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Abstract

To address the challenges of winter pavement icing and the disposal of organic waste,
this study developed a sustained-release deicing filler utilizing biochar derived from
spent coffee grounds (SCGs). The material was synthesized through high-temperature
carbonization, followed by physical adsorption of chloride salts and surface hydrophobic
modification to control release rates. The study made asphalt mixtures and replaced normal
mineral filler with the SCG material by volume at ratios of 0%, 50%, 75%, and 100% to test
road and deicing performance. Wheel-tracking tests showed that the additive improved
high-temperature stability and dynamic stability went up by 27.04% at the 75% replacement
level. Salt dissolving created voids and slightly lowered water stability at high dosages,
but all performance numbers still met the current engineering rules. Rutting slab tests
at —5 °C showed the 100% replacement mix cut snow coverage to 11.43% in 60 min and
proved it works for deicing. Pull-out tests measure the bond strength between ice and
pavement at —5 °C, —7 °C, and —9 °C. The SCG deicing material weakens ice sticking
and the bond strength for the 100% group at —5 °C was 0.35 kN, which is about 57.8%
lower than the control asphalt. The bond strength of the deicing mix at —9 °C was still
lower than the normal mix at —5 °C. This big drop in stickiness means the pavement
stops ice from packing hard and makes mechanical removal easier. This study shows that
the prepared deicing materials exhibit excellent sustained-release performance and snow-
melting efficiency while ensuring satisfactory road performance. SCG deicing materials
can effectively reduce snow accumulation on road surfaces in winter, lower the difficulty of
ice-layer removal, and realize the sustainable utilization of SCGs.

Keywords: road engineering; deicing asphalt pavement; deicing material; spent coffee
grounds; biochar

1. Introduction

In winter low-temperature environments, the deterioration of skid resistance caused
by road icing is the primary cause of severe traffic accidents [1-3]. Currently, common road-
deicing and snow-removal methods mainly include mechanical cleaning, spreading snow-
melting agents, and electric or geothermal heating. Although mechanical cleaning and
spreading snow-melting agents are common, they exhibit obvious time lags and limitations.
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The operation process easily damages the pavement structure and has low efficiency,
while the excessive use of traditional chloride salts will accelerate the corrosion of steel
reinforcements in bridges and the scaling of concrete pavements, significantly shortening
the service life of transportation infrastructure. Furthermore, high concentrations of salt
runoff from conventional deicing methods lead to increased soil salinity and osmotic stress
in right-of-way vegetation, causing salt burn and long-term ecological shifts. The resulting
salt infiltration into groundwater and nearby water bodies also poses a persistent threat to
local aquatic ecosystems and water quality [4-6]. While electric and geothermal deicing
methods are effective, the construction and operation costs are high, and they are mostly
limited to airport runways and key transportation hubs [7-9]. In contrast, deicing asphalt
pavement gradually becomes a research hotspot for solving road icing problems due to
advantages such as no need for additional energy input and good compatibility with
traditional pavement construction technologies [10,11].

The salt carrier is the core of deicing asphalt pavement. Currently, commonly used car-
riers are mostly natural minerals such as zeolite, volcanic rock, and diatomite, or synthetic
porous materials [12,13]. Although these materials possess certain adsorption capabilities,
they suffer from issues such as simple pore structures, limited loading capacity, and un-
controllable sustained-release performance. More importantly, the mining and processing
costs of natural mineral resources are high, and they do not possess sustainable ecological
recycling properties. Therefore, searching for a new carrier with extensive sources, low
cost, and excellent pore structure to achieve efficient salt loading and long-term sustained
release is the key to further improving the performance of deicing asphalt pavement and
reducing engineering costs and environmental impacts.

