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Abstract: Aiming at the maladies of high labor intensity, the low efficiency of ice and snow removal,
and environmental pollution in traditional ice-deicing and snow-melting methods, we successfully
developed a material that can effectively reduce the adhesive force between ice and snow with the
pavement, aimed at the characteristics of the road ice de-icing and snow melting. According to
the evaluation index and method of de-icing performance, we determined the ratio of the three
components of the film-forming component, the adhesive component, the modified ice suppres-
sion component, and the preparation technology. It has no perfect evaluation index and method
for the viscosity-reducing and ice-defending materials at present, this paper further evaluates the
performance of the viscosity-reducing and ice-defending materials from the aspects of ice-deicing per-
formance, durability, and environmental performance. The results show that the viscosity-reducing
and ice-defending material has good permeability and water resistance. The material still has good
ice-deicing performance after seven rounds of cycle tests at the same time, indicating that it has a
good slow-release performance. It is verified that the viscosity-reducing and ice-defending materials
have good durability using the low-temperature accelerated test. Finally, from the analysis and
evaluation of the environmental protection performance of the viscosity-reducing and ice-defending
materials, the materials have no effect on the growth of plants and their average corrosion rate is
much lower than the average corrosion rate of the snow melting test piece, which means that the
viscosity-reducing and ice-defending materials have good environmental performance.

Keywords: ice-suppressing materials; engineering performance; durable performance; environmental
performance

1. Introduction

In winter, the temperature in most areas is low. Snow and ice are common on the road
due to low ambient temperature. When compared to a regular pavement, snow and ice
pavements have a much lower friction coefficient, and traffic accidents occur frequently
due to vehicle skidding. Traffic accidents caused by rainy and snowy weather have a
serious impact on road traffic safety and the social economy [1]. In order to avoid rain and
snow-induced traffic accidents in winter and ensure road driving safety, certain measures
must be taken to remove ice and snow on the road. Snow and ice removal measures usually
adopted by road maintenance workers include manual or mechanical spreading of snow
melting agents, manual snow shoveling, and mechanical snow and ice removal [2,3]. At
present, the most commonly used method to control and limit the formation of road ice is
the use of antifreeze materials, such as salt (usually sodium chloride, calcium chloride, and
sodium acetate), which are scattered on roads and other infrastructure [4]. However, this
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solution is highly demanding for materials, labor, and equipment, and the high economic
cost also produces many other side effects [5].

When the ambient temperature is low, ice and snow will form a firm bond structure
with the pavement surface, and a large amount of ice and snow will adhere to the road
surface. This bond structure makes it more difficult to remove ice and snow from the
pavement. Various instruments used for manual or mechanical snow and ice removal will
inevitably cause damage to the pavement structure [6]. When observing the microstructure
of the road surface that has been cleared of snow, it can be found that there are still many
small ice particles on the road surface, causing the adhesion coefficient between the road
surface and the tires to decrease, and bringing hidden dangers to road traffic safety [7].
This is especially the case in the back shade of the mountains, bridges, tunnels, and special
sections of highways, which are highly accident-prone sections in winter [8].

Traditional road snow and ice removal methods can be divided into two categories:
physical and chemical. The physical snow melting and deicing method consists of laying
heating cables inside the asphalt mixture when paving the asphalt mixture and using
the heat generated by the heating cables to melt the snow and ice on the road surface.
Additionally, it entails paving after elastomer components, such as rubber particles, are
added to the asphalt mixture [9]. The rubber material can break and melt ice and snow
due to its elastic deformation, thus achieving the effect of deicing. The traditional chemical
snow melting and deicing method consists of adding various inorganic salts directly
into the asphalt mixture [10,11]. Saline substances separated from the asphalt mixture
and road surface water form a salt solution. The freezing point of the formed road salt
solution is lower than the original solution, which can play a role in restraining snow
accumulation [12].

Self-snow-melting asphalt pavement is different from the traditional process of spread-
ing snow-melting agents on the pavement. On the premise of ensuring that the road
performance of the asphalt pavement meets all the specifications, self-snow-melting asphalt
pavement mixes snow-melting agent into the asphalt mixture to reduce the freezing point
of the asphalt pavement, thus achieving the effect of snow-melting and ice suppression [13].
At present, MFL and V-260 snow-melting materials are the two widely used internally
mixed snow-melting agents. Since the 1960s, many European countries wanted to get rid
of the current situation of using a large amount of chlorine salt deicing agent and began
to study self-melting pavement [9]. Switzerland and Germany have long developed a
material that can be used as deicing salt to be added to asphalt mixture in order to reduce
the freezing point of pavement. Verglimit can lower the freezing point of asphalt roads to
minus 20 ◦C. The V-260 (Verglimit-260) with high performance has been attained via the
ongoing advancement of Verglimit’s production procedure and material choice [13].

