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Abstract: In summer, black asphalt pavement can absorb a considerable amount of solar radiation,
which causes its temperature to rise. Heated asphalt pavement can aggravate the urban heat island
(UHI) effect and transfer heat downward, which may cause the problem of permafrost thawing
beneath pavements. The objective of this study was to develop a novel cool coating layer (CCL)
with high near-infrared reflectance and heat insulation to make the surface of asphalt pavement
cool. A self-developed test device and method was established to evaluate cooling effects. Based
on the experimental results, the optimal coating can cool asphalt pavement by 11.21 ◦C when the
radiation striking the sample surface is 650 W/m2. This coating, called the composite cool coating
layer (CCCL), is composed of the following materials: polyurethane resin, rutile TiO2 of 18%, hollow
glass microspheres of 12%, and copper chromite black spinel of 0.7%. Silicon carbide particles of
1 kg/m2 can help the CCCL achieve satisfactory antiskid performance. In conclusion, CCCL can
effectively inhibit the absorption of solar radiation and reduce the flow of thermal energy downward
without sacrificing skid resistance.

Keywords: asphalt pavement; permafrost protection; cool coating layer; temperature

1. Introduction

Asphalt pavement is widely used in major highways because it has the advantages
of offering a smooth and relatively quiet ride and being easy to maintain. However, its
solar radiation absorption rate exceeds 90%, causing undesirable heating of the pavement
and the soil beneath it. In the high-altitude western regions of China, the annual total
solar radiation is as high as 7000–9000 MJ/m2, 50% higher than that in eastern regions of
China at the same latitude [1]. Much of this radiant heat is transferred to the soil below the
pavement [2–6], which is permafrost. Permafrost thawing beneath highways is therefore a
serious problem.

This kind of problem occurs frequently in the high-altitude (about 4500 m) western
regions of China, including Qinghai Province and Tibet. Figure 1 demonstrates the specific
location. In order to alleviate the permafrost-thawing problem beneath highways in
these regions, researchers in China and other countries have advocated maintaining low
temperatures in the roadbed by burying ventilation pipes, building crushed-rock interlayer
embankments, and other measures [7–13], but such measures are very expensive and
difficult to implement [14–17]. Some researchers have also advocated inhibiting the transfer
of heat by changing the porosity of the asphalt pavement [18–21], but adopting a large-
porosity asphalt mixture can cause serious rutting problems in the summer [22,23]. None of
these proposed measures do anything to reduce the strong absorption of solar radiation, so
they do not prevent the basic problem—heat entering pavements. Presently, a small number
of scholars have applied cool coatings to cool asphalt pavement [24–30]. This method is
less expensive and can help reduce the temperature of pavement surfaces effectively. It is
of great significance for the protection of frozen soil to improve the cooling effect of cool
coatings and inhibit the downward transfer of heat.
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Figure 1. High-altitude western regions of China.

The purpose of this study was to prepare three kinds of cool coating layers (CCLs)
with different functions, namely, a reflective cool coating layer (RCCL), an insulative cool
coating layer (ICCL), and a composite cool coating layer (CCCL). Firstly, equipment was
developed for evaluating the cooling effect of coatings, and scientific methods were also
developed based on the actual environmental situation around asphalt pavement to ensure
that the measured results are more scientific and accurate. Secondly, the cooling effect
of each functional coating was tested by the abovementioned device to determine the
optimal coating. Then, the content of functional materials in the optimal coating was
determined. Additionally, skid resistance performance on pavements is a key factor and,
hence, road administrations must ensure a minimum value in the road network [31–33].
Therefore, finally, the antiskid performance of the optimal coating was improved to ensure
that vehicles can drive safely and smoothly after it is applied to asphalt pavement.

2. Materials and Methods
2.1. Design Principles of Cool Coatings

The environment for asphalt pavement is shown in Figure 2. Most of the total solar
radiation is absorbed, thus causing the pavement’s temperature to rise. Another way for
the pavement to obtain heat is atmospheric counter radiation. The forms of releasing heat
outward include reflected radiation, thermal radiation, convective heat transfer with the
atmosphere, and heat transfer downward, which harms the permafrost.

