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ABSTRACT

An experimental investigation into the thermal conductivity of CF-SiC two-phase composite asphalt concrete is
presented. The main objective of this study was to verify the possibility of using SiC powder instead of mineral
powder as the thermal conductive filler to prepare a new type of asphalt concrete and improve the efficiency of
electrothermal snow and ice melting systems accordingly. The thermal conductivity of asphalt concrete prepared
with different thermally conductive fillers was tested by a transient plane source method, and the related perfor-
mances were measured. Then the temperature rise rate and surface temperature were studied through field heat-
ing tests. Finally, the actual ice melting efficiency of the thermally conductive asphalt concrete was evaluated using
an effective electrothermal system. As shown by the experimental results, the composite made of SiC powder and
carbon fiber has a high thermal conductivity. When SiC replaces mineral powder, the thermal conductivity of the
asphalt mixture increases first and then decreases with the increase of carbon fiber content. In the present study,
in particular, the thermal conductivity attained a peak when the carbon fiber content was 0.2% of the aggregate
mass.
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1 Introduction

Compared with traditional cement concrete pavement, asphalt concrete has become a necessary material
for road engineers due to its advantages of bearing comfort, durability, and simple maintenance [1,2].
However, with the increasingly complex environmental conditions, the service life and traffic safety of
asphalt concrete pavement have been seriously affected. Particularly, in winter, when the ambient
temperature is low, snow and ice on road surfaces reduce the adhesion coefficient between the road and
vehicle wheels by more than 75%, which seriously affects driving safety and causes a series of problems,
such as traffic accidents, traffic delays, and economic losses [3]. To cope with the negative impact of
snow and ice on asphalt concrete pavements during the cold season, snow and ice suppression
technology has become an increasingly important field in many countries.

Up to now, the traditional methods of inhibiting road icing and removing snow in winter are mainly
mechanical deicing and salting. These methods cause different levels of damage to asphalt concrete
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pavement in the pavement structure and ancillary facilities, corrosion of steel bars, and affect the soil and
water environments [4]. In addition, other problems such as low efficiency and incomplete snow removal
cannot be ignored [5,6]. Therefore, it is necessary to develop more efficient and environmentally friendly
snow-melting and ice-melting solutions.

To mitigate the impact of extreme temperatures during cold seasons on traffic safety, researchers have
developed many new and practical de-icing technologies, such as the geothermal method [7,8], electric
heating method [9,10], and roads with high thermal conductivity [11,12]. Roads with high thermal
conductivity are achieved by adding thermally conductive materials to asphalt concrete, or using
thermally conductive materials to modify asphalt binders [13]. The thermal conductivity of asphalt
concrete has a very important influence on the temperature distribution of the asphalt pavement, including
gradient thermal conductivity, bidirectional thermal conductivity, and the heat-resistant wear layer [14,15].
The main goal of this study was to improve the energy transmission and energy utilization efficiency by
incorporating some thermal conductive materials into the asphalt mixture. This would allow the asphalt
concrete to more effectively transfer heat from the heat source to the pavement direction during the colder
months and quickly raise pavement temperature. In addition, it would reduce the time it takes for snow
and ice to melt. In the literature, carbon fiber (CF), steel fiber, and graphite are usually used as thermally
conductive materials in cement and asphalt mixtures [16]. Compared with other thermally conductive
materials, silicon carbide (SiC) micropowder has the characteristics of low cost, corrosion resistance,
stable chemical properties, high strength, and good adhesion to asphalt [17]. Therefore, there is high
research value and application prospects to replace mineral powder with SiC powder as the thermally
conductive aggregate in asphalt concrete pavements.

To prevent snow and ice from forming on road surfaces or to quickly melt and deice the surface, the goal
of this study was to create thermally conductive asphalt concrete (TCAC) with a high thermal conductivity.
This would help to solve the wintertime problem of poor road traffic safety.

