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Abstract: The use of carbon-fiber heating cables (CFHC) to achieve effective melting of snow and ice deposited on roads is a method used worldwide. In this study, tensile and compressive tests have been conducted to analyze the mechanical properties of the CFHC and assess whether the maximum tensile and compressive strengths can meet the pavement design specifications. In order to study the aging produced by multiple cycles of heating and cooling, in particular, the CFHC was repeatedly heated in a cold chamber with an ambient temperature ranging between −20°C and +40°C. Moreover, to evaluate how the strength of the pavement is affected by its presence, the CFHC was embedded at different depths and concrete blocks with different curing ages were subjected to relevant compression and splitting tensile tests. Numerical simulations based on the ANSYS software have also been performed and compared with the outcomes of the static loading tests. The results show that the CFHC embedded in the concrete does not affect the compressive splitting tensile strengths of the pavement. Overall, the CFHC meets the conditions required for continued use in road ice melting applications.
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1  Introduction

Investigation shows that in the cold winter, snow on roads will have a greater impact on the efficiency of transportation. The heavy snow on the road will cause frequent traffic accidents, resulting in huge economic losses and even endangering safety of lives. Currently, de-icing salt and manual mechanical snow removal methods are widely used around the world to solve the problem of snow accumulation on pavements. The chloride in de-icing salt can seriously affect the durability of concrete pavement, corrode pavement infrastructure in large quantities and reduce the service life of the pavement. De-icing salt penetrates into the pavement and the soil around the road, which can damage the surrounding ecological environment. In reference [1], manual mechanical snow removal methods are time-consuming and laborious and also affect the normal operation of road traffic. Countries around the world have done a lot of research on how to quickly melt snow and ice. At present, rapid development has been achieved mainly by changing the conductivity of concrete [2–7] and the electric heating method [8–12]. In the field of electric heating method, the carbon fiber heating cable (CFHC) is the most commonly used heating cable, and has an important significance for snow melting and de-icing technology on roads.

In recent years, the research on applying CFHCs to road snow and ice melting has developed rapidly. Mohammed et al. [10] embedded three different forms of carbon fibers into concrete specimens and tested their heating properties. Zhao et al. [13,14] buried carbon fiber wires in the concrete pavement and determined that the spacing of the wires within 10 cm could meet the requirements of pavement temperature uniformity. Ke et al. [15] studied the influences of burying distance, depth of cables, input current, ambient temperature, and covering material on the heating effect. Kim et al. [16] studied the effect of cable arrangement and the external environment on snow and ice melting. Qian et al. [17] analyzed the heat transfer process between concrete pavement, snow, and the ice melting system with the arrangement of CFHCs and verified the correctness of the model and calculation method by using the ANSYS thermal analysis module. Huang et al. [18] tested the thermal conductivity of the CFHC applied to the airport road and numerically analyzed them using the ANSYS transient thermal module. Yang et al. [19] used the Fluent module and FENSAP-ICE module of ANSYS to simulate the icing characteristics of the beams of bridges, and proposed an ice melting measure based on the electric heating method, and verified the feasibility and effectiveness of the method by numerical simulation.

It is obvious that scholars have done a lot of research on the layout and conduction law of CFHCs for snow and ice melting on pavements. However, there are relatively few studies on whether the strength of the CFHC can meet the actual work needed within pavements and whether the burial of the cable has an impact on the strength of the concrete pavement. Therefore, it is necessary to carry out further experimental research.

In summary, this paper selects the 48K-type carbon fiber heating cable, carries out tensile and compressive tests, and measures the tensile and compressive strength. To investigate whether the strength of the cable meets the requirements of the work within the pavement and whether the buried pavement will be damaged by the pavement load, resulting in the failure of normal energized heating, the cold and hot cycle tests of the CFHC was conducted. The change law of tensile and compressive strength of the cable after working operation at different ambient temperatures was studied. Compressive and splitting tensile tests of concrete specimens with pre-buried CFHC were conducted to investigate whether the pre-burial of CFHC affects the strength of the concrete pavement. The concrete specimen model of the embedded the CFHC is established by the ANSYS finite element software, and the static loading test is carried out to further verify that the carbon fiber heating cable will not be damaged by the pavement load. This study aims to provide some theoretical support for the application of the CFHC in the snow and ice melting project of pavement concrete.