The atmosphere releases heat outward in the form of radiation, the direction of which
is both upward and downward. The downward part of the atmospheric radiation is just
opposite to the direction of ground radiation; that is, atmospheric counter radiation. Its in-
tensity is related to factors such as air temperature and humidity, as shown in Equations (1)
and (2):

Esky = εσTsky (1)

Tsky = 0.0552T1.5
∞ (2)

where Esky denotes atmospheric counter radiation (W/m2), ε denotes atmospheric emissiv-

ity, σ denotes the Stefan–Boltzmann constant as 5.67× 10−8
(

W/
(

m2·K4
))

, Tsky denotes
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the sky effective temperature (K), and T∞ denotes the atmospheric thermodynamic temper-
ature (K).
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Figure 2. The environment for asphalt pavement.

Asphalt pavement can release internal heat in several ways. Firstly, radiation is one
way to reduce its own heat and its wavelength is mainly 1–30 µm, which belongs to long-
wave radiation. The level of its radiation capacity is closely related to the temperature of
the pavement surface, as shown in Equation (3):

Esur = εσT4
sur (3)

where Esur denotes thermal radiation of asphalt pavement, ε denotes emissivity of asphalt
pavement, σ denotes the Stefan–Boltzmann constant as 5.67× 10−8

(
W/

(
m2·K4

))
, and

Tsur denotes the surface temperature of asphalt pavement.
Second, it exchanges heat with the atmosphere through convective heat exchange,

which is closely related to atmospheric temperature. Moreover, the wind can increase the
intensity of convective heat transfer, so that the pavement surface loses heat as soon as
possible, as shown in Equation (4):

q′h = h (Tsur − T∞) (4)

where q′h denotes the specific rate of convective heat transfer (W/m2), h denotes the con-
vective heat transfer coefficient, Tsur denotes the surface temperature of asphalt pavement,
and T∞ denotes the fluid temperature.

The heat flow equation of asphalt pavement is as follows:

q′ = α
(

GS + Gsky

)
− Gsur − Gh (5)

where q′ denotes the specific rate of heat flow (W/m2), α denotes absorptivity of total
solar radiation, GS denotes total solar radiation (W/m2), Gsky denotes atmospheric counter
radiation (W/m2, Gsky = Esky), Gsur denotes thermal radiation (W/m2, Gsur = Esur), and
Gh denotes convective heat transfer (W/m2, Gh = q′h).

When q′ = 0, the asphalt pavement is in thermal equilibrium, as shown in Equation (6):

α
(

GS + Gsky

)
− Gsur + Gh = 0 (6)
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Compared with solar radiation, other environmental factors have little effect on
pavement temperature, and they also have a certain relationship with solar radiation [34].
However, the intensity of solar radiation is an uncontrollable factor, so weakening the
influence of solar radiation is the fundamental way to reduce the increase in temperature.
Therefore, it is possible to increase the reflectivity of asphalt pavement for solar radiation
and to reduce the heat transfer into the asphalt pavement. In this way, it is likely for asphalt
pavement to reduce the temperature in a thermal equilibrium state.

2.2. Materials
2.2.1. Raw Materials

According to the above design principle, the function of the cool coating is mainly
realized by reflective materials and heat-insulating materials. It is necessary for cool
coatings to contain other auxiliary materials, such as binding materials, tinting pigments,
and additives. Rutile TiO2 has a high refractive index, which can effectively reflect the
visible and infrared wavelengths of sunlight and inhibit the heat entering the pavement,
so it was selected as a kind of reflective material. Its technical indicators are shown in
Table 1. Hollow glass microspheres were used as heat-insulating materials because they
have low thermal conductivity (0.0519 W/(m·K)), as shown in Table 2. Polyurethane resin,
polymerized by isocyanate (monomer) and a hydroxyl compound, has good bonding
performance, antiaging performance, and toughness, and its technical indicators are shown
in Table 3, so it was chosen as the bonding material. Copper chromite black spinel has
a strong coloring ability, so it was selected as a toning pigment to prevent surface glare.
Further, disperse lubricants and curing agents were selected as additives to facilitate the
formation of coatings.

