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Snow and ice on asphalt pavement surface can significantly affect traffic safety and
damage pavements. To reduce its effect, a kind of anti-icing emulsified asphalt binder
(AEAB) is developed by adding a certain amount of anti-icing fillers to the modified
emulsified asphalt binder. The anti-icing performance and pavement performance of
AEAB coating are evaluated. The results show that: the basic properties of AEAB
meet the requirement of road maintenance, and the AEAB has excellent anti-icing
performance and bonding property. It can facilitate the ice-melting on pavement and
reduce the adhesion force between pavements and ice, and the adhesion force can
be reduced by about 50%. The AEAB coating can keep an excellent bonding state
with the original pavement, which can prolong the service life of the coating. These
findings demonstrated the potential of using AEAB coating on asphalt pavement to
provide better pavement performance and contribute to traffic safety during snowfall.

Keywords: emulsified asphalt binder, anti-icing filler, coating, road surface anti-icing, performance

INTRODUCTION

Snow and ice on pavement surface can dramatically reduce the road skid resistance and cause the
emergency braking distance on icy roads 6~7 times that of normal roads (Dan et al., 2017). The
low friction on road can pose a serious threat to the safety of pedestrians and vehicles, even can
cause serious traffic congestion and induce a series of traffic accidents (Pan et al., 2015; Walus,
2017). Besides, the melting of snow may aggravate the moisture damage to asphalt pavements
(Huang et al., 2005). Therefore, researches on anti-icing and snow-melting technologies for asphalt
pavement have always been the focus of road engineering.

In the past decades, regular snow removal or deicing methods included spraying
chloride ice-melting agents and mechanical equipment such as snowplows and sweepers.
However, these traditional methods not only demand a lot of professional workers and
equipment but also may lead to high pollution and cause serious damages to the
performances of pavements (Henry, 1991; Yehia and Tuan, 1999). To solve these problems
of above passive ice-removal method, the anti-icing methods based on thermal melting
technology have been studied and proposed, such as heating wire, infrared heating,
microwave heating, solar energy collection technology, and electrically conductive pavements;
these technologies are proved to be highly efficient in road deicing (Liu et al, 2007;
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Tang et al., 2008; Wang et al., 2008; Chen et al., 2011; Zhou et al,,
2011; Pan et al.,, 2015; Daniels et al., 2019). Nevertheless, the
pavements with heating systems are much more expensive and
difficult to build than the normal pavements currently.

Another anti-icing method is to build self-ice-melting
pavements by adding the anti-icing fillers into the pavements.
The anti-icing ingredients will be released out from self-ice-
melting pavements to facilitate the snow/ice-melting process and
reduce the adhesion between ice and pavement surface during
the snowfall (Pan et al, 2008; Wang et al, 2017; Tan et al,
2019). Due to the simple-operated advantage and excellent anti-
icing ability of this technology, it has drawn more and more
attention from worldwide countries and several commercial anti-
icing fillers such as Verglimit, Mafilon, and Icebane have been
produced and applied widely (Baldino et al., 2012; Li and Wang,
2012; Luo and Yang, 2015). For the purpose of improving the
long-term performance of anti-icing filler, Tan et al. (2014)
developed a sustained-release anti-icing filler to reduce the
freezing temperature of the pavement to —25°C. To reduce the
costs of anti-icing filler, Lei Peng et al. developed a calcium
chloride anti-icing filler named Iceguard (Zheng et al., 2017).
However, the researches on anti-icing fillers are mainly focused
on newly-built pavement currently. As for so many pavements
that have already been built, there is still a lack of anti-icing
technology to ensure road safety in adverse weather (e.g., snow,
frost, and freezing rain).