In the 1980s, Japan started researching self-melting asphalt pavement, enhancing the
water absorption capabilities and slow-release mechanism of asphalt pavement additives
based on some V-260 principles. Following numerous experimental studies, it was able to
produce MFL with improved performance. The road performance of asphalt mixture with
MFL was tested, and it was found that its high-temperature stability and low-temperature
crack resistance are basically the same as those of traditional asphalt mixture without MFL,
and its water damage resistance is improved compared with asphalt mixture with V-260.
It can be seen that the performance of MFL is still improved [13]. However, the main
dissolved component of MFL is NaCl, which will still cause corrosion pollution to the
environment. At the same time, the precipitation rate of MFL is fast in the early stage and
slow in the late stage, making it difficult to control, resulting in limited road life. In order
to better safeguard the environment, MFL needs to better improve on how to regulate the
precipitation of snow-melting salt [14].

In the 21st century, some foreign researchers put the phase change temperature reg-
ulating material (PCM), which is used in the aerospace, military, and textile industries,
into the production process as an additive material for asphalt mixes, so that the tem-
perature regulating the function of PCM can be used to achieve active snow melting [5].
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This ensures the high-temperature rutting resistance of the pavement and also prevents
the pavement temperature from falling sharply and freezing when the temperature drops
suddenly. Although the technology procures the asphalt mixture pavement with long
service life, it has great limitations [15]. Due to the characteristics of phase change temper-
ature regulation, this kind of pavement can only perform well in areas such as southern
China where temperature occasionally drops below zero and is not suitable for cold areas
where the temperature is lower than zero for a long time in winter [16]. Chen et al. have
developed a new type of ice and snow inhibitor. The road performance and snow melting
performance of the prepared asphalt mixture is promising, but there is a little breakthrough
in environmental protection [17]. Zheng et al. also carried out experimental research on
new snow and ice inhibitors. According to climate factors such as temperature, altitude,
and snowfall in China. The proportion, mixing amount, and pavement processing technol-
ogy of snow and ice inhibitors were formulated in different climates [18]. Bai et al. have
developed a new self-melting snow asphalt pavement additive IceBane. The test shows
that the self-melting snow pavement mixed with IceBane can achieve a better snow-melting
effect under conditions ensuring excellent road performance [19]. Dou has improved the
snow-melting performance and road life of self-melting asphalt pavement by develop-
ing an ultra-thin salt compound TSSAM and studying the maximum amount of this salt
compound in the asphalt mixture [20]. Practices of ice suppression in pavements in both
China and abroad have proved that self-melting snow pavement technology is the most
appropriate snow-melting pavement technology at present, but it still needs to be studied
and improved in terms of road life and snow melting effect [21].

The ice-suppressing material developed in this paper has the characteristics of active
deicing, zero negative impact on roads, bridges, and other ancillary facilities and vegetation,
preventive maintenance for the pavement, and continuous deicing in winter. In asphalt
pavement, the effective components of the anti-freezing agent are slowly released for a
long time under the action of the slow-release agent to achieve the effect of long-term
snow melting and ice suppression. It has great innovation and application prospects and
provides a new method and way for road deicing. The flowchart of the paper is shown
in Figure 1.

Buildings 2023, 13, x FOR PEER REVIEW 3 of 17 
 

into the production process as an additive material for asphalt mixes, so that the temper-

ature regulating the function of PCM can be used to achieve active snow melting [5]. This 

ensures the high-temperature rutting resistance of the pavement and also prevents the 

pavement temperature from falling sharply and freezing when the temperature drops 

suddenly. Although the technology procures the asphalt mixture pavement with long ser-

vice life, it has great limitations [15]. Due to the characteristics of phase change tempera-

ture regulation, this kind of pavement can only perform well in areas such as southern 

China where temperature occasionally drops below zero and is not suitable for cold areas 

where the temperature is lower than zero for a long time in winter [16]. Chen et al. have 

developed a new type of ice and snow inhibitor. The road performance and snow melting 

performance of the prepared asphalt mixture is promising, but there is a little break-

through in environmental protection [17]. Zheng et al. also carried out experimental re-

search on new snow and ice inhibitors. According to climate factors such as temperature, 

altitude, and snowfall in China. The proportion, mixing amount, and pavement pro-

cessing technology of snow and ice inhibitors were formulated in different climates [18]. 

Bai et al. have developed a new self-melting snow asphalt pavement additive IceBane. 

The test shows that the self-melting snow pavement mixed with IceBane can achieve a 

better snow-melting effect under conditions ensuring excellent road performance [19]. 

Dou has improved the snow-melting performance and road life of self-melting asphalt 

pavement by developing an ultra-thin salt compound TSSAM and studying the maximum 

amount of this salt compound in the asphalt mixture [20]. Practices of ice suppression in 

pavements in both China and abroad have proved that self-melting snow pavement tech-

nology is the most appropriate snow-melting pavement technology at present, but it still 

needs to be studied and improved in terms of road life and snow melting effect [21]. 