2 Materials and Methods

The thermal properties of TCAC made of SiC powder, in replacement of mineral powder, mixed with
carbon fiber (CF) as the thermally conductive filler were evaluated in the laboratory. Firstly, the thermal
conductivity of TCAC prepared by adding different contents of CF and SiC powder was tested to
determine the appropriate SiC and CF contents. Then, the engineering performance of the resulting
TCAC was tested and analyzed against that of ordinary asphalt concrete (OAC) to ensure that the
TCAC met the requirements of actual engineering specifications. Finally, the snow melting efficiency
of the TCAC was evaluated using an electric heating system. The sequence of steps is summarized in
Fig. 1.

2.1 Raw Materials
The TCAC specimens prepared in this study were composed of asphalt binder, conventional aggregate,

and thermally conductive aggregate. The asphalt binder was a 70# matrix asphalt, and the test was carried out
according to the ‘Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering’
(JTG E20-2011). Table 1 lists the basic properties of the 70# matrix asphalt. The conventional aggregate
was basalt, and its basic properties were measured according to the ‘Test Methods of Aggregate for
Highway Engineering’ (JTG E42-2005). The results are presented in Table 2. The thermally conductive
aggregates were 3–6 mm chopped CF and 8000 mesh SiC, respectively. The basic parameters are listed
in Table 3.
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Figure 1: Technical roadmap of the study

Table 1: Basic properties of 70# matrix asphalt

Item Specification Result Test method

Penetration (°C) 60–80 73 T0604-2011

Penetration index −1.5–1.0 −1.2 T0604-2011

Softening point (°C) ≥46 47 T0606-2011

Ductility 10°C (cm) ≥20 58 T0605-2011

Open flash point (°C) ≥260 >300 T0611-2011

Density15°C (g/cm3) – 1.038 T0603-2011

Mass change (%) −0.8–0.8 −0.084 T0609-2011
T0610-2011

Residual penetration ratio (%) ≥61 67.5 T0604-2011

Residual ductility (cm) ≥6 8 T0605-2011

Table 2: Basic properties of basalt

Item Specification Result Test method

Crushing value (MPa) ≤26 9.5 T0316-2005

Los Angeles weared value (%) ≤28 3.7 T0317-2005

Water absorption (%) ≤2 0.90 T0330-2005

Crushing strength (MPa) ≥150 160 T0316-2005

Slender flat particle content (%) ≤12 4.0 T0330-2005
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2.2 Sample Preparation
Thermally conductive materials are an important factor affecting the thermal conductivity of asphalt

concrete. The differences in thermally conductive materials can directly affect the thermal conductivity of
asphalt concrete, especially when a variety of different types of thermally conductive materials exist in
asphalt concrete, and even produce a superposition effect. The superposition effect can make up for the
characteristic defects of using a single material as the thermally conductive material. The main thermally
conductive materials used in this study were CF and SiC micropowder. The CF-SiC asphalt concrete with
good thermal conductivity was designed considering appropriate test amount and thermally conductive
material conditions. A dense asphalt concrete with a maximum aggregate diameter of 16 mm and a
gradation of AC-13 was used. The gradation was designed according to the requirements of the
‘Highway Asphalt Pavement Design Specification’ (JTG D50-2017) [18]. The aggregate gradation is
shown in Fig. 2.

Considering that the densities of mineral powder and SiC are similar, the mass fraction was used as a
control index to ensure that the volume index of the mixture was not significantly different. Using the
direct casting method, CF was added to the asphalt mixture as a thermally conductive filler. In the
experiment, 0.1%, 0.2%, 0.3%, 0.4%, and 0.5% CF of the aggregate mass and 100% SiC micropowder
replacing the mineral powder mass were added as thermal conductive fillers to Marshall specimens, and
the specimens were grouped as presented in Table 4. The Marshall Specimen (MS) was designed
according to the standard Marshall Design Method (ASTM D 6926-04).