Biochar attracts attention in the field of road engineering due to its unique pore struc-
ture and surface chemical properties. Studies by Zhao, Kumar, and Qin et al. indicate
that biochar improves the rutting resistance of asphalt mixtures [14-16]. Ma investigates
the interaction mechanism between biochar and asphalt mixtures using scanning electron
microscopy and Fourier transform infrared spectroscopy, and finds that the fibrous and
porous structure of biochar facilitates the formation of a skeleton in asphalt, thereby improv-
ing asphalt performance [17]. Among numerous biomass precursors, spent coffee grounds
(SCGs) contain abundant organic matter such as cellulose, hemicellulose, and lignin, and
possess a natural high carbon content, which makes them high-quality precursors for
preparing high-performance porous carbon materials [18,19]. As a byproduct of a beverage
with huge global consumption, SCGs are primarily sourced from the global coffee beverage
industry, including coffee shops, instant coffee factories, and households, the annual output
of SCGs exceeds 9 million tons [20,21]. Direct landfilling or discarding not only wastes
resources but also causes secondary pollution, as substances such as polycyclic aromatic
hydrocarbons contained within can potentially infiltrate groundwater and soil [22,23].
Arulrajah et al. investigated the use of SCGs mixed with fly ash, slag, and Portland cement
as structural fill materials for road bases or embankments [24-26], and Skubiszewska et al.
converted SCGs into porous carbon materials with hierarchical pore structures through
catalytic carbonization and activation treatments, finding that their surfaces possess fewer
polar functional groups and better compatibility with asphalt mastic [27]. However, few
studies apply biochar prepared from SCGs as a snow-melting salt carrier in deicing as-
phalt pavements. SCG offers unique advantages as a material for road engineering. It
possesses a naturally high carbon content and a complex lignocellulosic structure, making
it an ideal precursor for high-performance biochar. The abundant pores formed in SCG
biochar after activation hold promise in solving the problem of low loading capacity of
traditional mineral carriers, and its lower surface polarity results in superior compatibility
with asphalt mastic compared to hydrophilic minerals. Utilizing SCGs as a deicing salt
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carrier not only provides a more environmentally friendly alternative to mineral carriers,
but it also achieves a circular economy through waste utilization. This method effectively
sequesters carbon within the pavement structure, reducing carbon emissions from waste
and thus enhancing the ecological value of sustainable transportation infrastructure.

This study proposes using SCGs as a precursor to prepare porous carbon carriers and
develops a novel deicing material through the adsorption of snow-melting salts. It uses the
equal-volume replacement method to replace mineral filler in asphalt mixtures with the
deicing material, and it investigates the preparation process, road performance, and snow-
melting performance of the deicing material. This study not only provides a long-term and
economic active deicing solution for road engineering and enhances road traffic safety, but
it also realizes the resource regeneration and utilization of solid waste, which possesses
significant engineering application value and ecological environmental significance.

2. Raw Materials and Test Methods
2.1. Raw Materials

The asphalt selected for this study is 70# Grade A road petroleum asphalt produced by
China Petroleum Chemical Corporation. Table 1 presents the properties of the 70# asphalt.
The AC-13 asphalt mixture is adopted for the tests, and its gradation composition is shown
in Table 2. The optimum asphalt content is determined to be 4.6% through the standard
Marshall mix design method, and the mass ratio of mineral filler in the asphalt mixture
is 4.8%.

Table 1. Basic parameters of 70# matrix asphalt.

Penetration Softening Ductilit Open Flash Residual Penetration Residual
Point y Point Ratio Ductility
7.3 mm 47 °C 58 cm >300 °C 67.5% 8 cm

Table 2. Design gradation sieve passage rate.

Sieve Size/mm

16

13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Total passing/%

100

95 77 53 37 27 19 14 9 5

2.2. Test Methods
2.2.1. Preparation of Deicing Material

In this study, the carrier of the deicing material was prepared with reference to the
research method reported by Liu et al. [28], and the specific operation protocol is as follows:
The spent coffee grounds (SCGs) were dried at 80 °C for 6-12 h to remove moisture and
then impregnated with a 20 wt% FeCl; solution at a mass ratio of 1:1. The sample was
placed in a tube furnace, heated to 700 °C at a rate of 10 °C/min under argon protection,
and held at this temperature for 2 h. The resulting carbonized material was soaked in a
15 wt% hydrochloric acid solution for 24 h, washed with water until neutral, filtered, and
dried to obtain the carbonized SCG.

