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In recent years, with the rapid growth of economy and sharp rise of motor vehicles in China, the pavement skid resistance in
tunnel portals has become increasingly important in cold region. However, the deicing salt, snow removal with machine, and other
antiskid measures adopted by highway maintenance division have many limitations. To improve the treatment effect, we proposed
a new snow-melting approach employing electric heat tracing, in which heating cables are installed in the structural layer of road.
Through the field experiment, laboratory experiment, and numerical investigation, structure type, heating power, and preheating
time of the flexible pavement heating system in tunnel portal were systematically analyzed, and advantages of electric heat tracing
technology in improving the pavement skid resistance in tunnel portal were also presented.Therefore, such new technology, which
offers new snow-melting methods for tunnel portal, bridge, mountainous area, and large longitudinal slope in cold region, has
promising prospect for extensive application.

1. Introduction

With the rapid development of highway construction in
China, more and more highways have been built in the
cold region with high latitude and high altitude. Heavy
snows in the cold region cause the soil freezing and snow
cover on the pavement in tunnel portals and greatly reduce
the friction coefficient of pavement, which often result
in motor vehicle accidents and endanger the drivers and
passengers. In north China, the winter usually lasts for 5-
6 months and even for 8 months in Heilongjiang Province,
Xinjiang Uygur Autonomous Region, and Inner Mongolia
Autonomous Region. Every year, heavy snows will occur
in such regions for several times. Moreover, heavy snows
will cause severe adverse impact on people’s production,
transportation, and traffic safety [1], as shown in Figure 1.
According to the statistics, the occurrence of traffic accident
in the snow and ice road in winter is 4-5 times of that in
other seasons, which may result in the annual economic
loss of tens of millions of dollars. Therefore, more and
more research has focus on the pavement skid resistance in

tunnel portal [2–5]. In order to ensure the smooth traffic in
tunnel portal and guarantee the normal operation of highway,
it is necessary to take effective measures to eliminate the
snow and ice on the pavement in tunnel portal. Considering
the traffic safety, energy consumption, economic benefit,
environmental protection, and other related factors, it is
of great practical significance to change the conventional
concept and method for snow-melting and skid resistance of
the pavement [6–8].

Losses and damage caused by heavy snow are steadily
increasing worldwide. Severe heavy snow paralyses national
logistics systems, limiting snow removal efforts. To over-
come this, many snow-melting systems have been developed;
however, in practice, their application is restricted, due to
economic reasons, environmental contamination, and prob-
lems and cost associated with construction technology. With
respect to the treatment of the snow and ice on the pavement,
researchers have conducted many studies and proposed
several methods for snow-melting and skid resistance of the
pavement [9–13], as shown in Figure 2. Currently, there are
two major methods for melting ice and snow: snow removal
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Figure 1: Influence of the snow and ice road on traffic safety.
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Figure 2: Methods for snow-melting and skid resistance of the pavement.

with machine and snow-melting. With high efficiency, snow-
removing machines are applicable for removing large area
of snow and ice on pavement. However, considering the
larger cohesive force between ice and pavement induced by
the lower temperature, the snow-removing machine alone
cannot achieve satisfactory snow removal effect and cannot
thoroughly remove the ice cover on pavement. Generally,
the snow-melting method can be divided into two kinds,
namely, chemical method and heating method. The heating
method employing the heat pump, infrared lamp, heating
wire, or hydrothermal fluid has a promising prospect of
application [14]. The chemical method, employing deicing
chemicals (NaCl or CaCl

2
) to melt the snow and ice, has been

extensively applied with the advantages of extensive source
of materials, low price, and excellent snow and ice melting
effect [15–18]. The deicing chemicals used for melting ice

and snow on pavement, however, have caused many negative
effects, which may include the corrosion of steel reinforcing
bars, pavement abrasion, and environmental pollution [19–
22]. In many countries where the chemical reagents are
widely used to remove snow and ice, many roads and bridges
have to be repaired at huge cost, which result in enormous
economic loss [23–27]. Therefore, in order to improve the
skid resistance of pavement in cold-region tunnel portal
and guarantee the safe operation of highway, it is of great
significance to develop the new snow-melting and antiskid
technology.