Table 3: Basic properties of chopped carbon fiber (CF) and silicon carbide (SiC) powder

Filler Carbon content
(%)

Density
(g/cm³)

Diameter
(μm)

Resistivity
(Ω.m)

Tensile modulus
(GPa)

Tensile strength
(MPa)

CF 96 1.82 7.3 1.75 × 10−3 225 4667

SiC 98.5 3.18 60 — — —

0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 13.2 16
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Figure 2: Distribution of aggregate gradation
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2.3 Test Method

2.3.1 Thermal Conductivity Test of Marshall Specimens
Thermal conductivity is an extremely important parameter used in evaluating the thermal performance

of asphalt concrete. Previous studies on the thermal conductivity of asphalt mixtures have found that it was
affected by many factors, including aggregate type, mixture gradation, particle size, compaction method,
porosity, and density [19]. Based on these considerations, as shown in Fig. 3, the transient plane source
(TPS) method was used to measure the thermal conductivity of the Marshall specimen using a thermal
conductivity device (DRE-III) to determine the appropriate amount of thermally conductive material.
Accordingly, 12 groups of tests were selected to test the thermal conductivity. To ensure consistency
during the test, the test was carried out at constant room temperature. To keep the probe in continuous
close contact with the sample, the surface of the Marshall specimen was first smoothed, and then the
probe was placed between two identical samples and fixed on the test bench. Finally, the thermal
conductivity was obtained directly from the computer under the conditions of output power of 0.5 W, test
time of 60 s, and sampling interval of 200 ms. To improve the accuracy of the test results, three samples
were selected for each group of tests, and the results were averaged.

Figure 3: Thermal conductivity testing of TCAC

Table 4: Thermally conductive filler ratios

Group CF dose (%) SiC dose (%)

A1 0 0

A2 0.1 0

A3 0.2 0

A4 0.3 0

A5 0.4 0

A6 0.5 0

A7 0 100

A8 0.1 100

A9 0.2 100

A10 0.3 100

A11 0.4 100

A12 0.5 100
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2.3.2 Engineering Properties of TCAC
The water stability, low temperature crack resistance, and permanent deformation of asphalt concrete

were tested by the Marshall test, bending test, and rutting test respectively according to the requirements
of Chinese specifications (JTG E20-2011) [20].

(1) Marshall Test

Water stability mainly studies the damaging effect of pavement water on asphalt concrete in the process
of freeze-thaw cycles. At present, the commonly used water stability evaluation methods include the
immersion Marshall test, freeze-thaw splitting test, asphalt pavement analyzer immersion rutting test,
boiling method, immersion compression method, and so on [21]. The water stability of the asphalt
concrete was tested by the immersion Marshall test and freeze-thaw splitting test. The sample size was a
standard Marshall specimen with a height of 63.5 mm and a diameter of 101 mm. To ensure the accuracy
of the test, four specimens from each group were selected for the test.

(2) Bending Test

Current methods for evaluating the low temperature performance of asphalt concrete include the low
temperature direct tensile test, low temperature bending test, low temperature bending tensile creep test,
and temperature stress test of confined specimens. To test the low temperature performance of the asphalt
mixture, the mechanical properties of bending failure of asphalt concrete at a specified temperature and
loading rate were determined by the low temperature bending test. The sample size was a 250 mm ×
30 mm × 35 mm beam.

(3) Rutting Test

The rutting test machine was used to conduct the rutting test in accordance with the requirements of the
specification to evaluate the asphalt mixture’s high temperature anti-rutting performance. The detected
rutting deformation was used to determine the dynamic stability, which is a measure of the asphalt
mixture’s high temperature stability. The sample was 300 mm × 300 mm × 50 mm in size. Through
experimental study, Guo et al. [22] discovered that temperature has a significant impact on the high
temperature stability of asphalt mixtures, and that temperature should be closely regulated in experimental
operations.

2.3.3 Melting Snow and Ice Test
After the asphalt mixture was stirred according to the specification requirements, the sample was

prepared in a mold with a size of 30 cm × 30 cm × 10 cm. The lower layer was plain asphalt concrete
(without CF and SiC, 5 cm), and the upper layer was thermally conductive asphalt concrete (with CF
and SiC, 5 cm) or plain asphalt concrete. A carbon fiber heating cable was then placed at the bottom of
the upper layer of asphalt concrete. At the initial conditions of ambient temperature of −5°C, no solar
radiation, and no wind, in the low temperature test chamber, the initial ice thickness was 30 mm.
During the snow melting process, the carbon fiber heating cable was connected to a 220 V power
supply and five K-type thermocouples were placed at equal intervals on the sample surface to record
the temperature changes during the snow melting and ice melting process. Changes in the ice thickness
were recorded in real-time with a video camera. The snow-melting and icing specimens are shown in
Fig. 4.
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3 Results and Discussion

3.1 Thermal Conductivity of the TCAC
Due to the use of different thermally conductive fillers, the overall structure of the resulting concrete can

be affected to varying degrees, and the thermal conductivity can also be changed due to the method of mixing
of the asphalt concrete. The increase in thermal conductivity serves to reduce the loss of heat in the heat
transfer process. Under the condition of oil-stone ratio of 4.75%, the test results of the thermal
conductivity of the Marshall specimens made with different contents of thermally conductive filler are
presented in Table 5.