The ice-suppressing material developed in this paper has the characteristics of active 

deicing, zero negative impact on roads, bridges, and other ancillary facilities and vegeta-

tion, preventive maintenance for the pavement, and continuous deicing in winter. In as-

phalt pavement, the effective components of the anti-freezing agent are slowly released 

for a long time under the action of the slow-release agent to achieve the effect of long-term 

snow melting and ice suppression. It has great innovation and application prospects and 

provides a new method and way for road deicing. The flowchart of the paper is shown in 

Figure 1. 

 

Figure 1. Flowchart of the paper. 

  

Figure 1. Flowchart of the paper.

2. Component Design and Preparation of the Ice-Defending Materials
2.1. Component Design and Preparation

Through the pretest, we obtained the viscosity-reducing and ice-defending materials
which consist of three components, the mass ratio of Component A, Component B, and
Component C is mA:mB:mC = 97:2:3. The preparation technology of the viscosity-reducing
and ice-defending materials includes the preparation of film-forming component A, the
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preparation of adhesive component B, the preparation of modified ice suppression compo-
nent C and the preparation of finished viscosity-reducing and ice-defending materials.

(1) The preparation of film-forming component A

We added 4 parts of reinforcing agent A2, 3 parts of filler A3 and 4 parts of film-forming
aids A4 to 180 parts of diluent water A9, then stirred them at 300~500 rpm for 15~20 min,
after dispersion and mixing, added 100 parts of organic silicone rubber lotion A1, 1.7 parts
of catalyst A6, 4.2 parts of plasticizer A5, 3 parts of leveling agent A7 mixture, 0.3 part of
defoamer, stirred them at 300~500 rpm for 15~20 min, obtained film-forming component A
after mixing well.

(2) The preparation of adhesive component C

We mixed 29 parts of crosslinker B1 and 71 parts of coupling agent B2, stirred them at
300~500 rpm for 15~20 min, and obtained adhesive component B.

(3) The preparation of modified ice suppression component C

We added 275 parts of modified silane coupling agent C4 into 54 parts of composite
freezing point inhibitor C1, heated and stirred evenly, added 100 parts of porous adsorptive
carrier materials C2 after complete dissolution, added 2.5 parts of carbon black C3 to the
powder for color enhancement after 5~10 min, after the water was completely evaporated,
dried it and crushed it to obtain black ice suppression component C.

(4) The preparation of viscosity-reducing and ice-defending materials

We added 3.1 parts of modified ice suppression component C into 100 parts of film-
forming component A, then added 2.1 parts of adhesive component B, stirred them at
200~400 rpm for 10~15 min, and obtained the viscosity-reducing and ice-defending ma-
terials after mixing well. The schematic diagram of the finished product of the viscosity-
reducing and ice-defending materials is shown in Figure 2.
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2.2. Asphalt and Aggregate Materials

The basic properties of asphalt used in this paper are shown in Table 1.
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Table 1. Performance results of base binder.

Test Items JB 70# Quality Index Test Method

Penetration (25 ◦C, 5 s, 100 g)/0.1 mm 71.2 60–80 T0604
Softening point (R&B)/◦C 46.3 ≥46 T0606

60 ◦C Dynamic viscosity/Pa.s 184 ≥180 T0620
10 ◦C Ductility/cm 33 ≥20 T0605
Quality change/% 0.14 ≤0.6 T0609

Residual penetration ratio (25 ◦C)/% 68 ≥65 T0604
Residual ductility (10 ◦C)/cm 6.6 ≥6 T0605

The basic properties of aggregates used in this paper are shown in Table 2.

Table 2. Physical and mechanical basic performance index of aggregate.

Test Items Test Value Quality Index Test Method

Crushing value (%) 12.5 ≤26 T0316-2005
Los Angeles abrasion value (%) 10.8 ≤28 T0317-2005

Content of needle and flaky particles ≥9.5 6.5 ≤12 T0312-2005
≤9.5 12.8 ≤18 T0312-2005

Sand equivalent (particle size less than 2.36 mm) (%) 72.5 ≥60 T0334-2005
Angularity (%) 55.7 ≥30 T0345-2005

The Marshall test is a commonly used test method to determine the optimum asphalt
content of asphalt mixture. It can also reflect the high-temperature performance of asphalt
mixture and verify its rationality through other tests to guide the implementation of the
project. According to experience, seven asphalt and stone ratios are selected for mix
design, which are 5.4%, 5.8%, 6.2%, 6.6%, 7.0%, 7.4%, and 8.0%, respectively. The Marshall
test pieces of asphalt mixture are formed under the conditions of various asphalt/stone
ratios, and the volume parameters and mechanical properties of Marshall test pieces under
different asphalt contents are tested. The test results are listed in Table 3, and the optimum
asphalt/stone ratio is finally determined to be 7.1%.

