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Abstract: In this work, the ice-free heating test and microwave deicing test of carbon nanofiber (CNFs)-
reinforced concrete (CNFsRC) were carried out, and the effect of CNFs on the temperature rise rate, 
temperature distribution, and microwave deicing efficiency of concrete was studied. Also, the 
resistance loss and dielectric loss characteristics of CNFsRC were studied by measuring the 
resistivity and electromagnetic parameters of concrete. In addition, the microwave deicing efficiency 
and loss characteristics of CNFsRC and carbon fiber (CFs)-reinforced concrete (CFsRC) were 
compared. The results show that CNFs can improve the resistance loss and dielectric loss 
characteristics of concrete, so that the microwave deicing efficiency of CNFsRC is improved. As the 
CNFs content increases, the surface temperature, temperature rise rate, area of microwave heating 
region, and area of ice-breaking region of CNFsRC increase. CNFs can reduce the resistivity of 
concrete and increase the complex permittivity real part, imaginary part, and dielectric loss angle 
tangent. As the CNFs content increases, the microwave loss characteristics of CNFsRC increase. 
Compared with CFs, CNFs have better improvement in the microwave deicing efficiency of concrete. 
The resistance loss characteristics of CFsRC are better than those of CNFsRC, but the microwave 
absorption efficiency of CFsRC is poor, and the dielectric loss characteristics of CNFsRC are better 
than those of CFsRC. 

Keywords: concrete; carbon nanofibers; carbon fibers; microwave deicing; microwave loss 
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1. Introduction 

Highway pavement and airport pavement in cold regions are often affected by ice and snow. Ice 
and snow cover affect the friction coefficient and roughness of the pavement surface, thus reducing 
skid resistance and increasing traffic accidents [1,2]. Research has shown that traffic accidents 
caused by ice freezing on pavement account for more than 35% of the total traffic accidents in  
winter [3,4]. Therefore, removing ice and snow efficiently and quickly to ensure clear traffic is of 
great significance. Currently, snow removal technology on pavement surfaces is well-developed, but 
ice removal from pavement surfaces remains relatively difficult. Existing deicing methods include 
manual methods, mechanical methods, snow melting agents, and thermal melting methods [5]. 
Among those, manual methods, mechanical methods, and snow melting agents present some 
disadvantages, such as low ice removal rate, low operating efficiency, and serious damage to 
pavement structure [6,7]. Thermal melting methods have the advantages of environmental protection, 
high efficiency, and thorough deicing [8,9]. Therefore, the thermal melting method has become the 
research focus. 

Among thermal melting methods, microwave deicing technology can significantly improve the 
ice removal rate, without resulting in environmental pollution or structural damage, with broad 
development prospects and promotion value [10,11]. However, microwave heating efficiency has 
become a key limitation on the application of this technology. The traditional pavement concrete has 
low microwave absorption efficiency and slow deicing speed [12,13]. Therefore, researchers have 
conducted several studies to improve the microwave absorption efficiency of plain concrete (PC) by 
wave-absorbing admixtures [14,15]. Zhang et al. found that rubber powder could improve the 
dielectric properties, and rubber powder–modified concrete showed better microwave heating       
rate [16]. Liu et al. studied the microwave deicing efficiency of iron black–modified concrete and 
found that when the iron black content was 15%, the wave absorption effect of concrete nearly 
doubled [17]. Chen et al. found that silicon carbide, Fe4O3 and graphite can improve the wave 
absorption effect of concrete, and Fe4O3 had the best improvement effect [18]. Liu et al. found that 
graphite could improve the microwave loss characteristics and deicing efficiency of concrete [19]. 
The above studies mainly focus on powder wave–absorbing admixtures, while there are relatively 
few studies on microwave heating efficiency of concrete modified by fiber wave–absorbing 
admixtures [20,21]. In addition, powder wave–absorbing admixtures easily deteriorate the 
mechanical properties of concrete because they do not participate in cement hydration [22,23], while 
fibers are often used to improve its mechanical properties [24]. Therefore, it is necessary to explore 
the effect of fiber wave–absorbing admixtures on the microwave heating rate of concrete. 