Coating technology is a preventive maintenance method that
is suitable for in-service pavements, such as the fog seal and
micro-surfacing. They have the potential to reverse the aging
of in-service asphalt pavement, reduce cracking and raveling,
and provide a better, longer-lasting pavement (Lin et al., 2012;
Mamlouk and Dosa, 2014). Based on the coating technology
and the good hydrophobic properties of hydrophobic materials,
researchers have developed hydrophobic emulsified asphalt
coating and super-hydrophobic coating on asphalt pavement
for ice and snow removal (Peng et al., 2018; Han et al., 2019).
However, the hydrophobic and super-hydrophobic coating can
only reduce the adhesion between ice and pavement but do not
have the ability to actively melt snow and ice, which greatly
restrict their ice/snow-removal application on asphalt pavement.
Therefore, to get a better anti-icing effect, the technology of
anti-icing-emulsified asphalt binder coating is conducted based
on the coating technology and anti-icing filler. Basically, the
anti-icing emulsified asphalt binder (AEAB) is produced by
adding water-repellent anti-icing fillers into an emulsified asphalt
binder. The asphalt pavement coated with AEAB not only has
excellent anti-icing properties but also can achieve the purpose of
preventive maintenance. However, combining emulsified asphalt
binder maintenance materials with anti-icing fillers may have
adverse influences on the storage stability and other properties of
emulsified asphalt. It is necessary to develop an applicable AEAB
with excellent properties.

In this study, based on the dual requirements of maintenance
function and anti-icing function, an AEAB was developed by
adding a certain amount of anti-icing fillers to the modified
emulsified asphalt binder. The anti-icing performance and
pavement performance of AEAB coating were analyzed by

laboratory tests, which proved the excellent properties and the
feasibility of AEAB as pavement maintenance materials.

MATERIALS AND METHODS

Raw Materials

e Asphalt: The neat asphalt binder was LH-90# with basic
properties shown in Table 1.

e Emulsifier: Cationic slow-cracking fast-setting emulsifier
was used, and its properties are shown in Table 2.

e Stabilizer: Organic stabilizer hydroxypropyl
methylcellulose (HPMC) was used to enhance the
storage stability of the emulsified asphalt.

e Modifier: The main function of the modifier is to improve
the bonding property of emulsified asphalt binder; the
SBR and waterborne epoxy resin were used together as a
compound modifier.

e Anti-icing filler: Two kinds of water-repellent anti-icing
filler (Type A and Type B) were selected. They have
different effect on reducing the freezing temperature of
asphalt pavement. Type A and Type B are suitable for
using in the ambient temperature above —10°C and —25°C,
respectively. Their basic properties and size distributions
are shown in Tables 3, 4.

Preparation of AEAB

The preparation process of AEAB generally includes three steps:
emulsification, modification, and adding anti-icing fillers.

The steps of the emulsification process are as follows. First, the
emulsions were obtained by mixing water of a pH value between
1.5 and 2.5 with the 1.8% emulsifier and 0.2% stabilizers. Then,
the emulsions were poured into a preheated colloid mill and
sheared for 3 min. Next, the heated neat asphalt binder was added
to the emulsions and the oil-water ratio is 6:4. Last, after the
binder was fully added, it was sheared in colloid mill for 5 min.

Then, there was the modification process; after the emulsified
asphalt binder was cooled to room temperature, the high-shear

TABLE 1 | Basic properties of neat asphalt.

Properties Results Specification
Penetration (25°C, 100 g, 5 s)/0.1 mm 82.6 TOB04
Softening point (Ring ball)/°C 471 TO606
Ductility (15°C, 5 cm/min)/cm >100 TOB05
Dynamic viscosity (60°C)/Pa - s 205.80 T0625
TABLE 2 | Basic properties of the emulsifier.

Properties Results

Dosage range 1.5%

pH 1.5-2.5
Breakage rate Slow-cracking fast-setting

lon type cationic
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TABLE 3 | Basic properties of anti-icing fillers.

TABLE 5 | Stability classification of colloidal materials.