Table 1. The technical characteristics of rutile TiO2.

Appearance Density Hardness,
Mohs pH Refractive

Index
Thermal

Conductivity

White 4.23 g/cc 6.2 6.5–8.5 2.8 7.4 W/(m·K)

Table 2. The technical characteristics of hollow glass microspheres.

Appearance Density Compressive
Strength

Thermal
Conductivity pH Softening

Point

White 0.170 g/cc 8.48 MPa 0.0519 W/(m·K) 7.2 980 ◦C

Table 3. The technical characteristics of copper chromite black spinel.

Appearance Molecular
Formula

Heat
Resistance pH Density Oil Absorption

Value

Black Cr2CuO4 >500 ◦C 6–9 5.3–5.6 g·cm−3 11–23 (g/100 g)

2.2.2. Preparation of Samples

It is necessary to organize the experimental procedures scientifically and to measure
the test materials accurately. To ensure the uniformity and stability of the CCL, stirrers and
other devices were used. The specific preparation process is shown in Figure 3 [35].

1. Treating the polyurethane resin. It is necessary to add disperse lubricants to reduce
the viscosity of the resin and to facilitate the later addition of other functional mate-
rials and auxiliary materials. In addition, it is essential to add a defoamer agent to
reduce the number of bubbles generated during the later stirring process, thereby
fundamentally improving the stability and durability of coatings.

2. Other materials were added, including hollow glass microspheres, rutile TiO2, copper
chromite black spinel, and so forth, and then the coating was initially formed.
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3. Treating the above coatings. To make the coating more uniform and stable, an agitator
and ultrasonic disperser were used.

4. Spraying. Coatings were sprayed on the surface of the standard rutting board. The
rutting board was composed of AC-16 asphalt concrete and its size was 300 mm ×
300 mm × 50 mm.

5. Curing. In this step, the strength of the coatings continued to increase. The curing
speed is closely related to factors such as liquid temperature.
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2.3. Methods

A new test device was designed to evaluate the cooling effect of cool coatings under
certain environmental conditions, as shown in Figure 4. In order to ensure that the test
process is more realistic and scientific, the test device was designed as follows:

• Control of temperature and humidity. The temperature of the test device could be
adjusted within the range of 0–30 ◦C. Figure 5 shows the monthly average temperature
in 2019 and August ranked the highest, so that month had the greatest impact on
permafrost beneath the pavement. Therefore, the air temperature in August was
taken as the reference in the experimental design. Figure 6 shows the daily maximum
temperature in this month, ranging from 9 to 17 ◦C. In order to enable the device to
simulate various temperature conditions in August, the temperature range was set
to 0–30 ◦C, which covers the potential change of the temperature range. Humidity
was displayed in “real-time.” Before starting the test, the temperature and humidity
would be adjusted to the required values, which could eliminate the influence of
variable factors.

• The rationality of the lighting design. Bromine tungsten lamps were used because
their spectrum is similar to that of sunlight, and the unique lampshade allows the
light to emit parallel light.

• Arbitrary adjustment of radiation intensity. The power of the lamp was adjusted, the
radiation intensity received on the sample surface was monitored by a weather station,
and finally, the environmental conditions were achieved that met the test requirements.

• Insulation of samples. The heat loss of samples has a negative effect on the accuracy
of the final values. Therefore, the sides and bottom of the samples were covered with
insulation material, which was composed of 5 cm of insulation cotton.

• Accuracy of statistical results. Temperature sensors were placed on the surface of
samples, and then they were sealed with thermal silica gel. In the same test, the tem-
perature was measured five times and the average value was used as the final value.
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Figure 4. Test of CCL’s cooling effect.