2  Mechanical Properties of CFHC

2.1 Structure of Carbon Fiber Heating Cable

The CFHC is a reinforced plastic composite material made of carbon fiber wire bundles. Compared with other heating bodies such as cables, it has higher strength, fatigue resistance, high-temperature resistance, wear resistance, corrosion resistance, electrical and thermal conductivity, and many other excellent properties, which can meet the basic requirements of built-in materials in special environments such as concrete roads. The whole length of the finished carbon fiber yarn is 14 m, and the performance parameters are given in Table 1.
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The finished product of the CFHC is shown in Fig. 1. The structure composition is shown in Fig. 2, which is carbon fiber bundles, Teflon, heat-resistant polyethylene, and stainless-steel woven mesh in order from inside to outside. Teflon has excellent heat resistance and low-temperature resistance. Teflon can work continuously at 260°C, has significant thermal stability, and it can work at −250°C without embrittlement. It also has very good insulation properties, making it an ideal coating for protecting carbon fiber bundles. Heat-resistant polyethylene is a monomer of ethylene and octene by metallocene-catalyzed copolymerization, and is non-toxic, odorless, and odorless. Its use temperature can be more than 80°C, processed into a pipeline after compression, corrosion resistance, life of up to 50 years, green, and recyclable. The outermost stainless steel woven wire mesh has a certain compressive, tensile, and shear strength, which can prevent the wear and tear of the CFHC caused by the friction resulting from the construction when the CFHC is pre-buried in concrete.
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Figure 1: Finished product of CFHC
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Figure 2: Structure diagram

2.2 Tensile and Compressive Test of Carbon Fiber Heating Cabl

The equipment used for the tensile test is a microcomputer-controlled electronic universal testing machine, as shown in Fig. 3. The displacement control mode was adopted during the tension, the loading strain rate was set to 0.001 s−1, and the speed was set to 20 mm/min. The fixture is chosen to be a flat chuck to avoid the resulting error caused by the sliding of the CFHC during the test. The tensile test selected 5 different lengths of the CFHC placed in the testing machine fixture midpoint line to ensure that the CFHC was straight and fixed. The test procedure follows the steps of adjust the distance between the two fixtures on the computer system to ensure that the initial force is 0 kN and record the distance between the two fixturesstart the tester and the CFHC starts to stretch until the cable breaks. The effective tensile length of the CFHC is 10 mm, and the test data that the tensile CFHC is disconnected from the middle of the CFHC rather than at the pinch is valid data.
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Figure 3: The microcomputer-controlled electronic universal testing machine

The equipment used in the compression tests is also a microcomputer control electronic universal testing machine. The displacement control mode was used for pressing, and the loading strain rate was set to 0.001 s−1, and the speed was set to 100 mm/min. Five CFHC of different lengths were selected and placed horizontally on the test machine, and the CFHC were fixed, with loading pads placed on each end of the CFHCs and the operational procedures carried out as follows the CFHC center should be aligned with the center of the lower plate of the testing machine; open the testing machine, when the upper-pressure plate is close to the CFHC, adjust the underlying plate, so that the contact balance is; the CFHC begins to deform until it fractures, recording the maximum compressive pressure of each CFHC; take the average of multiple sets of tests to avoid accidental errors.

Fig. 4 shows the failure morphology of the stretched CFHC. Obvious debonding occurs at the interface between the heat-resistant polyethylene and Teflon. The bonding of Teflon and carbon fiber bundles is relatively tight, which indicates that the carbon fiber bundles have good bonding ability with Teflon coating. The basic damage mode is Teflon matrix fracture and carbon fiber bundle axial fracture. This damage is caused by tensile damage of the coating and the interface between the coating or the coating and the carbon fiber strands. That is, some parts of the fracture surface are caused by the tensile damage of the coating, and another part is caused by the debonding of the adjacent interface.
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Figure 4: Fracture morphology of CFHC in the tensile test

The tension-deformation curve has two stress peaks, as shown in Fig. 5. The analysis suggests that this phenomenon is related to the bonding effect between the CFHC coating and the coating in the CFHC and between the coating and the carbon fiber bundle. Due to the injection molding process of CFHC, the adjacent media are not an ideal tight bond. This inevitably causes coupling of the CFHC between the coatings and the deformation of the carbon fiber bundle, which has an important effect on the overall mechanical properties of the CFHC. The bimodal phenomenon of the force-deformation curve of the CFHC may also be related to this, but further research is needed.
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Figure 5: The obtained force-deformation curve

