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Microwave deicing is an intelligent and environmentally friendly method that overcomes the many shortfalls of
traditional deicing methods, including mechanical, chemical and thermal techniques. In this paper, a robust
method was investigated and the microwave deicing efficiency was defined as the temperature-rise rate of
a concrete surface heated to 0 °C. The heating of a concrete surface covered with an ice layer using
microwaves from a rectangular waveguide was explored numerically and experimentally. A microwave
deicing simulation model was constructed on the basis of finite element theory. Laboratory experiments
were then carried out using a self-designed microwave deicing apparatus. The effects of the microwave
frequency and pavement material on the microwave deicing efficiency were examined. The results indicate
that the microwave efficiency is closely linked with the microwave frequency and pavement material.
Compared with the use of a frequency of 2.45 GHz, using 5.8 GHz radiation decreased the penetration

depth to 45%, while the microwave deicing efficiency increased by more than fivefold. When black iron
Received 21st November 2016 . . o . _
oxide was added into the concrete mortar at 10 wt% of the total cement content, the microwave efficiency
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increased by more than 1.8-fold. Furthermore, the validity of the simulation model based on finite element

DOI: 10.1039/c6ra27109j theory was verified by the consistent results obtained between the simulations and experiments. Moreover,
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1 Introduction

Winter ice can greatly reduce the friction coefficient of a pave-
ment. On an icy pavement, automobile brake difficulties can
cause accidents, while an increase in aircraft taxiing distance
can easily cause overshooting. Pavement freezing has become
a serious threat to transportation safety.' Therefore, it is very
important to study effective methods to remove ice from pave-
ments, and in particular, from important traffic facilities such
as highways, airports and roads.

To deice pavements, the traditional methods are mechanical,
chemical, or thermal. The mechanical method, which is easy to
operate, requires substantial manpower and material resources,
and its deicing effect is also not satisfactory, because the vibra-
tion and improper use of the machinery can lead to serious
damage of the pavement surface.” Moreover, mechanical devices
cannot be used under some severe environmental conditions. As
for the chemical method, it may be effective in its ability to deice,
but the salts required to remove the ice, mainly NaCl-based
melting agents, may affect the chemical composition of the
concrete structure and pollute the environment.* The thermal
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these results could provide theoretical guidance for the future application of microwave deicing.

method involves either an internal heating method or an external
heating method. The internal heating method involves a heating
element buried within the pavement, and possesses several
disadvantages such as large investment, high energy consump-
tion and unsatisfactory removal of thick ice. It can only be used
for short segments of roadway, such as bridges.” The external
heating method involves the use of high-temperature air
produced by an old aircraft engine to melt snow and ice. The
exhaust from the engine, at high temperatures of up to 400-
500 °C, is usually used as the external heat source. Although this
method is efficient, the engine fuel consumption is very high and
it causes severe heat damage to airport pavement structures.’
Rubber particles are also used for deicing; these are inlaid into
pavements and can produce self-stress under automobile tire
loads, making pavement deicing easier.® However, rubber parti-
cles are not suitable for constructing concrete pavements that
require high strength, especially for those in airport runways.
Microwaves, which can rapidly heat dielectric and magnetic
materials, are commonly used as a heat source. Ice scarcely
absorbs microwaves, while concrete is a type of dielectric material.
Accordingly, microwaves can heat concrete surfaces directly
through the ice layer and weaken the bonding between the ice and
concrete surface. Therefore, microwave heating provides an
alternative approach for melting ice on the surface of concrete in
an efficient and environmentally friendly way, and has good
prospects for application to pavement deicing. The United States
put forward research into microwave deicing in the 1980s, but the