The main steps to evaluate the CCL’s cooling effects were as follows:

• Establish the parameters. The radiation striking the specimen surface was set equal
to the required solar radiation of 650 W/m2. The temperature in the device was
set to 15 ◦C and the humidity to 50%. Figure 7 demonstrates the process of setting
parameters by different buttons.

• The test device was turned on to make coated and uncoated samples enter the heating
stage, so as to measure the cooling effect of the coatings. The cooling effect ∆T was
calculated using Equation (7), where the temperatures were measured every 5 min at
the surface of the samples:

∆T = Temperatureuncoated − Temperaturecoated (7)

• Turn off the test device. When the temperature of the samples remained steady, the
light was turned off, and then the temperature data were copied to complete the
test step.
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3. Results and Discussion
3.1. Cooling Performance
3.1.1. Effect of Functional Materials on Cooling Performance

The purpose of this test was to clarify the cooling effect of different functional coatings.
With the type of functional material as a variable, compositions 1–3 were compared under
the same environmental conditions. Among them, composition 1 represents a coating with
a heat insulation function, composition 2 represents a coating with a reflection function,
and composition 3 represents a composite coating with both heat insulation and reflection
functions. The schematic diagram of the coating composition materials is shown in Figure 8.
Table 4 demonstrates the composition of the CCLs. The self-developed test device was used
to evaluate the cooling effect of each coating, and the test results are shown in Figure 9.
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Table 4. The composition of CCLs.

ICCL Composition 1 Hollow glass microspheres of 18% (VC)
Copper chromite black spinel of 0.7% (mass fraction)

RCCL Composition 2 Rutile TiO2 of 18% (VC)
Copper chromite black spinel of 0.7% (mass fraction)

CCCL Composition 3
Rutile TiO2 of 18% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Hollow glass microspheres of 18% (VC)
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Figure 9. Cooling effect (◦C) of CCLs.

There were two stages to the test: the heating phase and the temperature stabilization
phase. In the first stage, the uncoated rutting board heated up the fastest, mainly because
the black asphalt concrete absorbed most of the radiation, so the temperature rose the
fastest. RCCL and CCCL, which contained reflective functional materials, had slower
heating rates, meaning that these two coatings could effectively reflect radiation into the
air, thereby preventing heat from entering the sample. The ICCL’s heating rate was second
to the uncoated rutting board, which meant its cooling effect was less than that of the other
two cool coatings. In the second stage, there was a stable stage for the temperature of the
reference group and the experimental groups, meaning that all groups had entered a state
of thermal equilibrium. The difference in the cooling effect of the different compositions
was roughly the same as that of the first stage.
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Compared with the uncoated rutting board, the cooling effects of composition 1,
composition 2, and composition 3 were 4.14, 9.2, and 11.21, respectively. The cooling effect
of composition 2 was 5.06 ◦C greater than that of composition 1, which indicates that the
reflection coefficient is the fundamental factor affecting the surface temperature. The band
gap width of the reflective rutile TiO2 phase was 3.0 eV, and the refractive index was as
high as 2.8. It had high reflectivity to sunlight, especially near-infrared light (780–1100 nm),
as shown in Figure 10. Therefore, rutile TiO2 can be used as a representative material with
a reflective function. Composition 3 had the best cooling performance, and its cooling
effect reached 11.21 ◦C. This shows that composition 3 not only has high reflectivity but
also can effectively suppress heat transfer downward, which is mainly due to the very low
heat transfer efficiency of the hollow glass microspheres of 0.0519 W/(m·K).

In summary, the composite coating CCCL had the best cooling effect. It not only had
higher infrared reflectivity but also a good heat insulation function.
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Figure 10. The absorbance spectrum of rutile TiO2.

3.1.2. Content of Rutile TiO2 in CCCL

The purpose of this test was to determine the optimal content of rutile TiO2. The
experimental groups with different TiO2 contents were compared under the same envi-
ronmental conditions, as shown in Table 5. A self-made test device was used to test the
cooling effect of different coatings, and the test results are shown in Figure 11.