Test items Unit Specification Type A Type B

requirements

(China
Communications

Press, 2018)
Heat resistance index % <0.5 0.1 0.2
Apparent relative - >1.7 2.38 2.25
density
Moisture content % <1 0.1 0.1
Corrosion rate mm/a <0.11 0.05 0.03
Relative damage rate of % <15 3 2
plant seeds
Ice point °C <-10 —-10 —-25
Moisture rate % <0.7 0.1 0.1
Salt release % <04 0.12 0.15
TABLE 4 | Size distributions of anti-icing additives (percent passing/%).
Sieve size (mm) 0.6 0.3 0.15 0.075
Type-A 100 98.20 25.11 8.66
Type-B 100 99.91 65.63 23.26

mixer was used to mix the emulsified asphalt and compound
modifier at a speed of 1200 rpm for 5 min. The contents of SBR
and waterborne epoxy resin were 10% and 8%, respectively (based
on the weight of emulsified asphalt binder).

Finally, the prepared emulsified asphalt binder and 20% anti-
icing fillers were added into the mixer and stirred until particles of
anti-icing filler were fully coated with modified emulsified asphalt
binder. The modified emulsified asphalt binders mixed with Type
A and Type B were named AEAB-1 and AEAB-2, respectively.

Test Methods

Basic Properties Test

According to the standard test methods of bitumen and
bituminous mixtures for highway engineering in China (China
Communications Press, 2011), softening point, penetration,
ductility at 5°C, elastic recovery of evaporated residue test, and
Brookfield viscosity test were carried out to evaluate the basic
properties of AEAB and modified emulsified asphalt binder.

Zeta Potential Test

As a colloid, emulsified asphalt has a structure of electrical
double layer. And the stability of electrical double layer is often
characterized by the Zeta potential of colloidal solution (Salopek
et al., 1992; Stachurski and Michalek, 1996). Table 5 shows
the stability classification of colloidal materials (Tan, 2018).
Due to the limitation of the light scattering instrument, it is
impossible to test the Zeta potential of original material. To
get relatively stable test results, the emulsified asphalt needs to
be diluted a certain number of times before testing. According
to the previous study (Tian, 2019), the storage stability time
of emulsified asphalt is more than 20 h when Zeta potential
of diluted solution (150 times) is higher than 30 mv. In this
study, to get stable Zeta potential test results, the modified

Zeta potential (mV) 0~£10 £10~%30 +30~+40 +40~+60 >160

Stability Worst Worse General Better Excellent

emulsified asphalt binder and AEAB are also diluted 150 times
with distiller water, respectively. Then, the Zeta potentials
of the diluted solution are measured by Malvem Zetasizer
Nano ZS light scattering instrument to evaluate the storage
stability of materials.

Ice-Melting Test
Firstly, the AC-16 Marshall specimens were manufactured
according to the specification (China Communications Press,
2004) to simulate the pavement surface. Then, the AEAB was
evenly brushed on the specimen surfaces with a dosage of
0.8 kg/m?. After the AEAB was fully cured, 100 g snow-
ice particles (crushed ice scraped from the inner wall of
the refrigerator) was used to cover the surfaces. Next, the
specimens were divided into four groups for different testing
temperatures (—5°C, —10°C, —15°C, and —25°C, respectively).
Each group contained an AEAB-1-coated specimen, an AEAB-
2-coated specimen, and an uncoated specimen. Finally, the
specimens were placed in different environmental boxes at the
fixed temperature for 5 h and the ice-melting conditions were
observed to evaluate the anti-icing performance of AEAB.
Besides the laboratory tests, the real road brushed with AEAB
(as shown in Figure 1) was also used to observe the anti-icing
performance of AEAB. The coating dosage of AEAB is 0.8 kg/m?,
and the coating area is about 16.5 m?.

Ice-Road Adhesion Test

Tan et al. (2013) have developed a system to test the adhesion
between ice and asphalt mixture, as shown in Figure 2A. The ice-
road adhesion test steps are as follows:

(a) The AEAB is evenly brushed on the surface of AC-16
Marshal specimens with a dosage of 0.80 kg/m?. After the
AEAB is fully cured, the specimen is fixed to the upper
cover by three screws. Next, 100 g of water is injected
into the groove of the device so that the water can be
fully contacted with AEAB coating. The profile of the fixed
specimen is shown in Figure 2B.