Carbon-based fibers have excellent electromagnetic properties and are suitable for use in fiber 
wave–absorbing admixtures. Ren et al. and Meng et al. carried out some useful explorations on the 
microwave dicing efficiency of carbon fiber (CFs)-reinforced concrete (CFsRC) [25,26]. The former 
mainly focused on the coupling effect of the length and content of CFs on the ice-free heating 
efficiency of CFsRC, while the latter studied the temperature change of CFsRC during ice-free 
heating. Neither work involved the actual deicing effect and microwave loss characteristics of 
CFsRC. Improvements in microwave heating rate are essentially caused by the change in the 
microwave loss characteristics of concrete [27]. Therefore, it is necessary to explore the microwave 
heating rate and loss characteristics of concrete together. In addition, carbon nanofiber (CNFs) is a 
fibrous nanomaterial that can improve both mechanical properties and durability, such as 
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impermeability and frost resistance, of concrete [28,29]. The use of microwave deicing technology 
will improve the frequency of concrete freeze-thaw, which will impose higher requirements on the 
durability of concrete [30]. CNFs are also often used as resistance loss and dielectric loss materials to 
improve the wave-absorbing properties and electromagnetic shielding properties of composites [31,32]. 
Therefore, CNFs show great potential in improving the microwave heating rate of concrete. 

In view of this, this study takes carbon nanofiber-reinforced concrete (CNFsRC) as the research 
object and carries out an ice-free heating test, microwave deicing test, resistivity test, and 
electromagnetic parameter test. Additionally, the temperature rise rate, temperature distribution, 
microwave deicing efficiency, resistance loss characteristics, and dielectric loss characteristics of 
CNFsRC are studied. In addition, the microwave deicing efficiency and loss characteristics of 
CNFsRC and CFsRC are compared. 

2. Materials and methods 

2.1. Preparation of the specimen 

Materials include P·O 42.5 cement, limestone gravel (5–20 mm), natural river sand, water, 
polycarboxylate water reducer, and carbon-based fibers. Carbon-based fibers include CNFs and CFs, 
as shown in Figure 1; the main parameter indicators of CNFs and CFs are shown in Table 1. Three 
different sizes of concrete specimens are prepared, and the specimen working conditions are shown 
in Table 2. 

 

Figure 1. (a) CNFs and (b) CFs. 

Table 1. Main parameter indicators of CNFs and CFs. 

Carbon-based fibers Diameter (μm) Density (kg·m3) Resistivity (Ω·cm) Length (μm) 

CNFs 150–200 × 103 180 0.01 10–20 

CFs 7 1760 1.6 × 103 9 × 103 
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Table 2. Specimen working conditions. 

Test type Specimen size Age 

Ice-free heating test 500 × 500 × 50 mm3 28 d 

Microwave deicing test 500 × 500 × 50 mm3 

Resistivity test 100 × 100 × 400 mm3 

Electromagnetic parameter test 108.2 × 53.6 × 40.0 mm3 

The mix ratio of CNFsRC and CFsRC is shown in Table 3, where PC represents plain concrete, 
CNFsRC1–CNFsRC4 represent CNFsRC with CNF contents of 0.1%–0.4%, and CFsRC1–CFsRC4 
represent CFsRC with CFs contents of 0.1%–0.4%. Before the preparation of concrete specimens, 
the uniformly dispersed fiber suspension is prepared using an ultrasonic instrument, and the 
preparation of CNF and CF suspensions and CNFsRC and CFsRC specimens is shown in Figure 2.  

The specimen used for the microwave deicing test is required to freeze the ice on the concrete 
surface, as shown in Figure 3, as follows: (1) use an expandable polyethylene foam board as the    
ice-making mold and cut a section of 50 × 50 × 6 cm in the middle of the foam board; (2) put the 
concrete specimen in the mold, and install the temperature sensor; (3) put the mold into the 
refrigeration cabinet at 15 °C, inject water with a layer of 10 mm, and freeze for 8 h. 

Table 3. Mix ratio of CNFsRC and CFsRC (kg/m3). 

Specimen No. CNFs CFs Cement Sand Water Gravel Water reducer 

PC - - 320 626 96 1456 3.52 

CNFsRC1 0.18 - 320 626 96 1456 3.52 

CNFsRC2 0.36 - 320 626 96 1456 3.52 

CNFsRC3 0.54 - 320 626 96 1456 3.52 

CNFsRC4 0.72  320 626 96 1456 3.52 

CFsRC1 - 1.76 320 626 96 1456 3.52 

CFsRC2 - 3.52 320 626 96 1456 3.52 

CFsRC3 - 5.28 320 626 96 1456 3.52 

CFsRC4  7.04 320 626 96 1456 3.52 
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Figure 2. Preparation of CNF suspension, CF suspension, CNFsRC specimen, and CFsRC specimen. 