The  o-a section in Fig. 5 is mainly when the outermost layer of the CFHC stainless steel compilation network by tension began to produce deformation, and belongs to the elastic deformation stage. From a macroscopic point of view, the tension and elongation share an approximately linear relationship, elastic elongation and the size of the force and the length of the CFHC is directly proportional to the CFHC cross-sectional area and is inversely proportional to the CFHC. The a-b section indicates that the stainless-steel mesh begins to slip as the applied tension gradually increases. The mesh pore increases, the heat-resistant polyethylene in the CFHC begins to bear the main force, and the deformation rate slows down. Section  b-c indicates that when the force is applied to point b, the heat-resistant polyethylene suddenly produces plastic deformation, and the test force cannot be applied to the heat-resistant polyethylene completely and effectively. At this stage, the curve begins to show varying degrees of decrease in force, while plastic deformation increases sharply until it ends at point c.

When the CFHC is stretched in the vertical direction, the damage of the CFHC occurs at the coating interface of the adjacent coating due to the debonding damage between the coating and the coating, which reduces the bearing capacity. However, under continuous stretching, the rapid expansion of the fracture at the interface to the entire load-bearing area is hindered by the voids at the interlayer interface caused by injection molding. Thus, the Teflon-coated interface, which is tightly wrapped around the carbon fiber bundle, is not completely debonded, allowing the CFHC to continue to be stretched with a load-bearing capacity as evident in the c-d section. The Teflon coating breaks when the tensile force gradually increases. At this time, the carbon fiber bundle is mainly stressed, as evident in the d-e section.

Point e is the highest point of the force-deformation curve, and the tensile strength of the CFHC is calculated by the maximum stress corresponding to this point. The  e-f segment indicates that the curve reaches the e point, the deformation at the carbon fiber bundle increases significantly, the effective cross-section decreases significantly, and the necking phenomenon occurs. After then, the axial deformation of the CFHC is mainly concentrated in the necking and the test reached point f, the CFHC completely broken.

The tensile strength of the CFHC is calculated by the maximum stress corresponding to point e. The maximum stress corresponding to point e mainly comes from the bonding force between the carbon fiber bundle and the coating. The stronger the bonding force between the media, the greater the load it can withstand and the greater the overall tensile strength of the CFHC. The parameters and tensile test results of each wire section of the CFHC are presented in Table 2.
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During the compression tests of the CFHC, there is great friction between the upper and lower ends and the indenter, which hinders the lateral deformation of the upper and lower ends of the CFHC, so the CFHC is drum-shaped after compression. During the compression process of the CFHC, the outermost stainless steel woven mesh cracks first, as shown in Fig. 6. With continued pressure, the CFHC will get flatter and flatter, but the appearance of a heat-resistant polyethylene layer is not always destroyed. The change in resistance of the CFHC is measured by a voltmeter to prove whether the carbon fiber bundle inside the CFHC is damaged. The maximum compressive strength is calculated by taking the maximum pressure that the CFHC can withstand when the resistance changes. The parameters and compressive test results of each wire section of the CFHC are shown in Table 3.
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Figure 6: The compression failure mode of the CFHC
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The strength design of cement concrete in the JTG D40-2011 “Design Specification for Highway Cement Concrete Pavement” [20] is controlled by the strength of 28 d age bending period. The design bending and tensile strengths from the specification are 4.0 MPa for light traffic load classes, 4.5 MPa for medium classes, and 5.0 MPa for heavy, extra heavy and very heavy classes, as given in Table 4.
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Taking the traffic grade extra heavy as an example, the bending and tensile strength of cement concrete with an empirical reference value of bending and tensile modulus is 5.0 MPa, corresponding to a tensile strength of 3.22 MPa and a compressive strength of 42 MPa, as given in Table 5. By the CFHC tensile and compressive strength test results, it can be considered to ensure that the normal operation of the CFHC is not damaged by the maximum tensile strength value of about 31 MPa, the maximum compressive strength value of about 72 MPa. It is therefore reasonable to conclude that the compressive strength and tensile strength of CFHC is greater than the design strength of concrete pavement, and it can work normally when buried in concrete pavement.
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2.3 The Cold and Heat Cycle Strength Tests of the CFHC