This journal is © The Royal Society of Chemistry 2017
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method has not been widely adopted, due to low efficiency.” The
natural magnetite in taconite is an outstanding microwave
absorber and in order to enhance the microwave absorbing
capacity of a pavement, Hopstock used taconite as the aggregate
to construct a “microwave road”. The microwave radiation was
greatly absorbed by the taconite and converted into heat,
improving microwave deicing efficiency.® Guan et al’® used
a domestic microwave to heat a frozen road specimen. The ice
slowly broke away from the specimen surface under the micro-
wave radiation. However, their study lacked in-depth analysis of
the factors contributing to the deicing efficiency. Jiao et al*®
applied microwave deicing to an asphalt pavement and analyzed
the key factors driving the deicing efficiency; however, water,
which shows an excellent ability to absorb microwave radiation,
was not taken into account in their simulation model. The water
from melting ice has a great influence on the distribution of the
temperature field. In addition, a number of patents concerning
the design of microwave deicing vehicles have been filed. For
example, Xu et al.™ designed a model for a microwave deicing
vehicle and applied to patent it, while Witt Highway Maintaining
Equipment Company Ltd. in Foshan'>** devoted much effort to
developing a microwave deicing vehicle for pavements and ob-
tained two patents. However, microwave deicing has not been
adopted in practice, due to its low efficiency. Therefore, the key to
the practical application of microwave deicing in pavement deic-
ing lies in the enhancement of the microwave deicing efficiency.

In this paper, the microwave deicing mechanism and the key
factors that contribute to the deicing efficiency were analyzed. The
microwave deicing efficiency is mainly affected by the microwave
frequency and the pavement material, which were analyzed in-
depth using simulation methods and experiments. A microwave
deicing simulation model was constructed based on finite element
theory. In order to verify the validity of the simulation model,
a self-designed device was used to conduct the microwave deicing
in laboratory experiments.

(a) No electric field (b) Electric field

Fig.1 Diagram showing dielectric polarization.

Table 1 The characteristic parameters of related substances
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2 Mechanism analysis

Microwave deicing refers to the use of microwave radiation,
which possesses the ability to rapidly heat dielectric and
magnetic materials, to heat concrete. As a truck-mounted
microwave generator is driven over an ice-covered road, the
microwave radiation should pass through the ice layer, heat the
road surface directly, weaken the bonding between the ice and
road surface and make it easier to scrape the ice away. The
mechanism of microwave deicing can be described as follows.
Dielectric and magnetic materials are composed of molecules
which can be regarded as electric dipoles or magnetic dipoles.
As these materials are not in an electric field, the positive and
negative dipoles in the materials are disordered, and can cancel
each other out. Therefore, the material as a whole usually does
not show electrical properties. When the materials are placed in
an electric field, each dipole will deflect along the direction of
the field. Based on quantum field theory, this sudden ordering
of electric dipoles (generally called polarization) generates
a secondary electric field that combines with and strengthens
the first field. Moreover, the polarization direction changes as
the electric field direction changes, resulting in the rubbing
together of molecules. Large heat is produced by the friction
generated between different molecules. The faster the electric
field direction changes, the more heat will be produced. A
diagram of dielectric polarization is shown in Fig. 1.

Based on microwave heating theory," the microwave power
consumed by a material on a per unit volume basis is given
simply by:

P = 0.556fE%, tan 6 x 102 (1)

where P is the power consumed on a per unit volume basis; fis
the microwave frequency; E is the electric field intensity; ¢, is
the relative dielectric constant; and tan ¢ is the loss angle
constant.

According to eqn (1), the microwave power consumed by
a material is related to many factors. It has been generally
accepted that different frequencies of microwave radiation have
a different effective depth and efficiency. Preliminary studies
show that the higher the frequency, the lower the effective depth
and the greater the efficiency.”® Therefore,
frequency is a key factor influencing a material's microwave
absorbing performance. Moreover, electric field intensity is also
related to microwave power. With an increase in the electric
field intensity, the polarization increases. Meanwhile, the heat
produced by the polarization is greater. In addition, the relative
dielectric constant and the loss angle constant are the inherent

microwave

Relative dielectric Loss angle Conductivity coefficient Density Specific heat
Material constant constant W (m-°c)™ (kg m™?) g (kg °C)™)
Water 76.7 0.157 0.63 997 4179
Ice 3.2 0.0009 2.31 918 2052
Concrete 8 0.048 1.8 2300 880
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attributes of materials responsible for the microwave-absorbing
ability. The larger these parameters are, the stronger the ability
is. The characteristic parameters of related substances are listed
in Table 1. The loss angle of ice is close to zero, accounting for
the fact that the ice layer, which hardly absorbs microwave
radiation, is almost transparent to microwaves.* Therefore, the
microwaves can pass through the ice layer and heat the concrete
surface directly.