 

Figure 3. Preparation of the ice layer. 

2.2. Test equipment 

2.2.1. Open microwave deicing system 

The open microwave deicing system is comprised of the energy device, microwave radiation 
device, control device, and temperature measurement device [33], as shown in Figure 4. The microwave 
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radiation device consists of a magnetron, a rectangular metal waveguide, and a resonant cavity. The 
microwave can be excited by the magnetron and then radiated to the concrete specimen through the 
waveguide and the resonant cavity. The power of the magnetron is 1000 W. The temperature 
measurement device includes an optical-fiber temperature sensor and the FLIR ONE PRO/LT 
infrared thermal imager. The optical-fiber temperature sensor and paperless recorder are used to 
monitor and record the temperature during microwave irradiation. The temperature measurement 
range of the optic fiber temperature sensor is from 20 to 210 °C; measurement accuracy is 0.5% ± 1 °C, 
and the resolution is 0.1 °C. In addition, in order to obtain more comprehensive and detailed 
temperature information, the infrared thermal imager is used for real-time temperature measurement.  

 

Figure 4. Open microwave deicing system. 

2.2.2. Resistivity test system 

The resistivity test system is comprised of the HY3005 MT DC regulated power supply, MT-1280 
multimeter, and wire, as shown in Figure 5. 

 

Figure 5. Resistivity test system. (a) Physical picture and (b) schematic diagram. 
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2.2.3. Electromagnetic parameter test system 

The electromagnetic parameter test system is shown in Figure 6. The ROHDE & SCHWARZÂ 
® ZND dual-port vector network analyzer can be used in the frequency range of 100 kHz to 4.5 GHz. 
The special test fixture for the electromagnetic concrete parameter can be used for continuous   
sweep frequency test of materials. The test range of electromagnetic parameters is εˊ = 2–100        
and ε″ = 0.2–200. 

 

Figure 6. Electromagnetic parameter test system. 

2.3. Test scheme 

2.3.1. Ice-free heating test 

The open microwave deicing system is used to irradiate the specimens without an ice layer; the 
distance from the microwave source to the specimen surface is 20 mm, and the microwave 
irradiation time is 80 s. The temperature sensor is used to monitor and record the temperature, and 
the real-time temperature rise curve is obtained. After microwave irradiation, the surface thermal 
image of the specimen without an ice layer is taken by the infrared thermal imager, and the 
temperature distribution of the specimen is analyzed. Each group of specimens undergoes three valid 
tests, and the average value of the results is calculated. 

2.3.2. Microwave deicing test 

The distance from the microwave source to the ice layer surface is 20 mm. The open microwave 
deicing system is used to irradiate the specimen with an ice layer for 100 s to observe the melting of 
the ice layer. Then, floating ice is removed, and the shape and area of the ice-breaking region are 
observed and measured. The typical shape and area of the ice-breaking region will be compared. 
Each group of specimens undergoes three valid tests, and the average value of the results is calculated. 
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2.3.3. Resistivity test 

According to the “four electrode method”, the resistivity test system is used to test the resistivity 
of the specimen, and a copper mesh is used as the electrode. When the specimen is prepared, four 
copper mesh electrodes are pre-embedded at equal intervals. The diameter of the copper mesh 
monofilament is 1 mm, and the test voltage is 10 V. Each group of specimens undergoes three valid 
tests, and the average value of the results is calculated. 

2.3.4. Electromagnetic parameter test 

The electromagnetic parameters of CNFsRC and CFsRC are tested using the electromagnetic 
parameter test system. The test frequency range is 2.35–2.55 GHz, and the microwave loss 
characteristics of CNFsRC and CFsRC are investigated. Each group of specimens undergoes three 
valid tests, and the average value of the results is calculated. 

3. Results and discussion 

3.1. Temperature rise rate  

The time-temperature curve of CNFsRC is shown in Figure 7a, and the temperature rise rate (RT) 
of CNFsRC and CFsRC is shown in Figure 7b. From these figures, it can be seen that the            
time-temperature curve of CNFsRC is approximately linear. The addition of CNFs does not affect 
the time-temperature concrete curve law, and there is no “temperature step” [23]. 

 

Figure 7. Time-temperature curve and temperature rise rate of concrete. (a) Time-
temperature curve of CNFsRC; (b) temperature rise rate of CNFsRC and CFsRC. 