Table 3. Design results of asphalt mixture proportion.

Asphalt-aggregate ratio/% 5.4 5.8 6.2 6.6 7.0 7.4 8.0 Specification
requirements

Asphalt content/% 5.12 5.48 5.84 6.19 6.54 6.89 7.41 /

Marshall stability/kN 6.72 6.92 7.92 7.64 7.18 6.70 6.56 >6.0

Flow value/0.1 mm 16.9 16.6 32.4 33.6 34.0 39.6 45.3 20–50

Gross volume relative density 2.448 2.457 2.471 2.473 2.475 2.466 2.463 /

VV/% 6.72 5.86 4.78 4.14 3.56 3.37 3.86 3~4

VMA/% 18.06 18.09 17.93 18.16 18.42 19.01 19.54 >17

VFA/% 62.81 67.63 73.34 77.17 80.68 82.26 80.22 75–85

The Marshall test piece is only used as a bearing sample to evaluate the deicing
capacity of the reagent. Therefore, it is decided not to reflect the performance index of
Marshall test piece in the text, but to reflect the index of the sample used in the reply, as
shown in Table 4.
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Table 4. Technical results of AC-13 asphalt mixture.

Technical Standard Unit Performance Results Test Method

Compaction times time two sides 75 JTG E20 T0702
Size of test piece mm Φ101.6 × 63.5 JTG E20 T0702
Marshall stability kN 6.0 JTG E20 T0709

Flow value 0.1 mm 32 JTG E20 T0709
Voidage VV % 3.4 JTG E20 T0705
VMA-voids % 18 JTG E20 T0705

VCAmix % ≤VCADRC JTG E20 T0705
VFA % 80 JTG E20 T0705

3. Experimental Design and Evaluation of the Viscosity-Reducing and
Ice-Defending Materials

In order to ensure that the viscosity-reducing and ice-defending materials can continu-
ously play the role of ice-deicing in winter, it is necessary to prepare a small amount of the
viscosity-reducing and ice-defending materials with components A, B, and C in a certain
proportion for performance testing before large-scale on-site construction, large-scale on-
site construction can only be carried out after the passing the test. The viscosity-reducing
and ice-defending material is a new type of active environmental protection ice-deicing
material, there is little research and evaluation on its performance at present, and no perfect
evaluation index and method have been formed, therefore, it is necessary to study the dura-
bility of the viscosity-reducing and ice-defending materials, aiming at the environmental
protection performance of the viscosity-reducing and ice-defending materials, it is neces-
sary to analyze and evaluate the environmental protection performance of the materials so
as to provide technical support for the promotion and application of the viscosity-reducing
and ice-defending materials.

3.1. The Durability of the Viscosity-Reducing and Ice-Defending Materials

The durability of the viscosity-reducing and ice-defending materials mainly refers
to the ability to achieve the function of lasting ice-deicing, the durability of the viscosity-
reducing and ice-defending materials is related to many factors, such as permeability, water
resistance, slow-release performance, etc. The durability of the viscosity-reducing and
ice-defending materials was analyzed and evaluated from the aspects of water resistance,
and slow-release performance, and the ice-deicing performance was verified by the low-
temperature accelerated loading test.

3.1.1. Water Resistance

According to the evaluation standard of water resistance of the viscosity-reducing and
ice-defending materials, used improved immersion test to test and evaluate the durability of
the hydrophobic viscosity-reducing and ice-defending materials, chose a group of Marshall
specimens with grading AC-13, brushed the viscosity-reducing and ice-defending materials
on the specimens, put them into constant temperature water for 24 h and 48h, respectively,
observed the change of the viscosity-reducing and ice-defending materials on the surface
of the specimens, the test results are shown in Figure 3.

As shown in Figure 3, it could be seen from the test results after 24 h and 48 h of
soak of the specimens of the viscosity-reducing and ice-defending materials that there is
no bubbling, shedding, and freezing after 24 h and 48 h of soaking in water, the viscosity-
reducing and ice-defending material was still in good condition which implied that the
viscosity-reducing and ice-defending materials had good water resistance.
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3.1.2. Slow-Release Performance

The viscosity-reducing and ice-defending material adsorbs the freezing point inhibitor
through the porous adsorption carrier in its component material, then releases it slowly to
achieve an ice-deicing effect, based on this principle, the stronger the adsorption capacity
of the porous adsorption material to the freezing point inhibitors, the more the material
adsorbs the freezing point inhibitors, and the stronger the release capacity is, the anti-
freezing effect will last longer, according to the characteristics of the viscosity-reducing and
ice-defending materials, use the adsorption capacity of porous adsorption carrier materials
and the precipitation capacity of freezing point inhibitors to evaluate.