Figure 4: Schematic of the ice/snow melting test

Table 5: Thermal conductivity of the Marshall specimens

Filler Filler dosage (%) Test temperature (K) Thermal conductivity W/(m·K)

Blank group 0 295.16 0.827

CF 0.1 294.88 0.906

0.2 294.43 0.993

0.3 294.61 1.032

0.4 295.02 1.064

0.5 294.91 1.081
(Continued)
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3.1.1 Effect of CF Content
When the Marshall specimen was made with only CF as the thermal conductive filler, the resulting

variation of the thermal conductivity is represented by the point line diagram shown in Fig. 5.

When CF was incorporated into asphalt concrete as a thermally conductive filler, the thermal
conductivity of the test block was markedly increased, and the thermal conductivity increased with the
increase of CF content. When the CF content increased from 0.1% to 0.5%, the thermal conductivity of
the test block increased from 0.906 to 1.117 W/(m·K). Compared with OAC without thermal conductive
filler, the increase in thermal conductivity ranged from 9.58% to 30.7%. It showed that the incorporation
of CF can greatly improve the thermal conductivity of the test block. The main reason was that CF has
excellent thermal conductivity. After being incorporated into asphalt concrete, CF filaments remained in
contact each other, thus forming a complete thermally conductive network and path on the inside, thereby
improving the thermal conductivity of the test block.

The increase in rate of thermal conductivity was the fastest when the CF content ranged from 0% to
0.2%. With the further increase of CF content, the increase in rate of thermal conductivity slowed down
when the CF content ranged from 0.2% to 0.4%. Finally, when the content of CF was 0.4% to 0.5%, the
increase in rate of thermal conductivity was the slowest. When the CF content was from 0% to 0.5%, the
thermal conductivity increased by 0.079, 0.087, 0.039, 0.032, and 0.017 W/(m·K), respectively,

Table 5 (continued)

Filler Filler dosage (%) Test temperature (K) Thermal conductivity W/(m·K)

SiC 100 295.25 1.183

CF + SiC 0.1 + 100 294.17 1.274

0.2 + 100 294.58 1.368

0.3 + 100 294.61 1.307

0.4 + 100 295.37 1.265

0.5 + 100 294.89 1.026
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Figure 5: Thermal conductivity of CF as filler
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representing an increase of 9.58%, 9.63%, 3.92%, 3.14% and 1.57%, respectively. This indicated that the
addition of an appropriate amount of CF effectively improved the thermal conductivity of asphalt
concrete, and when the CF content exceeded 0.4% of the aggregate mass, the thermal conductivity of
asphalt concrete was not further improved.

3.1.2 Effect of Different Content of CF in Combination with SiC
Previous studies [23] have shown that a single thermal conductive filler can improve the thermal

conductivity of asphalt concrete pavement by adjusting the content and mix ratio. However, many
problems were also reported, such as the need for a large quantity of thermally conductive filler, low
thermal conductivity, insufficient long-term effect, negative impact on road performance, etc. These
problems have hindered the promotion and use of thermally conductive asphalt concrete. Therefore, on
the basis of CF thermal conductive asphalt concrete, a thermally conductive asphalt concrete with CF-SiC
two-phase composite thermal conductive filler was prepared by replacing the slag powder with SiC
micropowder with better heat transfer characteristics that could potentially improve the thermal
conductivity of the concrete. The results of the thermal conductivity tests are shown in Fig. 6.