The equipment used is a high and low-temperature alternating road mechanics test chamber, as shown in Fig. 7. The CFHC, K-type thermocouple wire, Keysight-34972A data acquisition instrument, and the schematic diagram of the cold and heat cycle test system are shown in Fig. 8. The test is divided into two steps. Firstly, the CFHC is subjected to cold and heat cycle treatment at different temperatures, and then the treated sample is subjected to tensile and compressive tests which are divided into 7 groups according to the temperature (−20°C–40°C) and 5 groups according to the number of cycles (10–50 times). Each group of tests consisted of three samples, a total of 105 CFHCs with a length of 2 m.
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Figure 7: The high and low-temperature alternating road mechanics laboratory
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Figure 8: The cold and hot cycle test system

Taking the ambient temperature of −20°C as an example, the test steps are described in detail:

(1)   The grouped 15 CFHCs were placed in a freezer with an ambient temperature of −20°C. The k-type thermocouple lines were arranged on the CFHC to measure the surface temperature of the CFHC in real time. The CFHC is connected to the power supply and energized for heating. The surface of the CFHC reaches 60°C (the actual engineering CFHC reaches the highest temperature of about 60°C, as the highest temperature of the CFHC hot and cold cycle), continue to power heating for 1 h to ensure that the CFHC is uniformly heated inside.

(2)   Disconnect the power supply and the CFHC stops heating. The CFHC surface is cooled to the freezing ambient temperature, cooled for 1 h, and then heated again to 60°C and continued for 1 h then disconnected and cooled to ambient temperature.

(3)   Repeat Step 2 for 10 cycles. At the 10th cooling to ambient temperature and keep for 1 h, take out the CFHC labeled paper labelled-20-10-X (ambient temperature −20°C, cycle 10 times, X represents the CFHC number, take 1,2,3).

(4)   Repeat the above steps, so that the CFHC at −20°C–40°C was experienced 10, 20, 30, 40, 50 times of thermal cycle treatment.

(5)   After the completion of the hot and cold cycle at different temperatures, the tensile and compressive tests were carried out on all CFHCs. Refer to 2.2 for the test procedure, and test the strength change of the CFHC after hot and cold cycles at different temperatures.

The results of the tensile and compressive tests of the CFHC after hot and cold cycles at different temperatures are presented in Table 6. The variation of tensile and compressive strengths of the CFHC with temperature and number of rings was obtained according to Table 6 as shown in Fig. 9. The tensile strength and compressive strength of the CFHC decreased with the increase of the number of cycles. Taking the ambient temperature of −20°C as an example, the tensile strength of the CFHC decreases from 31.5 to 31.3 MPa after 10 times of hot and cold cycles compared with 50 times. The compressive strength decreased from 73.2 to 72.8 MPa. In the same number of hot and cold cycles, the strength of the CFHC decreases with the increase in temperature. Taking the number of cycles as 10, for example, the ambient temperature increases from −20°C to 40°C, the tensile strength of the CFHC decreases from 31.5 to 31.1 MPa; the compressive strength of the CFHC decreases from 73.2 to 72.4 MPa.
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Figure 9: Mechanical properties of CFHC under different temperature cycles

When the CFHC is in the low-temperature stage (−20°C to +20°C), the same temperature effect of the CFHC strength with the number of hot and cold cycles to increase the decline is faster. From −20°C to 20°C, the tensile strength of the CFHC decreases with the increase of the number of hot and cold cycles, and the decrease is 0.42%, 0.36%, 0.27%, 0.34%, and 0.46%, respectively. The compressive strength decreased by 0.45%, 0.42%, 0.31%, 0.33%, and 0.32%, respectively. When in the high-temperature stage (30°C to 40°C), the tensile strength of the CFHC decreases with the increase of the number of cold and hot cycles, and the decrease is 0.11% and 0.14%, respectively. The compressive strength of the CFHC decreased by 0.17% and 0.16%, respectively. When the CFHC is in the high temperature stage (from 30°C to 40°C), its tensile strength and compressive strength decrease at a significantly slower rate. In the high-temperature stage, the actual heating temperature difference of the CFHC is only 20°C to 30°C, the temperature difference is relatively small to the strength of the CFHC, and the impact of the hot and cold cycle on the strength of the CFHC is relatively small.