3 Research methods

The temperature-rise characteristic of a concrete material under
microwave irradiation is very complex, and many factors may
influence this parameter. According to the mechanism analysis,
microwave frequency and material type are the two prominent
factors. In this paper, based on finite element theory, a micro-
wave deicing simulation model was built. In addition, it is
practicable to take the temperature-rise rate of a concrete
surface heated up to 0 °C as the index for microwave deicing
efficiency. The temperature field distribution in the interior and
on the surface of the concrete was analyzed. The influence of the
microwave frequency and the material type on the microwave
deicing efficiency was analyzed in depth.

3.1 Simulation model

The microwave generator of the microwave deicing vehicle is
made up of many magnetrons and waveguides. For simplicity,
the coupling effects between different microwaves produced by
different magnetrons were ignored in this study. The microwave
deicing efficiency was studied using a single magnetron and
waveguide as an example. Relevant literature reports indicated
that the penetration depth for 2.45 GHz microwaves in concrete
is about 112 mm and the penetration depth for 5.8 GHz
microwaves in concrete is deeper.** Therefore, the thickness of

; | Waveguide
\ | port

< Rectangular

Ry waveguide

Ice layer

Specimen

PML

Fig. 2 Microwave deicing simulation model.
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the specimen was set to 150 mm and the thickness of the ice
layer was set to 15 mm in the simulation model. Based on finite
element theory, the model was built. The mesh graph shown in
Fig. 2 indicates that the simulation model is composed of
several types of domain, including concrete, ice layer, wave-
guide and air. The concrete dimensions are 150 mm x 150 mm
x 150 mm, the dimensions of the waveguide for 2.45 GHz
microwave radiation are 109.2 mm x 54.6 mm and the
dimensions of the waveguide for 5.8 GHz microwave radiation
are 40.4 mm X 20.2 mm. A perfect matching layer (PML), which
can absorb microwaves from different angles without reflection,
was adopted to model the radiation properties in a natural
environment. Phase-change heat transfer was used to simulate
the ice-to-water process. It can be seen that the water displays
excellent microwave absorption, even though the ice layer
hardly absorbs microwaves. Thus, the water melting from the
ice layer must be seriously considered in the simulation. The
origin of the coordinate system is set at the center of the
concrete surface, the positive Z-axis points to the waveguide,
and Path 1 is defined as the line from point (0, 0, —150) to point
(0, 0, 15); namely, from the center of the concrete surface to that
of the ice layer surface.

3.2 Laboratory experiments

Laboratory experiments were conducted on the self-designed
microwave deicing apparatus shown in Fig. 3, which is
composed of a magnetron, waveguide, adjusting lever for
waveguide height, cooling system and circuit system. The
height of the waveguide port can be adjusted using the adjust-
ing lever. Two cooling pipes with circulating water were added
onto the magnetron to control the internal temperature. The
apparatus for generating a frequency of 2.45 GHz is similar to
that for generating 5.8 GHz, except for the waveguide dimen-
sions, which are the same as those adopted in the simulation
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Fig. 3 Microwave deicing experiment apparatus.
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model. In laboratory experiments, the microwave radiation is
produced in the magnetron. Then, the microwaves propagate in
a direction parallel to the waveguide. When the microwaves
reach the waveguide port, they diffuse towards the ice layer and
concrete specimen. Then they penetrate the ice layer and heat
the concrete surface directly. The surface temperature increases
under the microwave irradiation. The concrete specimens of
dimensions 150 mm x 150 mm X 150 mm were covered with
a 15 mm-thick ice layer. The thermocouple, recording the
temperature change, was positioned at the interface between
the concrete surface and the ice layer.

4 Results and discussion
4.1 Microwave frequency

Microwave frequency is a key factor influencing microwave
heating which can affect the electromagnetic parameters of
a material and the penetration depth of microwave radiation. A
frequency of 2.45 GHz is generally used in industrial microwave
heating. However, in contrast to industrial microwave heating,
microwave deicing focuses only on the surface temperature
change on a pavement. Compared with 2.45 GHz radiation, the
heating efficiency of 5.8 GHz radiation is higher and exhibits
a smaller penetration depth. Therefore, it is necessary to study
the microwave deicing efficiency of 5.8 GHz radiation. This
paper reports the deicing efficiency obtained using both simu-
lations and experiments.