(b) Then, the specimens are placed in the environmental box
at the fixed temperature for 12 h to simulate the freezing
process of the road surface in winter.

(c) Finally, the MTS test system is used to apply load until the
bonding interface between ice and specimen is completely
broken. The loading rate is 20 mm/min. The maximum
load is the ice-road adhesion force, and it is used as an
index to evaluate the adhesion between the ice layer and
pavements. Besides, the interface of the specimens after test
(Figure 2C) can also be used to evaluate the deicing effect.

According to the above test steps, the ice-road adhesion
forces of AEAB specimens before and after experienced freeze-
thaw cycles are analyzed to evaluate the long-term anti-icing
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Marshal specimens AEAB coating

FIGURE 2 | Ice-road adhesion test: (A) Testing device. (B) The profile of fixed specimen. (C) The damage interface of tested specimen.

performance of AEAB. The process of the freeze-thaw cycle (a) Firstly, the AC-16 Marshall specimens are manufactured

is as follows: First, 100 g of water is evenly sprayed on the according to the specification (China Communications
surface of the specimen. Then, the specimen is placed in the Press, 2004). Then, the surface of the Marshall specimen
environmental box at —60°C for 6 h to simulate the freezing is polished by accelerated polishing machine until the
process. Last, adjust the temperature to 25°C for 6 h to simulate original asphalt film is peeled off. The specimen with
the melting process. The ice-road adhesion of AEAB-coated a polished surface (shown in Figure 3B) is selected to
specimens experienced 0, 5, 10, 15, 20, 25, and 30 times of simulate the surface condition of the in-service asphalt
freeze-thaw cycles is all tested. The AEAB-1-coated specimens pavement. The testing value of British Pendulum Number
are under the testing temperature of —5°C and —10°C. The (BPN) and the texture depth (TD) of the polished specimen

AEAB-2-coated specimens are under the testing temperature

are 68 and 0.94 mm, respectively, according to the
of —15°C and —25°C. Besides, the ice-road adhesions force

specification (China Communications Press, 2008).

of uncoated AC-16 specimens at each temperature is also (b) The prepared coating materials (emulsified asphalt binder,
tested for comparison. modified emulsified asphalt binder or AEAB) are evenly

brushed on the polished surfaces of different specimens,
Bonding Test respectively, with a dosage of 0.8 kg/m?. After the emulsion
The bonding test is used to evaluate the bonding property is fully cured, the superglue is used to stick the spindles
between the AEAB coating and the original pavement. The and coating together. The aim of using the superglue is
Defelsko PosiTest AT tester shown in Figure 3A was used for this to ensure that the bonding failure occurs between the
purpose. The test steps are as follows: coating and asphalt mixture not between spindles and
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FIGURE 3 | Bonding test: (A) Testing device. (B) The Marshall specimen with a polished surface. (C) The testing schematic. (D) The prepared specimen.

TABLE 6 | Basic properties of the materials.

Modified AEAB-1 AEAB-2
emulsified

asphalt binder

Test items Specification
requirements

JTG F40-2004

Brookfield viscosity 960 1780 1600

(25°C)/mPa - s

Penetration (25°C,100 g, 46.4 40.0 40.0 40~100
55)/0.1 mm

Softening point (Ring 77.0 78.5 76.5 >53
ball)/°C

Penetration index PI 3.71 3.53 3.26

5°C ductility/cm 63.6 58.3 56.7 >20
25°C elastic recovery/% 65.3 59.1 60.6 >55

the coating. Five test positions are selected randomly for
each specimen. The testing schematic and the prepared
specimen are shown in Figures 3C,D, respectively.

(c) Next, the prepared specimens are divided into three
groups for different testing temperatures (—15°C, 25°C,
and 60°C, respectively), and each group contains three
different specimens coated by three kinds of coating
material, respectively. Then, each specimen is placed in the
environmental box at its testing temperature for 2 h.

(d) Finally, the tester is used to apply a tensile force to the
spindles at a loading speed of 0.2 Mpa/s until the coating
material is pulled apart from the asphalt mixture specimen.

