean. Prod. 2020, 263. [CrossRef]
3. Li, Y.; Zhang, J.P.; Cao, Y.B.; Hu, Q.S.; Guo, X.D. Design and evaluation of light-transmitting concrete (ltc) using waste tempered

glass: A novel concrete for future photovoltaic road. Constr. Build. Mater. 2021, 280. [CrossRef]
4. Radhakrishnan, V.; Sri, M.R.; Reddy, K.S. Evaluation of asphalt binder rutting parameters. Constr. Build. Mater. 2018, 173, 298–307.

[CrossRef]

http://doi.org/10.1016/j.conbuildmat.2016.10.018
http://doi.org/10.1016/j.jclepro.2020.121447
http://doi.org/10.1016/j.conbuildmat.2021.122551
http://doi.org/10.1016/j.conbuildmat.2018.04.058


Materials 2021, 14, 3089 13 of 14

5. Yalghouzaghaj, M.N.; Sarkar, A.; Hamedi, G.H.; Hayati, P. Application of the surface free energy method on the mechanism of
low-temperature cracking of asphalt mixtures. Constr. Build. Mater. 2021, 268. [CrossRef]

6. Wei, H.; Hu, B.; Wang, F.Y.; Zheng, J.L.; Jin, J.; Liu, C.C. Temporal-spatial evolution characteristics of acoustic emission in asphalt
concrete cracking process under low temperature. Constr. Build. Mater. 2020, 248. [CrossRef]

7. Saeed, F.; Rahman, M.; Chamberlain, D.; Collins, P. Asphalt surface damage due to combined action of water and dynamic
loading. Constr. Build. Mater. 2019, 196, 530–538. [CrossRef]

8. Wang, W.S.; Cheng, Y.C.; Ma, G.R.; Tan, G.J.; Sun, X.; Yang, S.T. Further investigation on damage model of eco-friendly basalt
fiber modified asphalt mixture under freeze-thaw cycles. Appl. Sci. 2019, 9, 60. [CrossRef]

9. Cheng, Y.C.; Li, H.; Wang, W.S.; Li, L.D.; Wang, H.T. Laboratory evaluation on the performance degradation of styrene-butadiene-
styrene-modified asphalt mixture reinforced with basalt fiber under freeze-thaw cycles. Polymers 2020, 12, 1092. [CrossRef]
[PubMed]

10. Cheraghian, G.; Wistuba, M.P. Effect of fumed silica nanoparticles on ultraviolet aging resistance of bitumen. Nanomaterials 2021,
11, 454. [CrossRef] [PubMed]

11. Shan, L.Y.; Li, Z.W.; Tian, D.; Tan, Y.Q. Effect of anti-icing additives on the stability of emulsified asphalt binders. Constr. Build.
Mater. 2021, 275. [CrossRef]

12. Xiong, R.; Chu, C.; Qiao, N.; Wang, L.; Yang, F.; Sheng, Y.P.; Guan, B.W.; Niu, D.Y.; Geng, J.G.; Chen, H.X. Performance evaluation
of asphalt mixture exposed to dynamic water and chlorine salt erosion. Constr. Build. Mater. 2019, 201, 121–126. [CrossRef]

13. Guo, Q.L.; Li, G.Y.; Gao, Y.; Wang, K.Y.; Dong, Z.Z.; Liu, F.C.; Zhu, H. Experimental investigation on bonding property of
asphalt-aggregate interface under the actions of salt immersion and freeze-thaw cycles. Constr. Build. Mater. 2019, 206, 590–599.
[CrossRef]

14. Zheng, M.L.; Zhou, J.L.; Wu, S.J.; Yuan, H.T.; Meng, J.D. Evaluation of long-term performance of anti-icing asphalt pavement.
Constr. Build. Mater. 2015, 84, 277–283. [CrossRef]