As the tensile strength and compressive strength of the CFHC decreased with the increase of temperature and the number of cycles, it shows that the temperature and the number of hot and cold cycles played a certain weakening effect on the strength of the CFHC, but the decrease of the strength of the CFHC was not more than 0.5%, which can still meet the good operation of the CFHC in the snow and ice melting system of the concrete pavement in the long term.

3  Influence of CFHC on Pavement Strength

C30 concrete specimens were made according to the JTG D40-2011 “Design Specification for Highway Cement Concrete Pavement” [20] and the JTG/T F30-2014 “Technical Rules for Construction of Highway Cement Concrete Pavement” [21]. The mix proportion is given in Table 7. The cement used for making concrete specimens was PO 42.5 ordinary silicate cement. The coarse aggregates were selected from 5 to 30 mm particle sizes. Natural river sand with a fineness modulus of 2.75 was selected for the fine aggregate. The water reducer adopts a slow-setting water-reducing agent, and the water reduction rate reaches 20%.
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The test was carried out in 2 steps. Firstly, the specimens were fabricated and maintained, and then the treated specimens were subjected to a compressive strength test and splitting tensile strength test.

(1)   The production of concrete specimens with pre-buried CFHCs: the concrete fabrication process is shown in Fig. 10. The size of the mold is 100 mm × 100 mm × 100 mm, and the 100 mm CFHC is placed in the middle of the mold level. The test ages of concrete specimens include 3, 7, 28, and 60 d. Each age with or without embedded CFHC is a group of specimens, a total of 48 concrete specimens.

(2)   The concrete specimens with embedded CFHCs and the specimens without embedded CFHCs were tested for compressive strength and splitting tensile strength. The test equipment is a microcomputer servo pressure testing machine. The mechanical properties of the specimens were tested and calculated according to the provisions in the GB/T 500812019 “Standard for Physical and Mechanical Properties of Concrete Test Methods” [22]. The specimen compressive strength size conversion factor is 0.95 and the splitting tensile strength conversion factor is 0.85.
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Figure 10: Concrete production process

Compression test: Place the specimen on the press plate of the pressure tester and align the center of the specimen with the center of the press plate of the tester. Turn on the tester and start adding load continuously and evenly, the loading speed is taken as 0.5 MPa per second. The specimen began to deform sharply until the failure, and the failure load was recorded, as shown in Fig. 11. Take the average of the measured values of a group of 3 specimens as the compressive strength value of the group of specimens.
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Figure 11: Compression test

Splitting tensile test: Place the specimen on the lower plate of the pressure tester. The center of the specimen is aligned with the center of the lower plate of the test machine, and the cushion pad is placed. The cushion pad is aligned with the center line above and below the specimen. Turn on the tester and start adding load continuously and evenly, the loading speed is taken as 0.05 MPa per second. The specimen began to deform sharply until the failure, and the failure load was recorded, as shown in Fig. 12. Take the average of the measured values of a group of 3 specimens as the splitting tensile strength value of the group of specimens.
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Figure 12: Splitting tensile test

3.1 Compression Test Results

The damage pattern is shown in Fig. 13, selected from a CFHC buried at a depth of 2 cm and a concrete specimen with a curing age of 28 d. The influence of different factors on the compressive strength of concrete specimens is shown in Fig. 14.

[image: images]

Figure 13: Specimen compressive damage pattern
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Figure 14: Influence of different factors on compressive strength of concrete specimens

From the compressive damage pattern, the damage pattern of the pre-built CFHC concrete specimens with the same curing age is basically the same as that of the reference concrete specimens. The specimens were loaded with many cracks on the surface, but the cracks did not come off and still had good integrity. At the same age, the compressive damage patterns of concrete specimens with pre-buried CFHC of different burial depths were basically the same, and there was no significant difference with the concrete specimens of the blank control group.

As shown in Fig. 14, the compressive strength of concrete specimens with CFHC pre-buried at different burial depths is basically the same, and the burial depth does not affect the compressive strength of the pavement. From Fig. 14b, the compressive strength of concrete specimens with pre-buried CFHC of different burial depths for each group under the same curing age is basically the same with no significant difference. The early compressive strength of all four groups of specimens increased rapidly, and the compressive strength values of the specimens reached 61.14%–61.82% of the compressive strength values at 28 d after 3 d of curing. It reached 88.86%–89.38% of the compressive strength value at 28 d of maintenance and 7 d of maintenance. This reflects the characteristics of fast hardening and early strengthening of concrete and shows that the pre-burial of CFHC does not affect the growth of compressive strength of pavement concrete at early ages.