The maximum tensile force is the bonding strength, and it is
used as the index to evaluate the bonding property of coating
materials. The larger the bonding strength is, the better the
bonding property of coating material is.

RESULTS AND DISCUSSION

Basic Properties

The basic test results of AEAB and the modified emulsified
asphalt binder are shown in Table 6. It can be seen that the
Brookfield viscosity of AEAB is much larger than that of modified
emulsified asphalt binder; this indicates that the addition of
anti-icing filler has increased the viscosity and consistency of
modified emulsified asphalt binder. The softening point of AEAB

100

o 80T 668 656 657

£60

S

$40 |

5]

Q

820

Q

N

O 1 1
0 5 10 15
Storage time/d

FIGURE 4 | Zeta potential of modified emulsified asphalt binder at different
storage time.

evaporative residue is above 70°C; it means that the AEAB
has an excellent high-temperature performance. Compared with
the modified emulsified asphalt binder, the 5°C ductility and
25°C elastic recovery of AEAB evaporated residue decrease
slightly. It means that anti-icing fillers can slightly affect the low-
temperature performance and elastic recovery ability of modified
emulsified asphalt binder. All of the performance indexes
of the AEAB meet the requirements of specification (China
Communications Press, 2004), which proved the feasibility of
AEAB as pavement maintenance materials.

Storage Stability

The Zeta potentials of modified emulsified asphalt binders at
different storage times are shown in Figure 4. It can be seen
that the Zeta potential of modified emulsified asphalt binder
fluctuates slightly at 66 mv during 15 days. According to the
stability classification of colloidal materials from Table 5, it is
clearly indicated that the modified emulsified asphalt binder has
excellent long-term storage stability. The Zeta potential of newly
prepared AEAB is about 45 mv. It means that adding anti-icing
fillers into modified emulsified asphalt binder will reduce the
storage stability of modified emulsified asphalt binder. But the
Zeta potential of AEAB is still greater than 30 mv, which indicates
that the storage time of AEAB is more than 20 h. It also means
that the AEAB can maintain a uniform and stable state without
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FIGURE 5 | Comparisons of ice-melting test at different temperature: (A) Initial state of each group. (B) —5°C. (C) —10°C. (D) —15°C. (E) —25°C.

4.0 -
Uncoated specimens
3.5 L WAEAB-I coated specimens
§ AEAB-2 coated specimens 5 86
g 3.0 r 2.67 ;
.E 25 | 2.36
3 20 |
3 1.53
g 1.5 r 1.24
e
g 10 T 069 0.78
T 05 035
0.0 1 1 1
-5 -10 -15 -25

Testing temperature/°C

FIGURE 6 | Ice-road adhesion force of AEAB coated and uncoated
specimens at different temperature.

demulsification more than 20 h. So, there is enough time for the
production and construction of AEAB.

Anti-icing Performance
The surface conditions of the specimens in the environmental
box are shown in Figure 5. It is observed that the snow-ice
particles on the surface of AEAB-coated specimens are much less
than that on the surface of the uncoated specimens. It means
that the AEAB coating has an obvious effect on facilitating the
melting of snow and ice. From Figures 5B-E, it can be seen
that the amount of snow-ice particles on the specimen increases
obviously with the decrease in temperature. It means that the
effect of the AEAB decreases with decrease in temperature. But it
still has the snow-melting ability when the temperature is —25C.
Besides, the ice-melting condition of AEAB-1 coating and AEAB-
2 coating are similar to each other at the same temperature; this
may happen because the observing time is too short to show the
anti-icing differences between the two types of anti-icing fillers.
The ice-road adhesion force of the uncoated specimens and
the AEAB coated specimens is shown in Figure 6. It can be
seen that, under the conditions of —5°C, —10°C, —15°C, and
—25°C, the ice adhesion forces of AEAB-coated specimens
have decreased by 49.3%, 67%, 53.6%, and 46.5%, respectively,
compared with that of uncoated specimens. It means that AEAB