(1) Absorption ability

The adsorption capacity of the porous adsorption carrier material can be quantitatively
expressed by the mass change before and after the porous adsorption carrier adsorbs the ice
point inhibitor, which is called the adsorption rate, the specific test steps are as follows: We
weighed the porous adsorption carrier material C2 with a mass of m0 (correct to 0.01 g) after
drying, then soaked them in a saturated solution of freezing point inhibitor C1 prepared in
advance and got them out after 24 h. We weighed the mass m1 after drying in a 110 ◦C low-
temperature drier, the adsorption rate of porous adsorption carrier material is calculated
according to Formula (1).

Sa =
m1 − m0

m0
(1)

where, m1 is the mass of the material after soaking; m0 is the mass of the material before
soaking; Sa is the adsorption rate of porous adsorption carrier material.

We selected the commonly used adsorption carrier materials with strong adsorp-
tion capacities, such as volcanic rock, zeolite, and the adsorption carrier materials of
the viscosity-reducing and ice-defending materials to carry out the adsorption rate test
according to Formula (1), the test results are shown in Table 5.

Table 5. Test Results of Adsorption Capacity of Adsorption Carrier Materials.

Material Categories Specimen Oven Dry
Weigh/m0 (g) Oven Dry Weight/m1 (g) Adsorption Rate/Sa (%)

Volcanic rock 67.35 74.23 10.21
Zeolite 111.20 124.30 11.78

The adsorption carrier
materials of the

viscosity-reducing and
ice-defending materials

100.00 124.70 24.70



Buildings 2023, 13, 689 8 of 16

As shown in Table 5, the porous adsorption carrier material of the viscosity-reducing
and ice-defending materials had a higher adsorption rate than the volcanic rock and zeolite,
which showed that the porous adsorption carrier material of the viscosity-reducing and
ice-defending materials has a good ability to adsorb the freezing point inhibitor, it could
ensure long-term anticoagulant properties of ice.

(2) Ice-deicing performance of freezing point inhibitor through precipitation

The method designed in this paper to evaluate the ice-deicing ability of the freezing
point inhibitor of the viscosity-reducing and ice-defending materials through precipitation
is as follows: we brushed the mixture of the viscosity-reducing and ice-defending materials
to Marshall specimens, after the viscosity-reducing and ice-defending materials were
dried, we put the specimens in quantitative water to soak for 3 h, and took soaked water
specimens for argentimetry [22]. Then, we put the water and the specimens together at
the temperature of −30 ◦C, and took out the specimens after 3 h, we also carried out
the “falling ball impact test”. If the ice layer was loose and fragile, it indicated that the
viscosity-reducing and ice-defending materials had an ice-deicing effect. We removed the
ice layer on the surface of the specimens and continued to place the viscosity-reducing and
ice-defending materials specimens in the new same amount of water. We took the soaked
water specimens for argentimetry, then put them in the water at a temperature of −30 ◦C
again, and so on. The blank specimen was taken as the control group specimen each time.
After at least 7 cycle tests (equivalent to the snowfall of 7 snowstorms in a winter) [23], if the
viscosity-reducing and ice-defending material still has the effect of ice-deicing, it indicated
that the viscosity-reducing and ice-defending material has a lasting ice-deicing ability.

The specimen of the viscosity-reducing and ice-defending materials after 7 cycles
of tests and the “falling ball impact test” is shown in Figure 4. The viscosity-reducing
and ice-defending materials specimen still had ice-deicing performance after 7 cycles of
tests, through the test, it could also be determined that the concentration of freezing point
inhibitor in water was reduced from 34 mg/mL to 16 mg/mL after 7 cycles of tests. The test
results are shown in Figure 5. The viscosity-reducing and ice-defending materials still had
an ice-deicing effect at this time, indicating that the viscosity-reducing and ice-defending
materials had a good ice-deicing performance.
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3.1.3. Low Temperature Accelerated Loading Test

After the debonding and ice suppression material is sprayed on the road surface, it
must be subjected to the rolling and abrasion effect of the vehicle for a long time in order to
verify the wear condition of the debonding and ice suppression material after being rolled
by the vehicle and the effect of the debonding and ice suppression material after being
rolled and worn by the vehicle. In this paper, the debonding and ice suppression material
was sprayed on the rutting plate specimens and tested in the high and low-temperature
material and structural performance test room (as shown in Figure 6). The high- and
low-temperature material and structural performance test room are specially designed to
verify the pavement material and structural performance designed closed laboratory. The
temperature in the test room can be controlled by the program, and the temperature can be
controlled at −60 ◦C–+60 ◦C. The pavement material and structure tests are carried out
on the steel channel test platform (as shown in Figure 7). The width of the steel channel
test platform is 1.2 m. The length is 3m, asphalt rutting boards can be used for splicing to
simulate asphalt pavement, and a trolley (pressure is 0.7 MPa, speed is 30 m/min) is used
to simulate vehicle load. The steel channel test platform can control the thickness of the ice
layer by controlling the amount of water added. Asphalt pavement simulation specimens
were composed of 40 rutting plate specimens. One part of the rutting plate specimens was
sprayed with debonding and ice-suppressing material and cured, and the other part was
the blank control group specimen.
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(1) Experimental simulation of the deicing performance of debonding and ice suppres-
sion materials