4.1.1 Simulation research. In the simulation model, the
initial temperature of the air, concrete and ice layer was set to
—10 °C, the height of the waveguide end was set to 20 mm and
the excitation power of the waveguide port was set to 1500 W.
Free triangulation and free tetrahedral were adopted for mesh
generation. The results demonstrate the relevance of employing
a simulation model to microwave deicing.

Fig. 4 shows the highest temperatures achieved at a concrete
surface under these two frequencies. The results indicate that
when the highest temperature on the concrete surface reaches
0 °C from the same initial temperature (—10 °C), the microwave
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Fig. 4 The maximum surface temperature under frequencies of 2.45
GHz and 5.8 GHz.
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duration time for 2.45 GHz is 24.5 s and the temperature-rise
rate is 0.41 °C s~ !, whereas for 5.8 GHz, the microwave dura-
tion time is 4.5 s and the temperature-rise rate is 2.22 °C s,
which is 5.4 times that for 2.45 GHz. A possible reason for this
observation may be that the polarization direction of the
material under the effect of 5.8 GHz radiation changes faster
and the friction between the polar molecules is stronger.
Consequently, more heat is produced in the material and the
surface temperature is higher. In addition, it was observed that
the temperature-rise rate increases after the surface tempera-
ture reaches 0 °C. This is due to the excellent microwave
absorbing ability of water. The polar molecules in water are
more active than those in ice. Therefore, more heat is produced
in water than in ice under the same microwave radiation. When
the ice layer melts into water, the water absorbs more micro-
wave energy and more heat is produced than in ice. Therefore,
the temperature-rise rate increases after the surface tempera-
ture reaches 0 °C. Another interesting observation is that the
temperature-rise rate increases and decreases repeatedly after
the ice layer melts into water. The temperature difference
between the ice and water is large and leads to heat transfer to
the ice layer when the temperature of the water in the ice layer
rises to a certain value. The surface temperature-rise rate then
becomes slow, resulting in the melting of the ice into water and
the absorption of more microwave energy. Then the
temperature-rise rate continues to increase and even the surface
temperature decreases, which can be clearly seen under the
conditions of 2.45 GHz microwave irradiation.

The electric field mode is an important parameter that
affects the heat generation rate in microwave heating. Taking
Path 1 as an example, this study investigated the distribution of
the electric field in concrete. Based on electromagnetic theory,
microwave radiation can permeate into a material where the
electric field mode decreases to e ' times that at the material
surface. The electric field distributions in concrete under these
two frequencies are compared in Fig. 5. It is observed that, for
2.45 GHz, the electric field mode is 8.21 kv m™" on a concrete
surface, and the depth is 118 mm as the field mode decreases to
3.02 kv m! (e times). However, for 5.8 GHz, the electric field
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Fig. 5 Electric field distribution in concrete.
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Fig. 6 Temperature field distribution along the vertical direction of
concrete.

mode is 12.38 kV m ™' on a concrete surface. As the field mode
decreases to 4.56 kV m ™" (e~ times), the depth decreases to 53
mm. Therefore, the penetration of 5.8 GHz radiation is just
44.9% that of 2.45 GHz radiation in microwave deicing, which
means that the heat produced by 5.8 GHz microwaves is more
concentrated near the concrete surface, indicating that the 5.8
GHz frequency is more conducive to the application of deicing.

The temperature field distribution inside concrete is demon-
strated in Fig. 6, for when the surface temperature reaches 0 °C.
The direction of the temperature field distribution is parallel to
Path 1. This indicates that the temperature change curves along
the direction of Path 1 under these two frequencies are similar.
The temperature on the surface of the ice layer is the lowest.
Then, the temperature increases with increasing depth until it
reaches its peak at about 10 mm below the concrete surface. After
this peak, the temperature decreases with increasing depth. As
can be seen from Fig. 6, compared with 2.45 GHz, the heat
generated by 5.8 GHz radiation is much closer to the concrete
surface. The reason for this observation may be that the pene-
tration depth of the 5.8 GHz radiation is smaller than that of the
2.45 GHz radiation. In addition, it also can be seen that the
magnitude of the 5.8 GHz radiation is lower than that of the 2.45
GHz radiation. The main reason for this phenomenon may be
that the duration time (4.5 s) of the 5.8 GHz microwave exposure
is much shorter than that (24.5 s) for the 2.45 GHz microwaves.
Thus, the heat produced by 5.8 GHz radiation is less. Above all, it
can be concluded that microwaves with a frequency of 5.8 GHz
are better for application to pavement deicing.