In previous decades, America, England, Canada,
and some other countries have conducted experimental
researches on the snow-melting heated pavement system
[28–30]. In America, Yehia and Tuan [14, 28] summarized
the snow-melting measures (i.e., chemical method, heat
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Figure 3: Heating cable composition.

pump method, infrared lamp irradiation method, heating
wire method, and hydrothermal method) of pavement. The
conductive concrete was proposed to melt ice and snow
on road surface, and the experimental research on the
snow-melting measures for bridge and concrete pavement
was performed. In 2001, Sun [31], fromGuangzhou Electrical
Power Design Institute, China, studied the application of
conductive concrete in the grounding grid of substation, and
excellent research results were obtained. In 2002, Tang et al.
[32], fromWuhan University of Technology, China, analyzed
the influence of the heating layer of conductive concrete on
the pavement skid resistance, and the research results show
that the heating layer covered by conductive concrete can
realize better snow-melting and deicing effect.

The electric heat tracing system commences as a new
method for the pavement snow-melting in tunnel portal,
bridge, mountainous area, and large longitudinal slope in
cold region, which can also serve as references for effective
design and construction of similar projects in urban roads.
Moreover, with the advantages of excellent performance in
environmental protection, renewable energy source, simple
structure, convenient usage, and low manufacturing cost,
the electric heating tracing technology enjoys promising
prospect for extensive application.

2. Electric Heat Tracing System

2.1. Working Principle of the System. Electric heat tracing
system, using wire as heating medium, transforms electric
energy into thermal energy by electrifying the heating cable
and then transfers the thermal energy to pavement, which
is the radiant heating. With additional protection of the
outer wall of heat insulation material, the significant effect of
heat insulation and snow-melting can be received [33]. The
heating cable, as shown in Figure 3, is mainly composed of
several elements, which are heating thread, insulation layer,
metal shielding layer, waterproof and anticorrosion layer, and
so forth. The self-limiting temperature heating belt, which
is generally used in the current, has the electrical resistivity
with high positive temperature coefficient (PTC). The PTC
material will transform electric energy into thermal energy;
that is, the temperature of the heating unit is rising, when in
an energized state. Besides, the electrical resistivity increases
gradually with the effect of PTC.

With the advantages of high thermal efficiency, little
impact on structure, excellent effect, excellent performance
in energy conservation, simple design, convenient installa-
tion, zero pollution, long service life, and remote-automatic
control, the electric heat tracing system has been success-
fully applied in architectural engineering, oil engineering,
chemical engineering, mechanical engineering, and so on.
In the early 1990s, the electric heat tracing technology was
first introduced into China. Later, along with the advance of
material technology and electronic technology, this technol-
ogy was experiencing a very rapid growth in various fields of
engineering construction [34].

2.2. Application of the System in Pavement Engineering. Heat-
ing cables are usually laid in zigzag pattern as the following
process: firstly, the coarse gravel asphalt concrete or other
similar materials are laid in the structural layer of pavement;
then, the heating cables with required power are laid accord-
ing to related technical requirements; finally, the fine gravel
asphalt concrete is laid as the surface layer of pavement, as
shown in Figure 4. The electric heat tracing system, which
is employed for snow-melting and deicing, is designed with
the intermittent operation model. Ramsey and Kilkis [35, 36]
had recommended that the input power of electric heating
cable system be 250–400W/m2 for the asphalt pavement.The
heating cables generate thermal energy gradually, then the
thermal energy is transferred to the snow cover through the
asphalt concrete, and finally the snow will be melted after
absorbing sufficient heat.

The snow-melting heated pavement system comprises the
heating system and control system, as shown in Figure 5.
The composite pavement (4 cm fine gravel asphalt concrete +
5 cm medium gravel asphalt concrete + 22 cm cement con-
crete), before installing the electric heat tracing system, is
often required to be designed according to the internal
structure of pavement and working features of heating cable.
Firstly, 2 cm (width) × 2 cm (depth) grooves are carved on the
cement concrete surface of the composite pavement. Then,
heating cables are installed inside the grooves and fixed with
clamps and cement nails, as shown in Figure 6. Note that the
redundant length shall be reserved for the heating cable, so as
to avoid the higher stress on heating cable when the pavement
deformation is large. Finally, temperature-controlled cables
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Figure 4: Working principle of the electric heat tracing system.
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Figure 5: The snow-melting heated pavement system.

are installed as the same procedure. Once the cable laying
is completed, it is required to start the laying of asphalt
concrete layer. Moreover, the heating cable and temperature-
controlled cable are led out from the brim of pavement slab,
which are placed in the cable duct and connected with the
control circuit after crossing the gutter. Generally, the remote-
automatic control of heating cables can be realized through
the control system.

3. Experimental Study on Snow-Melting
Heated Pavement System in Tunnel Portal

In this paper, comprehensive comparison and analysis were
conducted through field experiment, laboratory experiment,
and numerical investigation, and systematic analysis was also
performed on the practicality of pavement snow-melting
effect for the electric heat tracing system in tunnel portal,
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Figure 6: Schematic diagram of the pavement with electric heat tracing system.

which can provide necessary technical support for the design,
construction, and operation of electric heat tracing system.