CNFs can effectively improve the microwave heating rate of concrete. As the CNF content 
increases, the microwave heating rate increases. After microwave irradiation for 80 s, the 
temperature rise range of PC is only 33.1 °C, and the temperature rise range of CNFsRC1–CNFsRC4 
is 45.7, 62.8, 74.7, and 87.3 °C, respectively. Figure 7 shows that the addition of CNFs and CFs can 
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increase the RT of concrete during microwave irradiation, and as the CNFs and CFs increase, the RT 
of CNFsRC and CFsRC increases. When the CNFs and CFs content is 0.4%, the RT of CNFsRC4 
and CFsRC4 are 1.09 °C/s and 0.92 °C/s, respectively, increasing by 162.89% and 121.93%, 
respectively. When the content of CNFs and CFs is the same, the RT of CNFsRC is larger than that of 
CFsRC. From this, compared with CFs, CNFs have a better improvement effect on the microwave 
heating rate of PC. 

3.2. Temperature distribution 

The infrared thermal images of surface CNFsRC and CFsRC are shown in Figure 8. The shape 
of the heating region of CNFsRC and CFsRC is the same as that of PC, related to the microwave 
transmission characteristics of rectangular waveguides. By comparing the color of the central region 
of these infrared images, we find that CNFs can improve the heating effect of concrete. The larger 
the CNFs content, the better this heating effect. When the CNFs content is 0.4%, the central region of 
CNFsRC4 appears partially white, indicating that the temperature of the central region of CNFsRC4 
reaches the maximum, consistent with the conclusion of the temperature rise curve. Compared with 
PC, the area of the heating region of CNFsRC and CFsRC is larger. The addition of CNFs and CFs 
can increase the heating region area. As the CNFs content increases, the heating region area of 
CNFsRC increases. In addition, although the heating region area of CNFsRC4 has a certain 
expansion, it still cannot increase the surface temperature of the whole specimen; that is, there is a 
clear heating boundary during microwave irradiation [34].  

 

Figure 8. Infrared thermal images of the surfaces of CNFsRC and CFsRC. (a) PC;         
(b) CNFsRC1; (c) CNFsRC2; (d) CNFsRC3; (e) CNFsRC4; and (f) CFsRC4. 

According to Figure 8, the three-dimensional temperature distribution picture of the surface of 
the specimens can be drawn, as shown in Figure 9. The three-dimensional temperature distribution 
pictures of CNFsRC and CFsRC show a cone shape with an elliptical planar substrate. Compared 
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with PC, the height of the cones of CNFsRC and CFsRC increases significantly. After the addition of 
CNFs and CFs, the dispersed fibers contact each other inside the concrete and form a conductive 
network structure. The electrical conductivity and polarization degree of the concrete are improved 
by CNFs and CFs, and the electromagnetic wave energy is more easily absorbed and converted into 
heat energy. On the macro level, the temperature of CNFsRC and CFsRC significantly increases. The 
heating region area of concrete is proportional to the heating rate, and the heating rate and heating 
region area of CNFsRC are larger than those of PC and CFsRC. According to the heat conduction 
principle and Fourier’s law, the heat transfer rate of an object is proportional to the temperature 
gradient and thermal conductivity. For CNFsRC, the temperature rise rate is larger, so the 
corresponding heat flux density is also larger. Therefore, CNFsRC has a faster rate of heat transfer to 
the edge and a larger heating region area. 

 

Figure 9. Three-dimensional temperature distribution of CNFsRC and CFsRC. (a) PC;  
(b) CNFsRC3; and (c) CFsRC3. 

3.3. Microwave deicing efficiency 

The microwave deicing efficiency of CNFsRC and CFsRC is shown in Figure 10. After 
microwave heating for 100 s, the ice-breaking region area of PC is 82.7 mm2. CNFs can improve this 
parameter. When the CNFs content is 0.1%–0.4%, the ice-breaking region area of the concrete         
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is 110.3, 128.5, 140.8, and 180.9 mm2, respectively, an increase by 33.37%, 55.38%, 70.25%,       
and 118.74%, respectively. The ice-breaking region area of CFsRC4 increases by 99.76% compared 
with that of PC, but it is smaller than that of CNFsRC. CFs can also improve the ice-breaking region 
area of concrete, but such improvement is lower. The shapes of the ice-breaking region of PC, 
CNFsRC, and CFsRC are elliptical. The shape of the ice-breaking region is determined by the 
electromagnetic field structure of the rectangular waveguide and is independent of the addition of 
fibers and fiber content [35]. On the rectangular cross-sections in the rectangular waveguide, the 
electric field is sinusoidally distributed along the wide side of the waveguide, while it is uniformly 
distributed along the narrow side of the waveguide [36]. The closer to the edge of the wide side of 
the waveguide, the weaker the electric field intensity. The spatial distribution of the electric field 
affects the distribution of microwave intensity; as such, the heating region and the ice-breaking 
region of the concrete are ellipsoids. The heating and ice-breaking regions are strongly elliptical due 
to waveguide effects. The multi-wave-source microwave deicing technology is explored in an 
attempt to solve this problem. 