4.1.2 Experimental research. The concrete specimens were
prepared in the mixture ratio of 330 kg of cement, 136 kg of water,
4 kg of superplasticizer, 563 kg of sand and 1438 kg of stone per 1
m®. The specimens were then cured in an environmentally-
controlled room at 20 °C and 95% relative humidity for 28
days. Then, the ice layer was prepared in a refrigerator at
a temperature of —20 °C. The specimens covered with the ice
layer are shown in Fig. 7. A self-designed microwave deicing
apparatus was adopted to conduct the microwave deicing

9156 | RSC Adv., 2017, 7, 9152-9159
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Fig. 7 Specimens covered with ice layer.

experiments. In the experiments, the magnetron power was set to
1500 W and the waveguide port height was set to 20 mm. The
thermocouples, pasted at the interface between the concrete
surface and ice layer, were used to record the temperature change
on the concrete surface. The surface temperature changes under
frequencies of 2.45 GHz and 5.8 GHz were studied.

Fig. 8 displays the ice layer after microwave irradiation. It is
observed that there is a large hole in the ice layer. The hole
appears to be cone-shaped, which indicates that the ice melted
first from the part close to the concrete surface. The adhesion
between the ice layer and the concrete surface would then have
been reduced and consequently the ice layer could easily have
been removed by mechanical means. This phenomenon also
indicates that the microwave-absorbing property of the ice layer
is weak and that the microwaves could penetrate through the ice
layer to heat the concrete directly.

The thermocouples recorded the temperature change at the
interface between the concrete surface and the ice layer; the results
are shown in Table 2. It can be seen that the initial temperature
(namely the environmental temperature) is independent of the

Ice after microwave irradiation.

Fig. 8

This journal is © The Royal Society of Chemistry 2017
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Table 2 Efficiency of concrete under different microwave frequencies

2.45 GHz 5.80 GHz
Parameters 1 2 3 1 2 3
Initial temperature/°C —15.6 -13.1 —10.3 —14.3 —12.8 —10.4
Heating time/s 48 36 30 9 7 6
Temperature-rise rate/(°C s~ ) 0.33 0.36 0.34 1.59 1.83 1.73

microwave efficiency, but it affects the deicing time. The lower the
initial temperature, the longer the deicing time. The average
temperature-rise rate is 0.34 °C s~ ' under 2.45 GHz radiation,
whereas for 5.8 GHz radiation, the average temperature-rise rate
can reach 1.72 °C s~ ". Therefore, the microwave deicing efficiency
of the 5.8 GHz microwaves is 4.99 times of that of the 2.45 GHz
microwaves.

The experimental results are very close to the simulation
results, indicating the reliability of the simulation model.
However, it can be seen that the deicing efficiency obtained in the
experiments is slightly lower than that from the simulation
research. That is because the electromagnetic parameters are
regarded as constant in the simulation model. In reality, these
parameters are dependent on the temperature of the material,
especially when it is exposed to microwave-frequency radiation."

4.2 Pavement materials

The relative dielectric constant and loss tangent are important
indicators for the microwave-absorbing properties of materials.
Black iron oxide, which is smelted from magnetic ore, is a type
of oxide mineral with an equiaxed crystalline structure. This
oxide exhibits strong magnetism and has a chemical formula of
Fe;0,. Studies have shown that this type of mineral exhibits
perfect performance with respect to microwave-absorption and
temperature-rise behavior."®>° In the present work, black iron
oxide was doped into cement mortar to improve microwave-
absorbing performance. The dosage of black iron oxide was
10 wt% of the total cement content. The new electromagnetic
parameters, important input parameters for the simulation
model, were calculated according to the volume ratio. The new
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Fig. 9 The maximum surface temperature of PC and BC.
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dielectric constant was 28 and the new loss tangent was 0.075.
Simulations and experiments were conducted on plain concrete
(PC) and black iron oxide concrete (BC).