3.1. Field Experiment. The field experiment was conducted
in Dongnanli Tunnel in Tumen City, Jilin Province, China.
Dongnanli Tunnel, as shown in Figure 7, is 1252m in length,
with the maximum depth of 101m. The tunnel is located
at seasonal cold region, belonging to the denudation of
mountain topography. In this area, the first snow comes in
the mid October, and the last snow comes in April of next
year.Thewinters are bitterly cold and longwhile the summers
are cool. By reference to the meteorological history data for
many years, the extremely high temperature is 37.6∘C, the
extremely low temperature is −27.2∘C, the maximum freeze
depth is about 1.81m, and themaximum snow depth is 48 cm.

The longitudinal length of the pavement with electric
heat tracing system was determined by the air temperature,
vehicle emergency braking distance, and “snow scarp” effect.
In the field experiment, the length of the pavement with
electric heat tracing system inside the tunnel was 50m,
and that outside the tunnel was also 50m. Heating cables
were installed according to the related design. The on-site
construction is shown in Figure 8. After completing the
laying of heating cables, the testing personnel, according to
the forecast of snowfall, conducted the field experiment in
late February 2011.The testing personnel changed the control
mode of single-circuit switch and double-circuit switch to
monitor the heating effect. And the main working indexes of
electric heat tracing system were collected accordingly. The
air temperature at the test site is shown in Figure 9.The results
of field experiment show that the electric heat tracing system
can realize excellent snow-melting and antiskid effect, which
conserves a lot of manpower and material resource.

The surface temperature of heating cable reached 40–
60∘C during the field experiment; however, the maximum
surface temperature should not be above 60∘C for avoiding
the softening of asphalt. After the snow, the heating test
was conducted at 8:00 a.m. and lasted for 10 h. The air
temperature reached −11.3∘C and the pavement temperature
reached −8.3∘C. Table 1 gives the pavement temperature after
the electric heat tracing system working for 3 h, 5 h, 8 h, and
10 h with the 300W single-circuit heating cable and 600W

Figure 7: Dongnanli Tunnel.

Table 1: Temperature monitored in field experiment.

Heating time 0 3 h 5 h 8 h 10 h
Air temperature (∘C) −11.3 −8.9 −7 −7.9 −9.5
Pavement temperature with
single-circuit heating cable (∘C) −8.3 −2.4 0.8 1.96 3.4

Pavement temperature with
double-circuit heating cable (∘C) — 0.6 2.3 3.2 3.8

double-circuit heating cable. The temperature testing at the
site is shown in Figure 10.

Before the snow, the pavement temperature can reach 2-
3∘Cby the electric heat tracing system.Once the snow started,
the pavement temperature is sufficient to melt the snow and
ice, which can ensure the expected snow-melting effect. More
specifically, in order to achieve the satisfactory antiskid effect
for pavement, it is better to preheat the pavement to 2-3∘C
within 4–6 h.

Additionally, in order to study the effect of increased
temperature on the mechanical properties of the pavement,
the verification tests on the high temperature stability and
fatigue performance of the asphalt pavement were conducted
by Xu [37]. Through the fatigue test and rutting test, it can be
seen that the installation of electric heat tracing system has
relatively little influence on the mechanical properties of the
pavement. In addition, the asphalt concrete with electric heat
tracing system has longer fatigue life and better parallelism.
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Figure 8: On-site construction of electric heat tracing system.
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Figure 9: Air temperature curve at the test site.

3.2. Laboratory Experiment. It is difficult to conduct the
field experiment systematically because the temperature at
the site changes irregularly and has large discreteness, but,
comparatively speaking, the laboratory experiment can be
conducted under optimal temperature condition [38]. And
the relationship among the pavement temperature field, air
temperature, and environmental factors can be analyzed
under the specified temperature condition. Additionally, the
installation technology and installation mode of electric heat
tracing system can also be optimized.

In the laboratory experiment, the cement concrete layer
was laid according to the structural requirements detailed in
Table 2.The heating cable used in laboratory experiment had
the linear heating power of 17W/m, input power of 252W,
and the maximum surface temperature of 60∘C. When the
laying of heating cable was finished as related requirements,
a layer of steel wire mesh with the diameter of Φ1mm,
length and width of 3 × 3 cm, was laid upon the heating
cable, so as to transfer the thermal energy. Then, the asphalt
concrete surface layer was laid according to the structural
requirements (see Figure 11). In order to obtain real-time data
about the temperature change on road surface, temperature
elements were installed on the specimen surface. Typically,
three temperature measuring points, which were measuring
point A, measuring point B, and measuring point C, were
placed, as shown in Figure 12. Then, considering the symme-
try and periodicity of the system, it was enough to analyze the

Table 2: Asphalt concrete pavement structure.