Table 5. CCCLs containing different contents of rutile TiO2.

Coating Number Composition

Coating 1
Rutile TiO2 of 0% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Hollow glass microspheres of 18% (VC)

Coating 2
Rutile TiO2 of 6% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Hollow glass microspheres of 18% (VC)

Coating 3
Rutile TiO2 of 12% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Hollow glass microspheres of 18% (VC)

Coating 4
Rutile TiO2 of 18% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Hollow glass microspheres of 18% (VC)

Coating 5
Rutile TiO2 of 24% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Hollow glass microspheres of 18% (VC)

The relationship between the cooling effect of CCCL and the content of TiO2 was
shown as follows: the cooling effect increased first and then slightly decreased with the
increase of the content of TiO2. When the content of TiO2 increased from 0% to 18%, the
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cooling effect was significantly improved, reaching 11.21 ◦C. This is mainly because the
coating can reflect more visible light and near-infrared light due to the increase in the
number of TiO2 particles, thereby reducing heat absorption. However, when the content of
TiO2 particles continued to increase to 24%, the cooling effect of CCCL slightly decreased.
Meanwhile, the material particles aggregated, which reduced the specific surface area for
heat dissipation and reduced the scattering efficiency so that the cooling effect of the CCCL
began to decline.

In summary, the optimal content of rutile TiO2 is recommended to be 18%. In this
way, the reflective functional particles can be uniformly distributed in the coating without
agglomeration, and the best reflective effect is achieved.
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Figure 11. The impact of the contents of rutile TiO2 on the cooling effect.

3.1.3. Content of Hollow Glass Microspheres in CCCL

The purpose of this test was to determine the optimal content of hollow glass micro-
spheres. The cooling effects of CCCL with different contents of hollow glass microspheres
were compared under the same environmental conditions such as temperature and radia-
tion intensity. The material composition is shown in Table 6. A self-made test device was
used to analyze CCCLs’ cooling effect.

Table 6. CCCLs containing different contents of hollow glass microspheres.

Coating Number Composition

Coating 6
Hollow glass microspheres of 0% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Rutile TiO2 of 18%

Coating 7
Hollow glass microspheres of 6% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Rutile TiO2 of 18%

Coating 8
Hollow glass microspheres of 12% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Rutile TiO2 of 18%

Coating 9
Hollow glass microspheres of 18% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Rutile TiO2 of 18%

Coating 10
Hollow glass microspheres of 24% (VC)

Copper chromite black spinel of 0.7% (mass fraction)
Rutile TiO2 of 18%
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The test results are shown in Figure 12. The relationship between CCCL and the
content of hollow glass microspheres is expressed as follows: as the content of hollow glass
microspheres increased, there was an increasing tendency for the CCCL’s cooling effect
firstly, which then remained stable. There were five groups of hollow glass microspheres:
0%, 6%, 12%, 18%, and 24%. The peak of the cooling effect of CCCL was 11.21 ◦C, which
was an increase of 2.01 ◦C compared with the coating that did not contain hollow glass
microspheres. This is because the hollow glass microspheres were evenly distributed in
the coating and formed a compact thermal buffer layer, thereby inhibiting the downward
transfer of heat. When the content of hollow glass microspheres increased from 12%
to 24%, the cooling effect of the coating hardly changed. However, the material cost
and construction cost of the coating could be higher, thereby increasing unnecessary
expenditure.

In summary, considering the cooling effect of the coating, the cost expenditure, and
ease of construction, 12% hollow glass microspheres are recommended for use in cool
coatings, which is cost-effective.
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Figure 12. The cooling effect for samples with different contents of hollow glass microspheres.