Amounts of 10, 30, 50, 70, and 90 g of carbonized SCGs were separately added to a
supersaturated sodium chloride solution. The mixture was stirred at 1000 rpm for 10 h.
After completion, the resulting mixed solution was filtered and placed in an oven at 80 °C
to dry for 12 h. Subsequently, the sodium chloride-adsorbed carbonized SCG was added to
a silane coupling agent (KH-570) for surface hydrophobic modification. The SCG material
and the silane coupling agent were mixed in a 100:1 mass ratio in an anhydrous ethanol
solution and stirred at 500 rpm for 2 h at 60 °C, and it was then ground to 200 mesh to
obtain five types of SCG deicing materials with different ratios.
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2.2.2. Performance Testing Methods of Deicing Material

The key substance of the deicing material is chloride salt. As a strong electrolyte, it
rapidly produces chloride ions after dissolving in water, making the solution conductive.
The physical significance of conductivity is the electron transport capability in a solution
or other dielectrics [29]. Therefore, conductivity reflects the content of dissolved salt in
the solution. To evaluate the adsorption and sustained-release performance of carbonized
SCG for sodium chloride, this study uses a DDS-12DW laboratory conductivity meter
produced by Shanghai Bante Instrument Co., Ltd. (Shanghai, China) to measure the
solution conductivity. During the measurement, 1 g of each prepared SCG deicing material
is taken and added to 150 mL of distilled water. The mixture is continuously stirred at
200 rpm at 25 °C for 100 min, and the conductivity meter is used to measure the change in
solution conductivity, as shown in Figure 1.

' ’ Deice material

momEf /

300
100

B
o«
]

Conductivity test setup Magnetic Stirrer
Figure 1. Conductivity testing method.

2.2.3. Road Performance Testing of Deicing Asphalt Mixtures

The study used SCG deicing material to replace mineral filler by volume at ratios
of 0%, 50%, 75%, and 100% to make asphalt mixtures. We made the samples using the
generally followed Method T0703-2011 in the Standard Test Methods of Bitumen and
Bituminous Mixtures for Highway Engineering (JTG E20—2011) [30]. Specific optimiza-
tions were implemented to address potential practical hurdles associated with the high
porosity and large specific surface area of SCG biochar. At higher replacement ratios,
the excessive absorption of asphalt binder by the porous biochar can lead to a balling
effect or agglomeration, which reduces the homogeneity of the mixture. To mitigate these
issues, the mixing sequence was modified: The SCG deicing filler was first dry-mixed
with the heated aggregates to ensure uniform dispersion before adding the asphalt binder.
Furthermore, the total mixing time was extended by 3040 s to ensure a complete and
uniform coating of the binder. To compensate for the oil absorption effect within SCG
biochar and ensure sufficient bonding between asphalt and aggregates, this study increased
the asphalt content in the asphalt mixture at a 100% replacement ratio by 0.1% by testing
the volumetric properties of the samples. Following preparation, the study conducts tests
to check performance and these included immersion Marshall and freeze—thaw splitting
for water stability along with low-temperature bending for cracking resistance and wheel
tracking for high-temperature stability.

2.2.4. Deicing Performance Testing of Deicing Asphalt Mixtures

Snow-Melting Test: To evaluate deicing performance relative to the SCG replacement
ratio, tests were conducted at —5 °C, with the temperature selected based on representative
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Asphalt mixture

Ice layer
Lateral support

Vertical support

winter icing conditions in Hubei Province, China [31]. Standard rutting slabs with varying
SCG content were conditioned at —5 °C for 12 h to achieve thermal equilibrium. A 5 cm
snow layer was applied to the slab surface, this thickness was optimized through prelimi-
nary trials to ensure reliable visual quantification of the melting process. While maintaining
a stable ambient temperature, the melting progress was monitored by recording the area of
melted snow over time.