15. Xiong, R.; Jiang, W.Y.; Yang, F.; Li, K.H.; Guan, B.W.; Zhao, H. Investigation of voids characteristics in an asphalt mixture exposed
to salt erosion based on ct images. Materials 2019, 12, 3774. [CrossRef]

16. Wang, Z.J.; Zhang, T.; Shao, M.Y.; Ai, T.; Zhao, P. Investigation on snow-melting performance of asphalt mixtures incorporating
with salt-storage aggregates. Constr. Build. Mater. 2017, 142, 187–198. [CrossRef]

17. Wu, S.P.; Pan, P.; Chen, M.Y.; Zhang, Y. Analysis of characteristics of electrically conductive asphalt concrete prepared by multiplex
conductive materials. J. Mater. Civil Eng. 2013, 25, 871–879. [CrossRef]

18. Sun, Y.H.; Wu, S.P.; Liu, Q.T.; Hu, J.F.; Yuan, Y.; Ye, Q.S. Snow and ice melting properties of self-healing asphalt mixtures with
induction heating and microwave heating. Appl. Therm. Eng. 2018, 129, 871–883. [CrossRef]

19. Wu, S.J.; Zheng, M.L.; Chen, W.; Bi, S.T.; Wang, C.T.; Li, Y.F. Salt-dissolved regularity of the self-ice-melting pavement under
rainfall. Constr. Build. Mater. 2019, 204, 371–383. [CrossRef]

20. Behbahani, H.; Hamedi, G.H.; Gilani, V.N.M. Predictive model of modified asphalt mixtures with nano hydrated lime to increase
resistance to moisture and fatigue damages by the use of deicing agents. Constr. Build. Mater. 2020, 265. [CrossRef]

21. Amini, B.; Tehrani, S.S. Simultaneous effects of salted water and water flow on asphalt concrete pavement deterioration under
freeze-thaw cycles. Int. J. Pavement Eng. 2014, 15, 383–391. [CrossRef]

22. Feng, D.C.; Yi, J.Y.; Wang, D.S.; Chen, L.L. Impact of salt and freeze-thaw cycles on performance of asphalt mixtures in coastal
frozen region of china. Cold Reg. Sci. Technol. 2010, 62, 34–41. [CrossRef]

23. Zhang, K.; Luo, Y.F.; Xie, W.; Wu, J.J. Evaluation of road performance and adhesive characteristic of asphalt binder in salt erosion
environment. Mater. Today Commun. 2020, 25. [CrossRef]

24. Zhang, Q.L.; Huang, Z.Y. Investigation of the microcharacteristics of asphalt mastics under dry-wet and freeze-thaw cycles in a
coastal salt environment. Materials 2019, 12, 2627. [CrossRef]

25. Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40-2004); Ministry of Transport of the People’s Republic
of China: Beijing, China, 2004.

26. Salt of Ice and Snow Melting for Road (GB/T 23851-2009); Ministry of Transport of the People’s Republic of China: Beijing, China,
2009.

27. Fu, J. Effect of Coated Chlorine-Based Deicing Additive on Ice-Melting and Pavement Properties of Asphalt Concrete. Master’s
Thesis, Wuhan University of Technology, Wuhan, China, 2015.

28. Ma, C. Research on Influence of Chloride Deicing Salt’s Concentration on Performances of Asphalt and Asphalt Mixture. Master’s
Thesis, Jilin University, Changchun, China, 2017.

29. Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20-2011); Ministry of Transport of the
People’s Republic of China: Beijing, China, 2011.