When SiC powder was used in combination with CF as the thermally conductive filler and mixed to
make Marshall specimens, the thermal conductivity first increased and then decreased with the increase of
CF content. As is evident when comparing Figs. 5 and 6, when the SiC powder replaced the mineral
powder and the CF content was 0.1%–0.4%, the thermal conductivity at the same CF content was higher
than that of the Marshall specimen made of CF alone. This indicated that using SiC powder in place of
mineral powder to make asphalt concrete improved the thermal conductivity of the test block. When the
mass of SiC was 100% and the CF content was 0.2%, the highest thermal conductivity of 1.368 W/(m·K)
was obtained. The thermal conductivity rose by 65.4% when compared to OAC. With the further increase
of CF content, the thermal conductivity began to decline. This indicated that while the addition of an
appropriate amount of CF markedly improved the thermal conductivity of the test block, however, the
addition of excessive CF reduced the thermal conductivity of the asphalt concrete. The reason for this
phenomenon was that the adsorption of free asphalt by SiC micropowder was stronger than that of
limestone powder. When SiC micropowder replaced mineral powder, a part of free asphalt was adsorbed,
and an appropriate amount of CF also adsorbed a part of free asphalt to make it denser in the
condensation process. This effectively maintained the thermal conductivity path and improved the thermal
conductivity of asphalt concrete, while, the continued addition of CF led to the excessive adsorption of
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Figure 6: Thermal conductivity of CF-SiC composite asphalt concrete
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free asphalt, resulting in an increase in the internal porosity of asphalt concrete, and with the voids not being
conducive to the effective propagation of heat in asphalt concrete, resulted in a decrease in thermal
conductivity. Compared with OAC, the thermal conductivities of single-doped CF, and CF-SiC composite
had different degrees of improvement. However, the thermally conductive filler in the ratio of the
A9 group showed the highest increase in thermal conductivity.

3.2 Engineering Performance of Asphalt Mixture
The A3 and A9 groups which gave the highest thermal conductivity among the single thermally

conductive filler groups and two-phase composite thermally conductive filler groups, respectively, were
selected for the test of the engineering performance of asphalt concrete, considering the influence of
actual thermal conductivity. The OAC of A1 group was used as the control for the test.

3.2.1 Water Stability of Asphalt Concrete
The Marshall specimen was made by the Marshall compactor, and the immersion Marshall test and

freeze-thaw splitting test were carried out. The immersion residual stability and freeze-thaw splitting
strength obtained from the test results are shown in Fig. 7.

Compared with OAC, the immersion residual stability of the asphalt mixture was improved whether CF
or CF-SiC was used as the thermally conductive filler, with the latter yielding a more marked improvement.
The main reason was that the CF was dispersed in the concrete to form a network structure, which not only
improved the crack resistance of the asphalt concrete, but also facilitated overall stability. Further, because
the hardness of SiC powder was stronger than that of the limestone powder which it replaced, the stability of
the asphalt mixture was further enhanced.

The specification recommended that the freeze-thaw splitting strength ratio of asphalt concrete with
gradation AC-13 should not be less than 80% to avoid moisture damage [20]. The results showed that
when CF was added to asphalt concrete as the thermally conductive filler, the freeze-thaw splitting
strength ratio decreased with the addition of CF. While the freeze-thaw splitting strength ratio of OAC
was 96.5%, after adding CF alone, the freeze-thaw splitting strength ratio decreased to 92.3%. When CF-
SiC composite was used as the thermally conductive filler, the freeze-thaw splitting strength ratio was
93.5%. Although this was still lower than that of OAC, it was higher than that of single CF. The reason
may be that under the freeze-thaw cycle, water expands during the process of freezing, causing voids
inside, resulting in a decrease in the freeze-thaw splitting strength ratio. As the particle size of the SiC
powder was smaller than that of limestone powder, it better filled the gap generated in the interior, and
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Figure 7: Water stability of different asphalt concretes
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the freeze-thaw splitting strength was improved compared with that of single-doped CF. Therefore, the use of
a CF-SiC two-phase composite thermally conductive filler could retain the water stability of asphalt concrete.

3.2.2 Low-Temperature Crack Resistance of Asphalt Concrete
Three groups of rutting plate specimens were made by a rutting forming instrument. After cooling and

forming, they were cut into trabecular specimens for the low-temperature crack resistance test. The test
results are shown in Fig. 8.