Pull-out Test: Since no suitable fixture currently exists to measure the bond strength
between Marshall specimens and an intact ice layer, this study utilizes a custom-designed
mold, as shown in Figure 2. Standard Marshall specimens containing varying dosages of
SCG deicing material was placed on this mold and filled with water. Subsequently, the
assemblies are frozen in environments at —5 °C, —7 °C, and —9 °C for 6 h. Finally, the
specimens are secured to a WDW-20E micro-electronic universal testing machine produced
by Jinan Nere Testing Machine Co., Ltd. (Shandong, China) using pins to conduct the
pull-out test. The loading rate for the pull-out test was set at 1 mm/min. To minimize the
influence of ambient temperature on the bond strength, the time elapsed from removing the
specimen from the freezing environment to the initiation of the pull-out test was controlled
within 30 s.

Pulling

Pin hole

-

O

(a) (b)

Figure 2. Self-designed mold of the pull-out test. (a) Mold schematic; (b) physical mold diagram.

As shown in Figure 2, the Marshall specimen is placed on a self-designed mold via
vertical support positioned slightly below the surrounding walls. This ensures that when
the mold is filled with water, the Marshall specimen just touches the water surface, and the
ice layer thickness is 10 mm for each test. Lateral supports are used to secure the ice layer.
Pin holes allow for fixation to the testing machine via pin.

3. Results and Discussion
3.1. Performance Testing of Deicing Material

The variation curves of electrical conductivity over time for deicing materials with
different SCG biochar ratios in 25 °C distilled water are shown in Figure 3. The change in
conductivity directly reflects the release rate and total amount of sodium chloride released
from the material into the aqueous solution.
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Figure 3. Electrical conductivity of deicing materials with different proportions.

As can be seen from Figure 3, the conductivity trends of the five groups of samples are
basically consistent, all exhibiting a distinct “two-stage” release characteristic. In the initial
stage of testing, the sodium chloride attached to the outer surface and large pores of the
SCG biochar have a large contact area with water. It rapidly dissolves and ionizes into Na*
and Cl~ upon contact, causing a sharp increase in the ion concentration of the solution.
This forms the rapid salt release stage of the deicing material. As time passes, the growth
rate of conductivity gradually slows down and tends to stabilize. This phenomenon is
attributed to two factors: First, the hydrophobic film formed by the surface modifier on
the material surface partially blocks the rapid penetration of water molecules, acting as a
sustained release barrier. Second, the salt deeply buried inside the microporous structure of
the SCG biochar diffuses outward at a slower speed due to the influence of pore resistance
and concentration gradient. This achieves the long-term sustained release of salt, forming
the stable sustained-release stage of the deicing material.

Five curves demonstrate that the mixing ratio of SCG biochar with saturated salt
solution significantly alters the final salt concentration and release capacity. Consequently,
increasing the biochar dosage leads to a sustained decrease in conductivity. The lowest
reading of 3.51 mS/cm was recorded when using 90 g of SCG biochar. The core mechanism
of the deicing asphalt pavement is lowering the freezing point of the pavement surface
through salt release. Continually reducing the amount of SCG biochar added to the satu-
rated sodium chloride solution allows a unit mass of SCG biochar to absorb more chloride
salt. When the added amount of SCG biochar is reduced to 30 g, the solution conductivity
reaches 8.5 mS/cm. If the SCG biochar content is further reduced, the conductivity of
the prepared deicing material increases only partially, indicating that the salt adsorption
capacity of the SCG biochar has reached its upper limit. The higher initial conductivity
in these cases also suggests that the excess salt is merely simply attached to the carrier
surface, resulting in poor sustained-release effects. Therefore, comprehensively considering
the effectiveness and durability of salt release, this study determines the added 30 g as
the optimal preparation proportion for the SCG deicing material. Consequently, the SCG
deicing material prepared with this proportion is selected for the subsequent tests on the
road performance and deicing performance of asphalt mixtures.
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3.2. Road Performance

During operational service, asphalt pavements endure traffic stresses and rainwater
scour, which keeps the salt-storing components in a persistently moist environment. The
resistance of the pavement to water damage is typically characterized by its immersion
residual stability and freeze-thaw splitting tensile strength. To investigate how the dosage
of deicing material influences water stability, Marshall specimens were fabricated using the
optimal SCG deicing material. The mineral powder was substituted by volume at ratios
of 50%, 75%, and 100%. As the 25% substitution ratio yields inadequate salt release and
cannot deliver effective deicing, tests for this ratio were not conducted. Simultaneously, a
control set with 0% substitution was subjected to both immersion Marshall and freeze-thaw
splitting tests. The results are shown in Figure 4.