FIGURE 7 | The interface of the AEAB-coated specimens after ice-road adhesion tests: (A) —5°C. (B) —10°C. (C) —15°C. (D) —25°C.
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FIGURE 8 | Ice-road adhesion force of different times of freeze-thaw cycle: (A) AEAB-1-coated specimen. (B) AEAB-2-coated specimen. The dash line in the figure
indicates the ice-road adhesion of uncoated specimens that do not experience the freeze-thaw cycle.
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FIGURE 9 | Observation during snowing weather in Harbin China. (A) Snow-melting conditions after light snow in November 2019. (B) Snow-removing conditions
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FIGURE 10 | Bonding strength of different coating materials at different temperature: (A) At —15°C (B) At 25°C (C) At 60°C. In the figures, EA represents the
emulsified asphalt binder, and MEA represents the modified emulsified asphalt binder.
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coating can dramatically reduce the adhesion force between ice
and asphalt pavement, which is very helpful for the snow/ice
removal. The interfaces of the specimens after ice-road adhesion
test are shown in Figure 7. It is found that there is basically no ice
covering on the surface of the AEAB-coated specimens, which
proves that the ice is easy to pull off from the specimen due to the
reduction of ice-road adhesion force.

The ice-road adhesion forces of the specimens experienced
different times of freeze-thaw cycles are shown in Figure 8. It can

be seen that the ice-road adhesion force of AEAB-1- and AEAB-
2-coated specimen increases slightly with the increase in times
of freeze-thaw cycles. It is mainly due to the constant release of
anti-icing ingredients, which slowly decreases the deicing effect of
AEAB. Besides, the freeze-thaw cycle can also cause an increase in
the adhesion force between ice and specimen. Nevertheless, after
the AEAB coated has experienced 30 times of freeze-thaw cycles,
the ice-road adhesion force of AEAB-coated specimen is still
lower than the ice-road adhesion of uncoated specimens that do
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not experience the freeze-thaw cycle. It indicates that the release
rate of anti-icing ingredients has been maintained at a moderate
level and the AEAB can well keep its adhesion-reduce function.

Figure 9A shows the snow-melting conditions of the uncoated
area and the AEAB-coated area on the asphalt pavement after
a light snow. It can be seen that there is barely any snow
covering the AEAB coated area compared with the uncoated
asphalt pavement. It is direct evidence that the AEAB coating
on asphalt pavement can facilitate the melting of snow to
realize a self-ice-melting function. When the snow is heavy,
the mechanical equipment is used to remove the snow on the
asphalt pavement. Figure 9B shows that the snow-removing
conditions of the uncoated area and the AEAB coated area on
the asphalt pavement after heavy snow. It can be seen that the
snow remaining on the AEAB-coated area is obviously less than
that on the uncoated area. It proves that the snow/ice is easy
to clear due to the reduction of ice-road adhesion force on the
AEAB-coated pavement.

Bonding Properties

The bonding strengths of the emulsified asphalt binder, modified
emulsified asphalt binder, and AEAB were tested, and the results
are shown in Figure 10. It can be seen that, compared with
the bonding strength of emulsified asphalt (shown as EA in the
figures), the bonding strengths of modified emulsified asphalt
binder (shown as MEA in the figures) increases significantly.
This indicates that the compound modifier has an obvious effect
on improving the bonding properties of the emulsified asphalt
binder. Besides, comparing the bonding strength of modified
emulsified asphalt binder with that of AEAB (shown as AEAB-1
and AEAB-2 in the figures), it shows that the bonding strengths of
modified emulsified asphalt binder slightly changes after adding
anti-icing fillers. It means that the participation of anti-icing filler
has little effect on the bonding properties of modified emulsified
asphalt binder. In a word, the bonding test proves that the AEAB
has an excellent bonding state with the original pavement, which
can prolong the service life of the coating.

CONCLUSION

In this paper, a kind of AEAB was developed by adding anti-icing
fillers into a modified emulsified asphalt binder. The anti-icing
performance and pavement performance of AEAB coating were
analyzed. The major conclusions of this study can be drawn:
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