With the addition of CF, the low-temperature cracking performance of asphalt concrete was obviously
enhanced, indicating that the asphalt mixture prepared by adding CF had better bond strength and could
withstand greater strain than OAC. This showed that in the same environment, the addition of CF can
significantly improve the crack resistance of asphalt concrete. The CF dispersed in the asphalt mixture
was similar to the role of steel bars in cement concrete, which can enhance the deformation resistance
and tensile strength of the mixture. With the replacement of limestone powder by SiC powder, the mixing
stiffness modulus of asphalt mixture had a stronger performance. The reason was that on the one hand,
the surface of the CF was rough, which could not only adsorb effective asphalt, but also had higher
friction and better interlocking effect, such that the stress dispersion was more uniform. On the other
hand, SiC micropowder, as a material with a large specific surface area, could adsorb effective asphalt
and excessive asphalt at the same time with CF, enhancing the adhesion between asphalt and aggregate.
Therefore, both filler types improved the low-temperature crack resistance of the asphalt mixture.

3.2.3 High-Temperature Stability of Asphalt Concrete
The dynamic stability of the specimens was tested by a rutting test machine, and the high-temperature

stability of TCAC was evaluated using this data. The test results are shown in Fig. 9.

Compared with OAC, single-doped CF and CF-SiC two-phase composites as thermally conductive
fillers had a marked effect on the dynamic stability of the asphalt mixtures, and the dynamic stability
showed a downward trend. The dynamic stability of the two groups fell by 10.8% and 19.7%,
respectively, when compared with the blank control group. This was because before the wheel tracking
test, the asphalt mixture was kept at an ambient temperature of 60°C for a period. Because the thermal
conductivities of CF and SiC were much higher than that of aggregate and limestone powder, CF was
heated first, then the heat was transferred to SiC through asphalt, and finally the basalt aggregate began to
heat. The heat gradually accumulated over time, and the temperature difference between CF, SiC, and
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Figure 8: Low-temperature stability of different asphalt concretes
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basalt gradually decreased until the temperature was stable. Compared with OAC without thermally
conductive filler and TCAC with CF alone, the asphalt mixture made of CF-SiC two-phase composite
thermal conductive filler had the fastest heat transfer, took a shorter time to reach constant temperature,
and thus rutting was more likely to occur, resulting in lower dynamic stability. However, it still met the
requirements of the specification for the rutting resistance of AC-13 asphalt concrete.

In summary, when the A9 group mixture was used as the thermally conductive filler, the thermal
conductivity of asphalt concrete was the best, and its engineering performance was better than that of
OAC and single-doped CF as thermally conductive filler, and met the requirements of the specification.
Therefore, when studying the thermal conductivity of asphalt concrete and conducting snow melting and
ice melting tests, it is recommended that the A9 group mix ratio be used as the thermally conductive filler
to make TCAC.

3.3 Thermal Conductivity of Asphalt Concrete
Whether it has excellent work efficiency is an important basis for the application of TCAC to practical

engineering. This meant that the road surface temperature be raised above the ice melting temperature in the
shortest possible time. Therefore, the heating rate and horizontal temperature distribution of TCAC were
studied in a low-temperature laboratory.

3.3.1 Temperature Rise Characteristics of Asphalt Concrete
The temperature rise test was carried out in a low-temperature laboratory, and the carbon fiber heating

cable was energized and heated for 6 h at ambient temperatures of 0°C, −5°C, and −10°C, respectively. The
temperature change was recorded by a temperature sensor arranged in the center of the specimen (Fig. 4). The
temperature-time curves of TCAC and OAC during heating are shown in Fig. 10.