Name Thickness (cm) Material
Surface layer 4 Fine gravel asphalt concrete
Middle layer 5 Medium gravel asphalt concrete
Base layer 22 Cement concrete

temperature of the specimen surface in an all-roundway with
the threemeasuring points. In the laboratory experiment, the
intelligent multiloop measuring and control instrument was
employed to monitor the temperature for every 0.5 h. In the
first test, without snow, the temperature of specimen surface
reached 2.43∘C, and the surface temperature of heating cable
reached 17.22∘C after the system worked 5 hours. In the
second test, the snow on specimen surface began to melt
after the system worked 4 hours, and all the snow was melted
after the system worked 5.5 hours. In the third test, taking
into account the air temperature of −10∘C, the heating time
was increased. The temperature of specimen surface reached
3.11∘C, and the surface temperature of heating cable reached
22.69∘C after the system worked 10 hours. In the fourth test,
the snow on specimen surface began to melt after the system
worked 9 hours, and all the snow was melted after the system
worked 11 hours.

Through the regression analysis of test results, the tem-
perature change of measuring point A on the specimen
surface with the air temperature of −5∘C and −10∘C (Figures
13 and 14) was as follows: in the initial period of experiment,
the temperature of specimen surface rose quickly, which was
similar to parabola.With the increase of the heating time, the
temperature of the structural layer began to rise, the electrical
resistivity of heating cable increased, and the calorific value
of heating cable was reduced accordingly. In this period,
the rate of temperature increase became slower gradually,
the temperature field became stable, and the temperature
curve became smooth and slow. Moreover, from the test
results, it could be seen that the heating time for the stable
status of temperature field with the air temperature of −10∘C
was approximately two times that with the air temperature
of −5∘C. In summary, the electric heat tracing system had
excellent snow and ice melting effect; however, its heating
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Figure 10: Temperature testing of the pavement outside the tunnel.

(a) (b)

Figure 11: Laying of heating cable in the laboratory experiment.
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Figure 12: Distribution of temperature measuring points on the
pavement.

power and heating time were necessary to be controlled and
computed.

3.3. Numerical Investigation. Based on the finite element
method, the basic laws among several key parameters that
affect the snow-melting heated pavement system can be
systematically studied, and characteristics of temperature
distribution can also be summarized. In the numerical
investigation, the snow-melting heated pavement system
was regarded as the heat conduction on two-dimensional
plane. Through the finite element software ANSYS, working
stages of the system can be simulated, in which the PLANE
55 element was applied for computation [39]. Specifically,
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Figure 13: Temperature curve of the specimen surface with air
temperature of −5∘C.

the internal structure, heating power, external temperature,
thermophysical properties of materials, and other physical
parameters were obtained from field experiment and labora-
tory experiment, as shown in Table 3.

Considering the different properties materials in pave-
ment structure, the pavement structure was divided into
three different parts during establishing the finite element
model, and such three different parts were bonded together
by Boolean operation.Nonuniformmesh generationwas per-
formed in the model, and refined mesh was applied around



www.manaraa.com

8 Advances in Materials Science and Engineering

−12.0

−10.0

−8.0

−6.0

−4.0

−2.0

0.0

2.0

4.0

0 1 2 3 4 5 6 7 8 9 10
Time (h)

Te
m

pe
ra

tu
re

 (∘
C)

Figure 14: Temperature curve of the specimen surface with air
temperature of −10∘C.

Table 3: Physical parameters of the pavement material.

Material property
Thermal

conductivity
(J/(M ∘C))

Heat capacity
(J/(kg ∘C))

Density
(kg/m3)

Gravel asphalt
concrete 1.3 920 2600

Cement concrete 2.56 1390 2480
Thermal insulation
layer 0.022 2600 37.5

the cable, so as to improve the computational accuracy. The
model is shown in Figure 15.

A series of temperature computations were conducted,
respectively, with and without the heat-insulating layer. For
instance, with the external temperature of −5∘C and −10∘C,
the model was heated for 5 hours and 10 hours, respectively,
and the temperature distributions are shown in Figures 16 and
17.

From the temperature distribution, it can be seen that the
temperature field formed among neighboring heating cables
has “saddle shape” characteristic after a period of time. For
the structural layer, the highest temperature appeared on the
outer surface of heating cable. In the layer where the heating
cable was installed, the temperature gradient was large. In
the layer close to the road surface, the temperature gradient
was small. And the temperature field on road surface was
distributed uniformly. The simulation results were in good
agreement with the research conducted by Yehia and Tuan
[14].