In order to simulate the deicing performance of the debonding and ice-suppressing ma-
terial specimens, the asphalt pavement simulation specimens were composed of 40 rutting
plate specimens on the steel channel test platform. The specimen was under a temperature
of −30 ◦C and the thickness of the ice layer was controlled by different water addition
amounts to 4 mm and 10 mm to simulate the actual situation of icing on the southern
asphalt pavement and the icing on the northern asphalt pavement. We started the trolley to
roll the ice surface of the specimen.

The test results show that when the thickness of the ice layer is 4 mm, the number of
times of rolling is 327, and the surface of the specimen in the spraying group is exposed to
black ruts. The ice layer at the wheel track was crushed; while the ice layer on the surface
of the blank group specimen with an ice layer thickness of 10 mm hardly changed, and the
ice layer adhered firmly to the rut specimen and was difficult to be crushed. The surfaces
of the debonding and ice suppression materials specimen and the blank specimen were
hit with a hammer, and the hitting results are shown in Figure 8. The debonding and ice
suppression material specimens are easier to break, and there is no dark ice on the bottom.
The force is much smaller than the adhesion between the ice layer and the blank specimen.
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(2) Experimental simulation of the effect of vehicle rolling wear on debonding ice sup-
pression materials

After the debonding and ice suppression materials are sprayed on the asphalt pave-
ment, the effect of the debonding and ice suppression materials is affected by the repeated
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rolling and abrasion of vehicles. To verify the impact of the rolling and abrasion of vehicles
on the performance of the debonding and ice suppression materials, the asphalt pavement
simulation test specimen on the steel tank test platform is composed of 40 rut plate speci-
mens, which are divided into blank specimens and debonding and ice suppression material
specimens. We started the trolley to roll 11,131 times under a temperature of 20 ◦C, and
observed the rolling wear of the debonding ice suppression material specimen, as shown in
Figure 9. It can be seen from Figure 9 that there is a small amount of wear on the debonding
ice suppression material at the wheel track of the rut plate test piece, but the debonding
ice suppression material has not decreased within the structural depth of the rut plate test
piece. Some literature studies show that the structural depth of the asphalt pavement is
4–6 times the surface area, the trolley rolling wear is only the debonding ice suppression
material on the surface of the test piece, and most of the debonding ice suppression material
penetrates into the structural depth of the test piece. Therefore, the rolling wear of the
trolley will not have a significant impact on the deicing function of the debonding ice
suppression material specimen.
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Figure 9. Test piece of debonding ice suppression material after trolley rolling and abrasion.

To further verify this conclusion, this paper conducts a simulation test on the deicing
effect of the test piece after the trolley is rolled and worn. At −30 ◦C, an ice layer with a
thickness of 4mm is formed on the surface of the test piece by sprinkling water, and then
the trolley started to roll. After 400 times of round trip rolling, the wheel track belt on
the surface of the test piece sprayed with debonding ice suppression material breaks, and
the wheel track belt exposes the surface of the test piece, while the wheel track belt of the
blank group test piece has almost no change. As shown in Figure 10, the rolling wear of the
trolley has little influence on the deicing effect of the debonding ice suppression material.
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3.2. Analysis and Evaluation of Environmental Protection Performance of Debonding and Ice
Suppression Materials

At present, the method of spreading snow melt agent has become the most commonly
used method for snow and ice removal because it has the characteristics of removing snow
and ice thoroughly. The snow melt agent has a serious negative impact on the environment
such as plants, auxiliary facilities of roads and bridges, surface runoff, soil, and traffic.

In order to detect the environmental protection performance of the debonding and
ice suppression materials, relevant tests were carried out and the relevant procedures and
test methods, and the environmental protection performance of the debonding and ice
suppression materials themselves were evaluated and the damage to plants caused by the
leachate of the debonding and ice suppression materials was used. The corrosion effect of
carbon steel by effect and debonding ice suppression material was evaluated.

3.2.1. Environmental Performance Testing of Debonding and Ice Suppression Materials

The environmental protection performance of the debonding and ice-suppression
materials was tested by the relevant test standards and methods of GB5749-2006 and
GB/T5750-2006. The test results are shown in Table 6.

Table 6. Test results of environmental protection performance testing of debonding and ice suppres-
sion materials.