In the temperature rise test at three different ambient temperatures, the trend of changes in the surface
temperatures of asphalt concretes was that temperature first increased, and then stabilized. When the ambient
temperature was 0°C, the temperature of the TCAC increased to 17.7°C in the first 180 min with a near linear
change trend. After 180 min, the temperature of the asphalt concrete began to increase at a slow rate, and the
temperature stabilized at about 22°C at 300 min. The heating rates of TCAC and OAC at different ambient
temperatures are presented in Table 6. In the early stage of heating, the ambient temperature was negatively
correlated with the heating rate of asphalt concrete. This was because some of the heat transferred to the road
surface was convectively exchanged with the surrounding air. As the ambient temperature decreased, the
energy loss increased and the heating rate decreased. When the thermal gain of the asphalt concrete
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surface and the heat loss caused by convection began to balance out, the temperature began to stabilize. The
stable temperature was positively correlated with the ambient temperature. This was because the lower the
ambient temperature, the more the heat being transferred to the asphalt concrete surface needed to overcome
the heat loss caused by convection, resulting in a lower temperature after stabilization. At the three different
ambient temperatures, the heating rate of TCAC increased in comparison with OAC by 62.5%, 68.8%, and
140%, respectively, when it reached 3°C. The thermally conductive specimen showed a higher surface
temperature than the control specimen, indicating that the TCAC was more efficient/faster in transferring
the heat generated by the carbon fiber heating cable to the pavement surface.
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Figure 10: Time-temperature curves of asphalt mixes during heating at different ambient temperatures

Table 6: Thermal conductivity of the Marshall specimens

Asphalt concrete
types

Start temperature
(°C)

Stable temperature
(°C)

Heating time
(h)

Heating rate (°C/min)

OAC 0 12.4 6 0.034

−5 10.8 0.044

−10 4.8 0.041
(Continued)
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3.3.2 TCAC Surface Temperature Distribution Characteristics
The temperature distribution in the horizontal direction plays a vital role in the application of snow

melting and ice melting pavement in practical engineering, which means that not only the heat generated
by the carbon fiber heating cable should be transferred to the surface layer of the pavement in the shortest
possible heating time, but also the uniformity of the temperature distribution should be satisfied to
achieve the effect of effectively removing ice and snow from driving surfaces. The TCAC surface was
heated for 6 h at different ambient temperatures and Fig. 11 shows the temperature-time curve of the
asphalt concrete surface during the heating process.

Table 6 (continued)

Asphalt concrete
types

Start temperature
(°C)

Stable temperature
(°C)

Heating time
(h)

Heating rate (°C/min)

TCAC 0 21.3 6 0.059

−5 13.8 0.052

−10 7.1 0.048
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Figure 11: Time-temperature curves of TCAC surface at different ambient temperatures
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The results showed that the surface temperature of the specimenwas positively correlatedwith the ambient
temperature. Among them, the temperatures of No. 2, No. 3 and No. 4 temperature measurement points were
similar. The temperature of No. 3 temperature measurement point located in the center of the specimen was the
highest, and the temperatures of No. 1 and No. 5 temperature measurement points located at the edges were
similar, and slightly lower than the temperature at the center. This was because the temperature
superposition effect caused the surface temperature of the No. 3 temperature measurement point to be
slightly higher than the nearby points and yield the highest surface temperature. Using the data obtained
from the location of the temperature measurement line, it was proved that SiC powder and CF had good
distribution uniformity in the asphalt mixture. When the temperature was stable, even in the-10°C
environment, the minimum temperature recorded on the TCAC surface edge was still 3.59°C, which met the
temperature required for snow/ice melting. This indicated that using CF-SiC two-phase composite as a
thermally conductive filler had a positive effect on the surface temperature distribution of the mixture, and
the temperature distribution on the surface of TCAC could achieve the purpose of melting snow and ice. It
must be noted that the two-phase composite of SiC micropowder and CF with 0.2% of aggregate mass as
thermal conductive filler was used to make TCAC.

3.4 Ice/Snow Melting
After the field snow and ice melting test, the changes in the respective ice layer between TCAC and

OAC during the experiment are shown in Fig. 12. The ice layer images covered on the surface of the
specimen under different heating time were processed, and the area was quantified to provide the ice
melting law of each asphalt concrete more accurately, to verify the reliability of the test conditions. The
area of the remaining ice layer was plotted in the form of a histogram, as shown in Fig. 13. Under the
same working conditions, there was an obvious difference in the ice change on the surface of both
asphalt concretes. The ice melting efficiency of TCAC was superior to that of the OAC. In the first
80 min, there was almost no change in the ice layer on the surface of the OAC specimens, while in
contrast, a dark area on the surface of the TCAC had begun to appear due to the melting of the ice layer.
With the passage of time, as the surface temperature of the asphalt mixtures reached the melting
temperature of ice, the melting speed of the ice layer was significantly accelerated, and the size of the
dark colored area gradually increased on both specimens. First, the ice layer at the vertical edge of the
specimen and the carbon fiber heating cable melted, followed by the ice layer directly above the carbon
fiber heating cable. Because the ice layer above the temperature measurement line was not in direct
contact with the surface of the specimen, the ice layer above the K-type thermocouple finally melted.
After heating for 180 min, the ice layer on the TCAC specimen was almost completely melted, while
there was still some residual ice layer above the control OAC specimen.