100F  o4s 07 [Es0% 757 [100% 100 o7 [Es0% [175% [ 100%
S 87.9 84.7 -~ ' 84.7
z [ 892 ) : 8 77.3
= 80 = 80 i
2 S
] <
» -4
= 60 gb 60
i =
St %]
= =
= 40 @ 40
= =2
£ [
] 7]
< 20 = 20
[~
0 1 0 1
50 75 100 50 75 100
Deicing material content (%) Deicing material content (%)
(a) (b)

Figure 4. Water stability test results. (a) Inmersion Marshall test results; (b) freeze—thaw splitting
test results.

According to the results, the incorporation of deicing materials exerts a negative
influence on the water damage resistance of the asphalt mixture. Compared with the
control group, the residual stability values after water immersion of the specimens with
substitution rates of 50%, 75%, and 100% are reduced by 6.6%, 9.8%, and 14.3%, respectively.
The freeze-thaw splitting tensile strength also exhibits a declining trend, with decreases
of 5.4% and 8.7% observed in the low-dosage groups. Notably, the tensile strength ratio
(TSR) of the full-substitution group is only 77.3%. Such degradation is mainly governed
by the porosity, which is identified as the dominant factor controlling the variation in TSR.
According to research by Li et al. [32] and Xu et al. [33], when the mixture is immersed
in water, the salts in the deicing material dissolve, creating additional microscopic voids
within the asphalt mixture. This process increases the interconnected porosity, facilitates
water penetration, and consequently weakens the adhesion between the asphalt binder
and the aggregates, leading to a decrease in TSR and residual stability.

The main function of the deicing material is to achieve active deicing and snow-
melting effects on the asphalt pavement surface in low-temperature environments [34].
It is very necessary to study the impact of deicing materials on the low-temperature
performance of asphalt pavements. Low-temperature flexural failure strain is an important
indicator reflecting the low-temperature deformation resistance of asphalt pavement. The
low-temperature bending test results of asphalt mixtures incorporated with different
proportions of deicing material are shown in Figure 5.
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Figure 5. Low-temperature bending test results of asphalt mixtures.

Figure 5 shows that at a 50% replacement level, the deicing asphalt mixture exhibits
better low-temperature flexural strain than the control group containing standard mineral
powder. The observed enhancement is mainly attributed to the interfacial strengthening
effect induced by the silane coupling agent employed to modify SCG biochar. During the
modification process, the silane coupling agent undergoes hydrolysis and condensation,
generating stable Si-O-Si covalent linkages on the biochar surface. Meanwhile, its organic
functional groups interact chemically with the asphalt binder, forming a molecular bridge
between the inorganic biochar and the organic asphalt matrix. This improved interfacial
bonding promotes more effective stress transmission within the asphalt mastic and effec-
tively suppresses the initiation and growth of microcracks under low-temperature flexural
loading [35].

However, at higher concentrations, because SCG biochar is highly porous, its specific
surface area vastly exceeds that of conventional fillers. This leads to a dramatic expansion of
the total filler surface area, causing the biochar to absorb more of the asphalt light fractions.
As a result, the volume of effective asphalt available to bind the aggregates is diminished.
This makes the asphalt mixture hard and brittle, making it more prone to brittle fractures
at low temperatures, thereby causing a decrease in the failure strain value. Meanwhile, the
deicing material is loaded with a large amount of sodium chloride crystals. An excessively
high dosage increases the rigid brittleness of the asphalt mixture, making it easy to form
stress concentrations and induce microcrack propagation under stress at low temperatures.

The wheel tracking test results of asphalt mixtures incorporated with different propor-
tions of deicing material are shown in Figure 6.

Figure 6 illustrates that incorporating deicing material enhances the dynamic sta-
bility (DS) relative to the control group. As the dosage rises, the DS exhibits a trend of
initial growth followed by a reduction. Specifically, at a 75% replacement level, the DS
peaks at 1724 times/mm, outperforming the ordinary mixture by 27.04%. This enhance-
ment is primarily attributed to the salt compounds within the additive, which elevate
the softening point and stiffness of the asphalt mastic, consequently boosting the mixture
rutting resistance.