Serial
Number Test Items Units Test Results GB 5749-2006

Index Limit
GB 3838-2002

Standard Value Conclusion

1 Lead mg/L <0.002 0.01 ≤0.05 The debonding and ice
suppression material meets

the requirements of
GB-5749-2006 and has good
environmental performance.

2 CrVl mg/L <0.01 0.05 ≤0.05
3 Cadmium mg/L <0.0002 0.005 ≤0.005
4 Mercury mg/L 0.0002 0.001 ≤0.001
5 Arsenic mg/L <0.0004 0.01 ≤0.1
6 Selenium mg/L <0.0004 0.01 ≤0.02

Note: The test samples of debonding and ice suppression materials were collected at the construction site of the
debonding and ice suppression materials of the Dishuizhu Bridge on Ninghuai Expressway, and the testing units
with relevant qualifications were entrusted to conduct the testing.

It can be obtained from Table 6 that the debonding and ice suppression material
conforms to GB5749-2006 requirements, with good environmental performance.

3.2.2. Analysis and Evaluation of the Effect of Debonding and Ice-Suppressing Materials
on Plants

(1) Experiment method
1© Make a pre-painted test piece of debonding and ice suppression material,

test the structural depth of the test piece, and spray the debonding and ice
suppression material on the test piece according to the recommended optimal
amount of debonding and ice suppression material for different structural
depths of the test piece. The test specimen is an AC-13C rutting plate specimen
with a construction depth of 0.7 mm and a sprinkling amount of debonding
and ice suppression material of 0.55 kg/m2. Place the specimen in an outdoor
ventilated place to dry.

2© After soaking the test piece in quantitative water for 1 day, collect enough
leaching solution of the debonding and ice suppression material test piece
for use.

3© Choose the commonly used snow-melting agent in China (the main component
is calcium chloride) and add water to dissolve and dilute to make the leachate
with a concentration of 5% for use.

4© Cultivate enough healthy green plants as a backup for this experiment.
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5© Irrigate the green plants with 5% snow-melting agent leaching solution and
debonding ice-suppressing material leaching solution every day, and observe
the growth of the plants every day, and carry out a comparative analysis.

(2) Test evaluation method Observe the growth of plants before and after watering the
leachate. If the growth of plants before and after watering the leachate has no effect, it
means that the debonding and ice-suppressing material leachate does not harm the
growth of plants. The greater the damage to the growth of the plant by the leachate.

(3) Test Results and Analysis Observe the plants irrigated with the leaching solution of
the debonding and ice-suppressing material and the leaching solution of the snow-
melting agent for 1–30 days.

It can be seen from Table 7 that the growth of plants after the leaching solution irrigated
for 1–30 days that the growth of plants irrigated with the leaching solution of the debonding
and ice suppression materials has been growing vigorously, indicating that the debonding
and ice suppression materials have no impact on the growth of plants. However, the plants
irrigated with the extract of snow melting agent gradually showed signs of withering with
the increase in time, and completely withered after 10 days, indicating that the commonly
used snow melting agent in China had a greater side effect on the growth of plants.

Table 7. Plant growth before and after irrigating leachate.

Watering Days (days) Watering Snow Melting Agent Leachate
Plant Growth

Irrigation of Debonding and Ice-Suppressing
Material Leachate Plant Growth

0 Vigorous growth Vigorous growth
1 Basically vigorous Vigorous growth
2 Withering Vigorous growth
3 Withering phenomenon is obvious Vigorous growth
10 Withered Vigorous growth
20 Withered Vigorous growth
30 Withered Vigorous growth

3.2.3. Analysis and Evaluation of the Influence of Debonding and Ice Suppression
Materials on Metal Corrosion

Referring to the test method of the American Society for Testing and Materials standard
“ASTMG44-99”, and simulating the actual process of deicing the snow melting agent in
liquid and solid state, the test method is as follows:

(1) Metal specimen samples are prepared. The rebar sample is made into a cuboid with a
size of 50 mm × 10 mm × 3 mm, and a round hole (3 mm in diameter) is drilled at
one end. After sanding the sample until there are no marks of cutting, it is cleaned
and dried with cold air. The sample is weighed and dimensioned.

(2) Test setup. A test piece is put into the leaching solution of the debonding and ice
suppression material for corrosion, and the corrosion performance of the debonding
and ice suppression material on the metal test piece is verified. The test is used as a
comparative test for the leaching solution of the debonding and ice suppression material.