 

Figure 10. Microwave deicing efficiency of CNFsRC and CFsRC. (a) PC; (b) CNFsRC1; 
(c) CNFsRC2; (d) CNFsRC3; (e) CNFsRC4; and (f) CFsRC4. 

3.4. Resistance loss characteristics 

The resistivity (R) of CNFsRC and CFsRC is shown in Figure 11. Both CNFs and CFs can 
decrease the R and improve the conductivity of PC. As CNFs and CFs content increases, the 
conductivity of CNFsRC and CFsRC increases. When the CNFs and CFs content is 0.4%, the R of 
CNFsRC4 and CFsRC4 decreases by 28.47% and 37.60%, respectively. When the content of CNFs 
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and CFs is the same, the R of CFsRC is lower, and the conductivity of CFsRC is stronger than that of 
CNFsRC. Compared with CNFs, CFs have a better improvement effect on the conductivity of 
concrete. Both CNFs and CFs are carbon-based fibers with excellent electrical conductivity [37]. 
Therefore, CNFs and CFs can decrease the R of PC and improve the conductivity of PC. Compared 
with CNFs, CFs have a larger length-to-diameter ratio and a better bonding degree between fibers, 
making it easier to form a conductive network inside concrete [38]. Therefore, the conductivity of 
CFsRC is stronger than that of CNFsRC. 

 

Figure 11. Resistivity of CNFsRC and CFsRC. 

By improving the conductivity of concrete, CNFs and CFs enhance the resistance loss ability of 
concrete. When the electromagnetic wave enters concrete, as resistance-loss materials, CNFs and 
CFs can generate a current to heat the resistance material, resulting in the generation of thermal 
energy [39]. CNFs and CFs improve the microwave deicing efficiency by improving the resistance 
loss characteristics of concrete. In addition, the better the conductivity of the material, the more 
electromagnetic waves the material reflects [40]. Although CFsRC has better conductive and 
resistance loss characteristics, it reflects more electromagnetic waves. Therefore, the electromagnetic 
wave energy entering CFsRC is low, which is not conducive to wave absorption. The R of CNFsRC 
is lower than that of CFsRC, and its resistance loss characteristic is weaker than that of CFsRC, but 
CNFsRC can absorb more electromagnetic energy [41]. Therefore, CNFsRC shows better microwave 
deicing efficiency. 

3.5. Dielectric loss characteristics 

The complex dielectric constant (εˊ, ε″) is composed of a real and an imaginary part. The εˊ and 
ε″ represent the polarization capacity and energy loss capacity of concrete in the electromagnetic 
field, respectively. The dielectric loss angle tangent tanδε = ε″/ε′ characterizes the dielectric loss 
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capacity of concrete [28]. The ε″ and tanδε are positively correlated with dielectric loss characteristics. 
The εˊ of CNFsRC and CFsRC is shown in Figure 12, where we can see that the εˊ of CNFsRC and 
CFsRC is larger than that of PC. For 2.35–2.55 GHz, as the CNF content increases, the εˊ of 
CNFsRC and the polarization ability of CNFsRC increase. When the CNF content is 0.4%, the εˊ of 
concrete reaches the maximum, which is 28.21–29.23, increasing by 299.01%–352.63% compared 
with that of PC. The εˊ of CFsRC4 is 21.48–21.73, increasing by 199.58%–236.37% compared with 
that of PC. Compared with CFsRC4, the εˊ of CNFsRC4 is larger. Compared with CFs, CNFs have a 
better improvement in the polarization ability of PC. 

 

Figure 12. The εˊ of CNFsRC and CFsRC. 