3.2 Splitting Tensile Test Results

In the splitting tensile test on concrete specimens, it was found that the duration of the splitting tensile damage process in each group of specimens increased gradually with the growth of the curing age, but the final damage pattern of each specimen in the group did not differ significantly. Taking the curing age of 28 d as an example, the concrete specimens with and without pre-buried CFHC showed slight cracks in the middle of the specimens after loading. As the load gradually increases, the crack extends to both ends of the specimen and gradually evolves into a vertical crack. The specimen is close to damaging before the rapid development of cracks and eventually shows the effect of vertical cracks running through the specimen, splitting it in two. The fracture is accompanied by a large ringing sound, and the whole process of damage to the specimen occurs in a short time, showing obvious brittle damage characteristics. The splitting tensile damage pattern is shown in Fig. 15. The splitting tensile damage patterns of concrete specimens with CFHC pre-buried at different burial depths were basically the same at the same age, and there was no significant difference with the concrete specimens of the blank control group.
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Figure 15: Specimen showing splitting tensile damage pattern

The pre-buried CFHC can be clearly seen in the split tensile damaged concrete specimens, as shown in Fig. 16. Insert the pen of the multimeter into both ends of the CFHC, and use the ohm class to measure the resistance of the CFHC. Adjust the tap position to the minimum range. The values on the multimeter are the same as those measured before the test block breaks the CFHC. The resistance of the CFHC remains unchanged before and after the concrete test block is destroyed, so it can be shown that the CFHC is still intact and can operate normally after the concrete test block is destroyed.
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Figure 16: Pre-buried CFHC pattern

The influence of different factors on the splitting tensile strength of concrete specimens is shown in Fig. 17. The splitting tensile strength of concrete specimens with pre-buried CFHC of different burial depths is basically the same, and the burial depth does not affect the tensile strength of the pavement. The tensile strength of concrete specimens with CFHC embedded in different depths under the same curing age is basically the same, and there is no significant difference. The splitting tensile strength of all groups of specimens increased with the age. The splitting tensile strength values of the concrete specimens at age 3 d reached 51.35% to 51.43% of the splitting tensile strength values at age 28 d. When the age is 7 d, it reaches 64.86%–65.71% of the 28 d splitting tensile strength value. As the splitting tensile strength of concrete increases with time, the strength of the first 7 d increases rapidly, which can reach more than 60% of the 28 d strength value. It is also shown that the pre-burial of CFHC does not affect the growth of splitting tensile strength of pavement concrete at early ages.
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Figure 17: Influence of different factors on splitting tensile strength of concrete specimens

4  Finite Element Simulation of Mechanical Properties of Carbon Fiber Heating Cable

To further verify the mechanical properties of the CFHC in the concrete pavement in the test, and to explore the feasibility of applying the simulation results to the actual project, the concrete specimen model with the pre-buried CFHC is established for static loading test using ANSYS finite element software.

4.1 Basic Theory of Elastic Space

Let the elastomer strain be 
ε=(εx,εy,εz,γxy,γyz,γxz)T, σ=(σx,σy,σz,τxy,τyz,τxz)T
. From the hydrostatic aspect, the equilibrium differential equation of the elastomer in the right-angle coordinate system is


{∂σx∂x+∂τyz∂y+∂τzx∂z=0∂σy∂y+∂τzy∂z+∂τxy∂x=0∂σz∂z+∂τyz∂x+∂τzx∂y=0
(1)

From the geometric aspect, the equation for the relationship between deformation and displacement in a right-angle coordinate system can be expressed as


{εx=∂u∂xεy=∂v∂yεz=∂w∂zryz=∂v∂z+∂w∂yrzx=∂u∂z+∂w∂xrxy=∂v∂x+∂u∂y
(2)

 From the physical aspect, the relationship between the elastomer deformation and stress in the right-angle coordinate system as


{εx=1E[σx−μ(σy+σz)]εy=1E[σy−μ(σx+σz)]εz=1E[σz−μ(σx+σy)]ryz=E2(1+μ)τyzrzx=E2(1+μ)τzxrxy=E2(1+μ)τxy
(3)