Furthermore, considering that the external temperature
of −5∘C and −10∘C and the heating time of 5 h and 10 h
were adopted both for laboratory experiment and numerical
investigation, we performed the related comparison and
analysis, as shown in Figure 18. The pavement temperature
changes in numerical investigation were basically closed to
that in laboratory experiment. Additionally, the errors, which
were reduced by the slight fluctuation of air temperature,
heat exchange, thermal resistance between heating cable and
pavement structure, and heterogeneity of materials, were

Table 4: Optimal preheating time without thermal insulation layer.

Air temperature
(∘C)

Target
temperature

(∘C)

Heating power
(W/m2)

Heating time
(h)

−5 2 250 4.33
−10 2 350 4.83
−15 2 450 5.25
−20 2 600 4.83

Table 5: Optimal preheating time with thermal insulation layer.

Air temperature
(∘C)

Target
temperature

(∘C)

Heating power
(W/m2)

Heating
time (h)

−5 2 200 4
−10 2 250 5.5
−15 2 300 5.5
−20 2 400 5.5

controlled within the relatively smaller range and would not
affect the rationality of model.

Afterwards, further numerical simulationwas conducted,
and simulation results are shown in Tables 4 and 5. With the
help of systematic numerical simulation, it was feasible to
conduct the qualitative analysis of heating effects. Moreover,
quantitative computation of the heating power and preheat-
ing time was also performed, which could provide technical
support for similar projects in the future.

Based on the research results of field experiment, labo-
ratory experiment, and numerical investigation, it is possible
to conclude that the snow and ice on pavement can be melted
very well with perfect economical performance by preheating
the pavement to 2-3∘Cwithin 4–6 hwith different air temper-
ature and corresponding heating power.With air temperature
dropping, the preheating time increases accordingly under
the condition of the same heating power. In order to melt the
snow and ice within reasonable preheating time, it is required
to increase the heating powerwhen the air temperature drops.
Besides, considering the high utilization efficiency of heat,
thermal insulation materials can be laid below the heating
cables, so as to prevent the downward diffusion of heat and
ensure that the heat can be transferred towards the surface
layer of road. For the structural layer, the highest temperature
appears on the outer surface of heating cable, and the lowest
temperature appears on the upper surface of the layer. The
pavement temperature changes in numerical investigation
are in good agreement with that in laboratory experiment,
and the related errors are controlled within the relatively
smaller range.Therefore, it can be ascertained that the model
established is rational and reliable, and simulation results
have high reference values.

4. Conclusions

Considering the limitations of present antiskid measures
adopted by highway maintenance division and the extensive
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(a) Calculation model of the pavement without thermal insu-
lation layer

(b) Calculation model of the pavement with thermal insulation
layer

Figure 15: Calculation model of the pavement.
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Figure 16: Temperature field distributions with heating time of 5 hours and air temperature of −5∘C.
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Figure 17: Temperature field distributions with heating time of 10 hours and air temperature of −10∘C.

engineering applications of electric heat tracing system, the
snow-melting heated pavement system in tunnel portal was
proposed. Based on field experiment, laboratory experiment,
and numerical investigation, conclusions may be summa-
rized as follows:

(1) In cold region, the electric heat tracing system can
be employed for the snow-melting of the pavement
in tunnel portal. In order to realize instant and auto-
matic melting, it is required to preheat the pavement
according to the actual weather conditions.

(2) Considering the air temperature, vehicle emergency
braking distance, and “snow scarp” effect, the opti-
mum longitudinal length of the pavement with elec-
tric heat tracing system should be 50m inside the
tunnel and 50m outside the tunnel.

(3) In order to effectively improve the heating efficiency,
thermal insulation materials can be laid below the
heating cables. Combined with thermal insulation
materials, the electric heat tracing system with heat-
ing power of 200–400W/m2 can sufficiently meet the
requirements of pavement snow-melting when the air
temperature is −20–0∘C.

(4) Based onfield experiment and laboratory experiment,
the numerical investigation can systematically ana-
lyze the temperature field distribution of the snow-
melting heated pavement system, which truthfully
reflects the temperature distribution of the pavement
structure.

(5) The pavement heating power, heating time, and
corresponding temperature distribution, which are
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Figure 18: Comparison of the simulation results and test data.

obtained by the comprehensive comparison and anal-
ysis, not only offer technical support for the cur-
rent research, but also lay foundation for the future
research.
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