The ε″ and tanδε of CNFsRC and CFsRC are shown in Figures 13. The variation of ε″ and tanδε 
of CNFsRC is consistent with that of εˊ. For 2.35–2.55 GHz, CNFs can improve the ε″ and tanδε of 
PC. This shows that CNFs can improve the dielectric loss characteristics of PC, and CNF is a good 
microwave attenuation material. When the CNF content is 0.4%, the ε″ and tanδε of concrete are the 
maximum, and the dielectric loss ability is the strongest. The ε″ and tanδε of PC are 0.50–1.34       
and 0.08–0.20, respectively, while the ε″ and tanδε of CNFsRC4 are 24.25–24.50 and 0.83–0.86, 
respectively. The dielectric loss capacity is the basis for the microwave heating efficiency of concrete. 
In the ice-free heating and microwave deicing tests, the heating efficiency and deicing effect of 
CNFsRC4 are the best, consistent with this conclusion. Compared with CFsRC4, the ε″ and tanδε of 
CNFsRC4 are larger, and the dielectric loss capacity of CNFsRC4 is stronger. This shows that CNFs 
have a better improvement in the microwave loss characteristics of PC. 
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Figure 13. Imaginary part ε″ of complex dielectric constant and dielectric loss angle 
tangent tanδε of CNFsRC and CFsRC. (a) Imaginary part ε″ of complex dielectric 
constant and (b) dielectric loss angle tangent tanδε. 

As dielectric loss materials, CNFs and CFs can improve the dielectric loss capacity of PC. In the 
concrete mixed with CNFs and CFs, these can be regarded as dipoles. CNFs dipoles and CFs dipoles 
can also polarize in an electromagnetic field and convert electromagnetic wave energy into thermal 
energy. After the addition of CNFs and CFs, the number of dipoles in concrete increases, so the 
polarization ability and dielectric loss capacity of CNFsRC and CFsRC are improved [28,42]. 
Therefore, the εˊ, ε″, and d tanδε of CNFsRC and CFsRC are larger than those of PC. During 
microwave irradiation, the heating power P of concrete is shown in Eq 1: 

𝑃 =
0.566 × 10ିଵ଴

𝑐𝜌
𝑓𝜀″𝐸௥௠௦

ଶ  (1) 

where c is the velocity of light, ρ is the density, f is the wavelength of the microwave, and Erms is the 
maximum electric field intensity inside the concrete. From Eq 1, the heating power P of concrete is 
proportional to the imaginary part ε″. After the addition of CNFs and CFs, the imaginary part ε″ of 
concrete increases, and the microwave heating and deicing efficiencies of CNFsRC and CFsRC are 
improved. The imaginary part ε″ of CNFsRC4 is larger than that of CFsRC4, so the microwave 
heating and deicing efficiency of CNFsRC4 is better. 

In an early stage, the effect of CNFs on the mechanical properties of concrete was studied. 
When the CNF content was 0.1%–0.4%, the strength of CNFsRC was larger than that of plain 
concrete; when the CNF content was 0.5%, the strength of CNFsRC was smaller than that of plain 
concrete [43,44]. 

4. Conclusions 

The microwave deicing efficiency and loss characteristics of CNFsRC and CFsRC are studied 
and compared. The main conclusions are as follows: 
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(1) CNFs can improve the microwave heating and deicing efficiency of concrete. As the CNFs 
content increases, the surface temperature, temperature rise rate, area of microwave heating region, 
and area of ice-breaking region of concrete increase. 

(2) CNFs can reduce the resistivity of concrete and increase the complex permittivity real part, 
imaginary part, and dielectric loss angle tangent of concrete, thereby improving the resistance loss 
and dielectric loss characteristics of concrete. 

(3) CNFs can improve the resistance loss and dielectric loss characteristics of concrete. The 
larger the CNF content, the better the microwave loss characteristics of concrete. 

(4) The improvement of microwave deicing efficiency of concrete by CNFs is better than that 
by CFs. The resistance loss characteristic of CFsRC is better than that of CNFsRC, but the         
wave-absorption effect of CFsRC is poor, and the dielectric loss characteristic of CNFsRC is better 
than that of CFsRC. 

Although the improvement in microwave deicing efficiency of concrete with CNFs is better than 
with CFs, CNFs are more expensive. In recent years, the production cost of CNFs has decreased, and 
the production scale has gradually expanded, which has broadened the application prospects of CNFs 
in concrete. 

Microwaves directly act on the ice layer and the road surface, achieving high heating efficiency 
and reducing energy loss during the transmission process. Microwave deicing technology is feasible 
and has achieved interesting results in laboratory and small-scale tests. However, it is still in the 
development stage and faces some application limitations. 
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