4.2.1 Simulation research. In the simulation model, the
initial temperature of the concrete was set to —10 °C, the
frequency was set to 2.45 GHz, the power was set to 1500 W and
the waveguide port height was set to 20 mm. The deicing
process of PC and BC was simulated based on finite element
theory. The highest surface temperatures with time for PC and
BC are demonstrated in Fig. 9. It can be seen that the time taken
for the BC surface temperature to reach 0 °C is 15 s. The
temperature-rise rate is 0.67 °C s~ *, which is 1.87 times that of
PC. The black iron oxide, mixed in cement mortar, improves the
magnetism of the mixture and transforms the magnetic
component into heat. Hence the temperature-rise rate of BC is
higher than that of PC. Another interesting observation is that
the temperature-rise rate increases and decreases repeatedly
after the ice layer melts into water, which is similar to the trend
observed in the study of the microwave frequency.

The temperature field distribution inside the concrete is
shown in Fig. 10, for when the highest surface temperature
reaches 0 °C. The direction of the temperature field distribution
is parallel to Path 1. It can be seen that the general rule of
temperature distribution inside these two kinds of concrete is
similar, but the highest internal temperature in BC is 7.9 °C,
whereas the highest internal temperature in PC is 12.4 °C. The
internal temperature in PC is higher than that in BC at the same
depth. The reason for this phenomenon is as follows. Black iron
oxide increases the electromagnetic parameters of the concrete,
so the microwave penetration depth decreases.”” Consequently,

Temperature (‘C)

Concrete surface

P il

) S

TR S R SR SR R T R
-140 -120 -100 -80 -60 -40  -20 0 20
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Fig. 10 Temperature field distribution in the vertical direction.
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Table 3 The microwave deicing efficiency of BC

Initial temperature Heating time Temperature-rise

No. (°C) (s) rate (°C s %)
1 —18.6 30 0.62
2 —15.3 28 0.55
3 —-12.7 22 0.57

compared with PC, the heat produced by the microwave radia-
tion is much closer to the concrete surface inside BC and the
surface temperature-rise rate of BC is faster. Therefore, less time
is needed to heat the surface temperature to 0 °C and less heat is
produced inside BC. Accordingly, the internal temperature in
PC is higher than that in BC at the same depth.

4.2.2 Experimental research. In order to study the micro-
wave deicing efficiency of concrete with black iron oxide added,
the microwave deicing apparatus was used to conduct micro-
wave deicing experiments at the frequency of 2.45 GHz on BC
and PC. The BC specimens were prepared using the same
mixture ratio as PC, with 10 wt% black iron oxide added to the
cement content. The preparation of the specimens and the ice
layer for BC was the same as those for PC. Table 3 presents the
microwave deicing efficiency of BC. It can be seen that the
average temperature-rise rate for BC is 0.58 °C s, which is 1.73
times that for PC. In addition, the experimental results are in
general agreement with the simulation results, thus verifying
the validity of the simulation model again.

5 Conclusions

In this paper, the effects of microwave frequency radiation and
pavement material on microwave deicing efficiency were
explored numerically and experimentally. The microwave deic-
ing efficiency was defined as the temperature-rise rate of the
concrete surface heated up to 0 °C. Based on finite element
theory, a microwave deicing simulation model was built and
simulations were conducted. Laboratory experiments were
carried out using a self-designed microwave deicing apparatus.

The experimental results are in general agreement with the
simulation results, verifying the validity of the simulation
model. The results show that the microwave efficiency of 5.8
GHz radiation is about 5 times that of 2.45 GHz radiation. When
black iron oxide was added into the concrete at 10 wt% of the
total cement content, the microwave deicing -efficiency
improved by about 1.8-fold. In addition, a cone-shape hole
formed in the ice layer after microwave irradiation, indicating
that the ice layer absorbs little microwave radiation and that the
method of microwave deicing is feasible.

Microwave deicing is an intelligent, environmentally friendly
method, which overcomes the shortfalls of traditional deicing
methods such as mechanical, chemical and thermal methods. In
the present study, a microwave deicing simulation model was
constructed on the basis of constant parameters in Table 1.
However, these parameters change depending upon concrete
composition. The effects of the change in these parameters on
the microwave deicing efficiency need to be further investigated.
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Additionally, in future research more attention should be paid to
studying 5.8 GHz microwave radiation and pavement materials
with superior microwave-absorbing performance.
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