30. Wang, W.S.; Cheng, Y.C.; Tan, G.J.; Liu, Z.Y.; Shi, C.L. Laboratory investigation on high- and low-temperature performances of
asphalt mastics modified by waste oil shale ash. J. Mater. Cycles Waste 2018, 20, 1710–1723. [CrossRef]

31. Cheng, Y.C.; Wang, W.S.; Tan, G.J.; Shi, C.L. Assessing high- and low-temperature properties of asphalt pavements incorporating
waste oil shale as an alternative material in jilin province, china. Sustainability 2018, 10, 2179. [CrossRef]

32. Cala, A.; Caro, S.; Lleras, M.; Rojas-Agramonte, Y. Impact of the chemical composition of aggregates on the adhesion quality and
durability of asphalt-aggregate systems. Constr. Build. Mater. 2019, 216, 661–672. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2020.121194
http://doi.org/10.1016/j.conbuildmat.2020.118632
http://doi.org/10.1016/j.conbuildmat.2018.10.225
http://doi.org/10.3390/app9010060
http://doi.org/10.3390/polym12051092
http://www.ncbi.nlm.nih.gov/pubmed/32403271
http://doi.org/10.3390/nano11020454
http://www.ncbi.nlm.nih.gov/pubmed/33670134
http://doi.org/10.1016/j.conbuildmat.2020.121951
http://doi.org/10.1016/j.conbuildmat.2018.12.190
http://doi.org/10.1016/j.conbuildmat.2019.02.094
http://doi.org/10.1016/j.conbuildmat.2015.03.053
http://doi.org/10.3390/ma12223774
http://doi.org/10.1016/j.conbuildmat.2017.03.070
http://doi.org/10.1061/(ASCE)MT.1943-5533.0000565
http://doi.org/10.1016/j.applthermaleng.2017.10.050
http://doi.org/10.1016/j.conbuildmat.2019.01.129
http://doi.org/10.1016/j.conbuildmat.2020.120353
http://doi.org/10.1080/10298436.2012.677844
http://doi.org/10.1016/j.coldregions.2010.02.002
http://doi.org/10.1016/j.mtcomm.2020.101593
http://doi.org/10.3390/ma12162627
http://doi.org/10.1007/s10163-018-0737-2
http://doi.org/10.3390/su10072179
http://doi.org/10.1016/j.conbuildmat.2019.05.030


Materials 2021, 14, 3089 14 of 14

33. Guo, F.C.; Pei, J.Z.; Zhang, J.P.; Xue, B.; Sun, G.Q.; Li, R. Study on the adhesion property between asphalt binder and aggregate: A
state-of-the-art review. Constr. Build. Mater. 2020, 256. [CrossRef]

34. Liu, Y.Y.; Zhang, Z.Y.; Tan, L.J.; Xu, Y.; Wang, C.H.; Liu, P.F.; Yu, H.Y.; Oeser, M. Laboratory evaluation of emulsified asphalt
reinforced with glass fiber treated with different methods. J. Clean Prod. 2020, 274. [CrossRef]

35. Yao, H.; Dai, Q.L.; You, Z.P. Fourier transform infrared spectroscopy characterization of aging-related properties of original and
nano-modified asphalt binders. Constr. Build. Mater. 2015, 101, 1078–1087. [CrossRef]

36. General Rules for Infrared Analysis (GB/T 6040-2002); General Administration of Quality Supervision, Inspection and Quarantine of
the People’s Republic of China: Beijing, China, 2002.

http://doi.org/10.1016/j.conbuildmat.2020.119474
http://doi.org/10.1016/j.jclepro.2020.123116
http://doi.org/10.1016/j.conbuildmat.2015.10.085

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Asphalt 
	Snowmelt Salt 
	Asphalt Sample Preparation 

	Experimental Methods 
	High-Temperature Performance by Softening Point and Viscosity Tests 
	Low-Temperature Performance by Ductility and Equivalent Brittle Point Tests 
	Temperature Sensitivity by Penetration Index 
	Asphalt–Aggregate Adhesion Property Test 
	Fourier Transform Infrared Spectroscopy Test 


	Results and Discussion 
	High-Temperature Performance 
	Softening Point 
	Viscosity 

	Low-Temperature Performance 
	Ductility 
	Equivalent Brittle Point 

	Temperature Sensitivity 
	Asphalt–Aggregate Adhesion Property 
	Fourier Transform Infrared Spectroscopy Test 

	Conclusions 
	References