Compared to commercial deicing particles like MFL and LX II, which often lead
to a significant decline in Marshall stability and rutting resistance at high replacement
ratios, there are also cases where the road performance does not meet the standards [36].
Although the Marshall stability of SCG still shows a decreasing trend, it still meets the road
performance requirements at high dosage levels, and its rutting resistance is improved.
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Figure 6. Wheel tracking test results of asphalt mixtures.

3.3. Snow-Melting Performance

The ice-melting rate of the deicing asphalt pavement is the most intuitive indicator
reflecting the snow-melting performance of the deicing material. In this study, rutting slab
specimens with different dosages are placed in a —5 °C environment for 12 h to ensure
a uniform internal temperature. Subsequently, the surfaces of the specimens are covered
with a 5 em thick layer of snow. Photographs of the snow on the rutting slab surfaces are
taken at regular intervals, as shown in Figure 7.

(b) (c)

Figure 7. Snow coverage on the surface of rutting slabs at different times. (a) 0 min, (b) 30 min,
(c) 60 min.

The image processing software Adobe Photoshop 2025 is employed to calculate the
snow-covered area on the rutting slab specimens, as illustrated in Figure 8. After the
background of the snow-covered rutting slab is removed, the surface snow is selected using
the color selection tool. The selection result is shown in Figure 8b. The selected pixels are
processed to calculate the snow coverage area for specimens with different dosages, and
the results are presented in Figure 9.

The variation in the snow coverage ratio on the surfaces of deicing asphalt mixture
slabs with different dosages over time is shown in Figure 9. During the test period, the snow
coverage ratio of the rutting slab with 0% dosage remains at 100%, confirming that natural
melting of snow does not occur at the test ambient temperature. Thus, the snow-melting
effect is mainly attributed to the incorporation of the deicing filler. With the increase in
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dosage, the snow-melting efficiency improves significantly. In the initial stage of the test,
the snow-melting rates of all dosage groups are relatively slow, which is associated with
the physical processes of salt migration from the interior of the carrier to the pavement
surface and of the endothermic dissolution of the salt. After 30 min of testing, the high-
dosage groups exhibit significant accelerated snow-melting characteristics. In particular,
for the experimental group with 100% replacement of mineral filler, the snow coverage
ratio decreases from 100% to 11.43% within 60 min, basically achieving the pavement snow
removal objective. In contrast, the residual snow ratios for the 50% and 75% dosage groups
at 60 min are 55.94% and 35.46%, respectively.

(b)

Figure 8. Calculation method for snow-covered areas on the surface of rutting slab specimens.
(a). Initial surface image of rutting slab, (b). Surface snow selection result of rutting board.

100 = = .
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Figure 9. Snow coverage results of rutting slab specimens with different dosages.
To quantify the influence of the SCG deicing material on the bond strength between
the asphalt mixture and the ice layer, this study performs pull-out tests using a custom-

designed mold and a WDW-20E micro-electronic universal testing machine at a loading rate
of 1 mm/min. The bond strength results at different temperatures are shown in Figure 10.
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Figure 10. Bond strength of asphalt mixture with ice at different temperatures.

As shown in Figure 10, at the three test temperatures of —5 °C, —7 °C, and -9 °C,
the bond strength between the asphalt mixture and the ice layer gradually decreases with
the increase in SCG deicing material dosage. Taking the ambient temperature of —5 °C
as an example, the bond strength of the asphalt mixture with 100% dosage is 0.35 kN,
representing a reduction of approximately 57.8% compared to the 0.83 kN of the ordinary
asphalt mixture. This indicates that the SCG deicing material significantly reduces the
adhesion strength between the ice layer and the pavement surface, making it easier to
detach under mechanical clearing or vehicle rolling.