4.2 Model Building

In the construction of pavement ice and snow melting project, heating materials are often buried by slotting on concrete pavement structure. The groove is carved after the middle surface of the pavement is formed. The CFHC is fixed in the groove, and then the upper layer is paved and rolled. The best snow and ice melting effect was achieved when the CFHC was buried at a depth of 4 cm [8]. Therefore, the static structure module was selected in ANSYS finite element software to build two concrete specimen models with 100 mm cubes in length, width, and height. The 48K-type CFHC with a length of 140 mm was selected to be buried in the horizontal center of one concrete specimen with a burial depth of 40 mm. Due to the good bonding performance between CFHC and concrete after the completion of construction, there is no slippage between them. Therefore, the modeling is set as the embedded relationship between the two, and the outer surface of the CFHC is manually set as the contact surface. In the model, the lower surface of the concrete specimen is restrained by a fixed end, and a static load of 400 kN is applied to the upper surface of the two concrete specimens. Specific material parameters are shown in Table 8. The model mesh is shown in Fig. 18.
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Figure 18: Model meshing

4.3 Simulation Results

For the force simulation of the model based on compressive tests of concrete specimens with pre-buried CFHC. Fig. 19 shows the deformation results of the plain concrete specimen and the concrete specimen with pre-buried carbon fiber heating cable. Fig. 20 shows the equivalent stress results for the plain concrete specimen and the concrete specimen with pre-buried CFHC.
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Figure 19: Specimen deformation
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Figure 20: Equivalent stress of specimen

From Fig. 19, the deformation results of concrete specimens with pre-buried CFHC and plain concrete specimens are basically the same, and there is no obvious deformation at the place where the CFHC is buried. From Fig. 20, the equivalent stress results of concrete specimens with pre-buried CFHC and plain concrete specimens are basically the same, and there is no stress concentration in the buried CFHC.

Fig. 21 shows the deformation results of the CFHC. Fig. 22 shows the equivalent stress results of the CFHC. From Fig. 21, the deformation of both sides of the CFHC exposed outside the concrete specimen is larger compared to the deformation of the buried inside the concrete specimen. The minimum deformation of the CFHC occurs at the center of the buried test piece part, 3.9567 × 10−2 mm, and the maximum deformation occurs at the part of the CFHC exposed outside the test piece, 3.9372 × 10−2 mm. Due to the good adhesion between the embedded part of the CFHC and the concrete specimen, when the upper part of the concrete specimen is uniformly stressed, the embedded part of the CFHC will not slip. The exposed part of the CFHC will produce slight deformation, and the overall result of deformation is small and negligible, which is in line with the actual test situation.
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Figure 21: Deformation of the CFHC
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Figure 22: Equivalent stress of the CFHC

From Fig. 22, the internal force of the CFHC embedded in the concrete specimen is uniform, and the equivalent stress is 1.8243 MPa. The equivalent stress of the exposed part of the specimen is small, which is 2.4983 × 10−8 MPa. The maximum compressive strength of the cable is 72 MPa, which is much larger than the equivalent stress strength of the CFHC when the concrete specimen is compressed. The CFHC will not be damaged, which is in line with the actual test.

The test shows that the results obtained by numerical simulation are in line with the actual law. The CFHC is uniformly stressed in the concrete, and the deformation is very small and negligible. Through the mutual verification of the simulation test results and the test results, it is concluded that the pre-burial of the CFHC will not affect the strength of the concrete, and the CFHC will not be damaged when buried in the concrete.

5  Conclusion

In this paper, the mechanical properties of the CFHC and its influence on the strength of pavement were systematically investigated with CFHC as the research object. The change law of tensile and compressive strength of CFHC working at different temperatures and the change law of tensile and compressive strength of concrete specimens with pre-buried CFHC were analyzed, and the following conclusions were obtained:

(1) The maximum tensile strength of the CFHC is about 31 MPa, and the maximum compressive strength is about 72 MPa. The strength of CFHC far surpasses the design strength of concrete pavement, and it can work normally without being damaged by the pavement load when buried in the concrete pavement.

(2) Under the action of the thermal cycle, the strength of the CFHC will decrease with the increase of temperature and cycle times, and the reduction range is very small, which can still allow for the effective operation of the CFHC in road snow and ice melting system for a long time.