(a) 0 min (b) 80 min (c) 160 min (d) 240 min

Figure 12: (Continued)
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During the heating of the ice layer, the K-type thermocouple recorded the surface temperature of the
asphalt concrete, and the results are shown in Fig. 14. Before heating, 56–88 min, the surface temperature
of the asphalt concrete specimens was linear with the heating time of the carbon fiber heating cable. The
surface temperature of the specimens increased at a nearly constant rate, and the heating rates of the
TCAC and OAC were about 0.13°C/min and 0.094°C/min, respectively. When the surface temperatures
of the asphalt concretes reached 2°C–3°C, a temperature platform appeared. When the ice layer was
completely melted, the surface temperatures of the asphalt concretes began to rise again, and the heating
rate of the TCAC was better than that of the OAC. The ice melting times of the two specimens were
188 min and 243 min, respectively. Compared with the control group, the ice melting time of the TCAC
specimen was shorter by 55 min, and the ice melting efficiency was increased by 29.3%. This confirmed
that in practical application, the ice melting efficiency of asphalt concrete made of CF-SiC two-phase
composite thermal conductive filler was markedly improved.
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Figure 13: Changes in the ice layer area on different asphalt concrete specimens over a period of heating

(e) 0 min (f) 80 min (g) 160 min (h) 240 min

Figure 12: Ice layer changes during ice melting test of TCAC (a–d) and OAC (e–h)
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4 Conclusion

In this study, the feasibility of using SiC powder, instead of mineral powder, and CF in a two-phase
composite as a thermal conductive filler in asphalt concrete was assessed. The optimal CF content for
compounding with SiC micronized powder was determined based on thermal conductivity and
engineering properties, and was further determined to be of practical engineering significance through the
study of temperature rise characteristics and surface temperature changes. Then, the heating
characteristics and surface temperature were studied to determine its practical engineering significance.
Finally, the ice melting process was studied using an electric heating system for verification. The
conclusions are summarized as follows:

(1) TPS is an effective method to test the thermal conductivity of asphalt mixes. With SiC micronized
powder replacing mineral powder, the thermal conductivity of asphalt concrete increased and then decreased
with the increase of CF admixture. When the CF content was 0.2% of the aggregate mass, the thermal
conductivity reached a peak of 1.368 W/(m·K), which was 65.4% higher than that of ordinary asphalt
concrete.

(2) The TCAC made of single-doped CF and CF-SiC two-phase composites can meet the engineering
performance requirements of standard specifications. TCAC made of CF-SiC two-phase composite have
better residual stability and low-temperature stability than TCAC and OAC made of single doped CF.
The freeze-thaw splitting strength and high temperature stability of TCAC made of CF-SiC two-phase
composite was slightly lower than that of OAC. Considering its good thermal conductivity and its ability
to meet the requirements of standard specifications, it is recommended to use SiC micron powder instead
of mineral powder and aggregate mass 0.2% CF two-phase composite as the thermally conductive filler
in making TCAC.

(3) The threshold temperature of TCAC made of CF-SiC two-phase composite as thermal conductive
filler was much higher than that of OAC, and the surface temperature in the horizontal direction reached
the temperature required for melting snow and ice.

(4) The ice/snow melting efficiency of TCAC in an electric heating pavement system was analyzed. The
electrothermal ice melting time of the TCAC specimen was shortened by 55 min, and the snow melting
efficiency was increased by 29.3%.

0 50 100 150 200 250 300

-4

-2

0

2

4

6

8

)
(

erutarep
me

T

Time (min)

2 3 4  TCAC
2 3 4  OAC

Figure 14: Asphalt concrete surface temperature during ice melting
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