With the decrease in temperature, the bond strength between the asphalt mixture and
the ice layer increases significantly. The bond strength of the ordinary asphalt mixture at
—9 °Cis 1.57 kN, which is 1.89 times higher than at —5 °C. This suggests that the difficulty
of road deicing rises exponentially as the temperature drops. Notably, the bond strength
of the deicing asphalt mixture with 100% dosage at —9 °C is 0.77 kN, which is lower than
that of the ordinary asphalt mixture at —5 °C. This shows the effectiveness of the SCG
deicing material, which can reduce the deicing difficulty of asphalt pavement in severe
cold environments to the level of ordinary low temperatures.

The bond strength between asphalt mixture and ice layers weakens primarily due
to the active slow-release effect of SCG deicing material on salts. The salt release process
forms a microscopic meltwater film between the pavement and ice layer, disrupting both
the mechanical interlocking and chemical bonding between ice and asphalt surfaces. This
means SCG deicing materials effectively prevent snow from compacting into ice under
traffic pressure, reduce energy consumption for mechanical deicing in winter, and provide
reliable technical assurance for winter road safety and resource utilization.

4. Conclusions

This study utilized SCG as a biomass precursor to prepare SCG deicing materials
through high-temperature carbonization, salt adsorption, and hydrophobic modification
processes. The optimal preparation ratio was determined through conductivity testing.
This material was then used to replace mineral fillers in asphalt mixtures by volume. The
pavement performance and deicing capabilities of the resulting deicing asphalt mixtures
were systematically investigated at different replacement ratios. It offers a new option for
the sustainability and environmental friendliness of asphalt pavement engineering while
achieving high-value resource utilization of waste SCG. The conclusions are as follows:

(1) The salt release of the SCG deicing material exhibits a two-stage characteristic of
rapid release followed by stable sustained release. The hydrophobic film formed

https://doi.org/10.3390/su18073305


https://doi.org/10.3390/su18073305

Sustainability 2026, 18, 3305

12 of 14

by the hydrophobic modifier and the microporous structure of the SCG biochar
jointly achieve long-term sustained release of salt. The optimal proportion of SCG
biochar in the deicing material was determined to be 30 g by measuring the material
conductivity in solution. An excessively high addition of biochar fails to achieve
effective ice melting, while an excessively low addition leads to salt attachment on
the surface and deterioration of sustained-release performance.

(2) The SCG deicing filler exerts a certain influence on the road performance of the
asphalt mixture, yet the overall performance still satisfies engineering application
standards. High-temperature rutting resistance shows a trend of increasing first and
then decreasing with the increase in the filler replacement ratio. Low-temperature
cracking resistance improves slightly at low dosages, with a small increase in low-
temperature flexural failure strain at a 50% replacement ratio, whereas it declines at
high dosages. Water stability shows a continuous downward trend as the replacement
ratio increases.

(8) The SCG deicing asphalt mixture exhibits excellent snow-melting and deicing per-
formance, and the snow-melting efficiency is positively correlated with the filler
replacement ratio. In a —5 °C environment, the surface snow on the ordinary asphalt
mixture without filler shows no natural melting, whereas the mixture with 100%
replacement of mineral filler reduces the snow coverage ratio to 11.43% within 60 min,
basically achieving the pavement snow removal goal. Pull-out test results indicate
that increasing the filler dosage significantly weakens the bond strength between the
ice layer and the pavement. At —5 °C, the bond strength of the pavement with 100%
replacement ratio is reduced by 57.8% compared to the ordinary mixture. Moreover,
ina —9 °C environment, the bond strength of this dosage group remains lower than
that of the ordinary mixture at —5 °C.

While this study confirms the feasibility of SCG deicing materials, limitations remain:
further research into the microscopic mechanism is needed to clarify the interfacial interac-
tions of each component. The deicing aging and fatigue durability under long-term service
should be evaluated. Its safety impact on the surrounding ecological environment needs to
be assessed through leaching tests. In addition, large-scale construction processes should
be further optimized to facilitate industrial-scale application.

Future research will focus on testing under a wider range of climatic and traffic
conditions to evaluate the effect of deicing materials on asphalt pavement. By expanding
the experimental database, we aim to develop robust formulas that quantify the relationship
between deicing materials, ambient temperature, and adhesion strength. These efforts
will provide more precise theoretical guidance and practical solutions for the design of
sustainable deicing asphalt pavements.
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