3.2. Skid Resistance

In order to enable vehicles to safely travel on coated asphalt roads, it is essential to
study the CCCL’s antiskid performance. Silicon carbide particles were used to improve the
antiskid performance of the coating. In the experimental groups, each coating contained
different contents of silicon carbide—0, 0.5, 1, and 1.5 kg/m2—as shown in Figure 13. The
reference group was the rutting board without coating. The British Pendulum Number
(BPN) method was used to test the BPN of the sample surface so as to meet the antiskid
performance requirements of Chinese code [36]. The test results are shown in Figure 14.
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Figure 13. Surface appearance of CCCLs with differing amounts of silicon carbide particles:
(a) 0 kg/m2; (b) 0.5 kg/m2; (c) 1 kg/m2; (d) 1.5 kg/m2.
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Laying the coating can cause the antiskid performance of the asphalt concrete surface
to decrease. As shown in Figure 14, the BPN of the coated pavement surface without added
silicon carbide particles was nearly 54.3% less than that of the uncoated surface.

However, the spreading of silicon carbide particles can effectively improve the antiskid
performance of the coating surface. As the content of silicon carbide particles increased,
the BPN, an index to evaluate the antiskid performance, increased significantly and then
decreased slightly. When the distribution amount was from 0 to 1 kg/m2, the BPN of the
road surface was approximately doubled from 32 to 65 BPN, far more than for a coated
surface without silicon carbide particles and exceeding the specified BPN requirement
of 45. This is because the addition of silicon carbide particles changes the texture of the
surface, as shown in Figure 13.
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The slight decrease in the BPN when the silicon carbide admixture increased from 1
to 1.5 kg/m2 is attributable to the silicon carbide particles filling the concave part of the
pavement surface, reducing the road’s texture depth.

In summary, silicon carbide particles can be used to improve the antiskid performance
of a CCCL. The optimal distribution amount is 1 kg/m2, at which point the antiskid
coefficient of the pavement surface substantially exceeds what is required for driving safely
on an asphalt pavement (45 BPN).

4. Conclusions

In this work, we investigated a new strategy for a cool coating layer (CCL) with reflec-
tive and insulative properties that achieves the needed redirection of solar energy without
being unduly expensive and without sacrificing skid resistance. This study contributes
to reducing the temperature of asphalt pavements and further mitigating the problem of
permafrost melting in the high-altitude western regions of China. Based on the results
discussed above, the following conclusions can be drawn:

• A new device was developed to test the cooling effect of coatings. It has the following
design features to ensure that the test results are more scientific and accurate: it can
control environmental conditions, such as temperature and humidity; simulate natural
light as realistically as possible, including parallel light design, light radiation intensity,
and so forth; the sample is insulated. In addition, a scientific testing method was
proposed to ensure that the testing process is carried out in a scientific and orderly
manner.

• The reflection function is the fundamental factor affecting the temperature when
asphalt pavement reaches the thermal equilibrium state. Coatings containing reflective
functional materials have a better cooling effect than those that do not contain reflective
functional materials. The cooling effects of RCCL and CCCL were higher than those
of ICCL, which were 5.06 and 7.07 ◦C, respectively. The heat insulation function is a
key factor for improving the cooling effect. Therefore, a composite cool coating layer
(CCCL) was proposed, and it can improve the reflection of sunlight and inhibit the
downward flow of energy. The CCCL can reach a cooling effect of 11.21 ◦C.

• CCCL is composed of the following materials: polyurethane resin, rutile TiO2 of 18%
(VC), hollow glass microsphere of 12% (VC), and copper chromite black spinel of 0.7%
(mass fraction).

• Laying the coating can cause the antiskid performance of the asphalt concrete surface
to decrease. However, the spreading of silicon carbide particles can effectively improve
the antiskid performance of the coating surface. The optimal distribution amount
was found to be 1 kg/m2, at which point the antiskid coefficient of the pavement
surface substantially exceeds what is required for driving safely on asphalt pavement
(45 BPN).

As part of future developments of this work, the effects of repeated illumination
on the optical properties of the coatings should be further investigated to verify their
degradation. In addition, outdoor experimental roads should be established and compared
with laboratory test results to analyze the practical application of coatings. Finally, it is
recommended to establish a finite element model and perform thermal calculations to
quantify the amount of energy savings.
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