(3) Corrosion tests are conducted. Equal volumes of solution are added to 1000 mL
beakers, and three pre-weighed metal specimens are added to each beaker. The
corrosion test takes 24 h as a cycle, from 9:00 to 17:00 in the morning, according to
the immersion test. The solution is placed in the air for 10 min, and the cycle test is
carried out by placing it in the air for 50 min, and then the test pieces are put into
the solution for 4 h to 21:00, and then the test pieces are taken out and placed in the
air until 9:00 the next day. The test is repeated for 30 days in a cyclic manner; after
the test, the work that needs to be performed is to use distilled water to wash off the
corrosive medium solution, use pure alcohol to remove the moisture of the test piece,
and dry it for later use.
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(4) The average corrosion rate is calculated. The first step is to use the cleaning solution
prepared by hydrochloric acid, antimony trioxide, and stannous chloride to clean
the corrosives on the surface of the test piece, the second step is to wash with clean
water, the third step is to soak in saturated sodium bicarbonate solution for about
2–3 min for neutralization, and the fourth step is to wash with clean water and absorb
with filter paper, and then put it into anhydrous alcohol or acetone for 3–5 min for
dehydration. Weigh after drying with hot air and calculate the average corrosion rate
of the test piece according to Formula (2).

νcorr =
365000 × ∆g

γtS
(2)

where: Vcorr—Average loss rate, mm/a, ∆g—Loss mass of test piece, γ—Specific
gravity of test piece, taking 7.85 g/cm3, t—Test time, taking 30 days, S—The surface
area of the test piece, mm2

(5) Evaluation criteria The smaller the average corrosion rate is, the less corrosive the
solution is to the metal specimen; on the contrary, the corrosivity is greater.

(6) Test results and analysis The metal corrosion test of the test piece is conducted accord-
ing to step 3, and the test results are shown in Table 8 and Figure 11.

Table 8. Corrosion Rate Test Results of Metal Specimens.

Test Specimen Length
(mm)

Width
(mm)

Height
(m)

Aperture
(m)

Weight before
Corrosion (g)

Weight after
Corrosion (g)

Weightless
Mass (g)

Corrosion
Rate (mm/a)

Average
Corrosion

Rate (mm/a)

Snow melting agent test
piece 1 50.10 10.01 3.11 2.95 11.525 11.043 0.482 0.537

0.535Snow melting agent test
piece 2 50.05 10.00 3.02 2.86 11.377 10.906 0.471 0.530

Snow melting agent test
piece 3 50.03 10.03 3.13 2.99 11.577 11.093 0.484 0.538

Deionized water test
piece 1 50.11 10.02 3.05 2.94 11.536 11.383 0.153 0.171

0.176Deionized water test
piece 2 50.09 10.11 3.04 2.88 11.478 11.316 0.162 0.180

Deionized water test
piece 3 50.14 10.18 3.02 2.92 11.884 11.723 0.161 0.178

Test piece of debonding ice
suppression material 1 50.13 10.05 3.12 2.92 11.934 11.760 0.174 0.193

0.189Test piece of debonding ice
suppression material 2 50.16 10.04 3.08 2.87 11.891 11.725 0.166 0.185

Test piece of debonding ice
suppression material 3 50.18 10.11 3.04 2.94 11.776 11.605 0.171 0.190
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Figure 11. Corrosion Rate Test Results of Metal Specimens.



Buildings 2023, 13, 689 15 of 16

From Table 8 and Figure 11, it can be seen that the average corrosion rate of the
debonding ice suppression material specimen is far lower than that of the snowmelt agent
specimen, which is equivalent to the average corrosion rate of the ionic water specimen.
The test results show that the corrosion rate of the leach solution of the debonding ice
suppression material to the metal specimen is small, and the debonding ice suppression
material has good environmental protection performance.

4. Conclusions

In this paper, the performance of the debonding ice suppression material is studied
and analyzed from the aspects of durability, environmental protection, etc. The main
conclusions are as follows:

(1) Based on the evaluation index and method of deicing performance of the debonding
and ice suppression materials, the proportion of the three components of the debond-
ing and ice suppression materials, namely, the film-forming component, the adhesive
component and the modified ice suppression component, and the indoor preparation
process were determined through experiments.

(2) The debonding ice suppression material test piece has good water resistance. After
the debonding ice suppression material test piece is continuously immersed in water
for 24h and 48 h, the coating on the surface of the test piece is free from any blistering,
peeling and icing, and the coating film is still intact.

(3) The debonding and ice suppression material has good slow-release performance,
and the debonding, and ice suppression material specimen still has good deicing
performance after seven cycles of tests.

(4) Through the simulation of the vehicle rolling wear test, it can be concluded that the
debonding ice suppression material still has a deicing effect, which proves that the
debonding ice suppression material has good durability.

(5) From the analysis and evaluation of the environmental protection performance of the
debonding and ice suppression materials, it can be concluded that the debonding and
ice suppression materials have no impact on the growth of plants and the average
corrosion rate of the debonding and ice suppression materials is far lower than the
average corrosion rate of the snowmelt agents, indicating that the debonding and ice
suppression materials have good environmental protection performance.
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