(3) The different burial depths of the CFHC do not affect the strength of concrete pavements, and the pre-burial of CFHC does not affect the growth of concrete strength at early ages. The results of the study provide a reference for the use of CFHC for snow and ice melting to improve the safety of winter traffic.
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Table 3: Line parameters and compressive test results

Number 1 2 3 4 5

Line length (mm) 102 104 118 122 136
Radius (mm) 3.66 3.66 3.66 3.66 3.66
Maximum tension (N) 3052.35 3050.25 3074.66 3056.98 3065.82

Tensile strength (MPa) 72.53 72.48 73.06 72.64 72.85
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Table 8: Material performance parameters

Parameter name Concrete CFHC
Elastic modulus/MPa 3.0 x 10* 2.1 x10°
Poisson’s ratio 0.2 0.3

Density/(kg/m®) 2360 1760
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Table 4: Standard value of bending and tensile strength of concrete

Traffic level Extra Heavy Medium light
heavy
Standard value of bending and tensile strength of cement concrete 5.0 5.0 4.5 4.0

(MPa)
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Table 7: Concrete specimens mix proportion (kgm °)

Cement Sand Gravel Water Water reducer

376 704 1148 184 7.52
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Table 1: Performance parameters of CFHC

Number of High temperature Resistance/ Diameter of Diameter of
fiber tows/K  resistant/°C (Qm™") conductor/(mm) cladding/(mm)

48 <200 8.57 1.95 8.6
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Table 6: The CFHC hot and cold cycle test results

SN TS (MPa) CS (MPa) SN TS CS SN TS CS ATS ACS
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
—20-10-1  31.52 73.21 —20-10-2 3148 73.19 -20-10-3 315 73.2 31.500  73.200
—20-20-1  31.51 73.21 —20-20-2 315 73.2 —20-20-3  31.45 73.18 31.487  73.197
-20-30-1 315 73.12 -20-30-2 3149 73.16 -20-30-3  31.37 73.16 31.453  73.147
-20-40-1  31.49 73.09 —20-40-2 3146 73.1 -20-40-3  31.31 72.94 31.420  73.043
—20-50-1 3141 72.82 -20-50-2  31.39 72.91 -20-50-3 313 72.88 31.367  72.870
-10-10-1 314 72.97 —10-10-2  31.46 72.95 -10-10-3 3141 72.94 31.423  72.953
—10-20-1 3141 72.94 -10-20-2 3144 72.95 -10-20-3 3142 72.93 31.423  72.940
-10-30-1  31.39 72.9 -10-30-2 3142 72.91 -10-30-3  31.39 72.92 31.400 72910
—10-40-1  31.38 72.84 -10-40-2 3141 72.86 -10-40-3  31.38 72.86 31.390  72.853
-10-50-1  31.29 72.81 -10-50-2 313 72.8 -10-50-3  31.33 72.72 31.307  72.647
0-10-01 31.38 72.86 0-10-02 31.39 72.85 0-10-03 31.38 72.86 31.383  72.857
0-20-01 31.38 72.82 0-20-02 31.38 72.83 0-20-03 31.37 72.84 31.377  72.830
0-30-01 31.36 72.8 0-30-02 31.36 72.79 0-30-03 31.36 72.81 31.360  72.800
0-40-01 31.34 72.82 0-40-02 31.33 72.69 0-40-03 31.34 72.65 31.337  72.720
0-50-01 31.29 72.56 0-50-02 31.29 72.72 0-50-03 31.31 72.61 31.297  72.630
10-10-01  31.35 72.85 10-10-02  31.36 72.84 10-10-03  31.36 72.83 31.357  72.840
10-20-01  31.34 72.81 10-20-02  31.35 72.82 10-20-03  31.35 72.83 31.347  72.820
10-30-01  31.33 72.77 10-30-02  31.34 72.79 10-30-03  31.34 72.8 31.337  72.787
10-40-01  31.31 72.71 10-40-02  31.32 72.71 10-40-03  31.31 72.72 31.313  72.713
10-50-01  31.25 72.58 10-50-02  31.26 72.63 10-50-03  31.24 72.59 31.250  72.600
20-10-01  31.33 72.79 20-10-02  31.36 72.77 20-10-03  31.37 72.78 31.353  72.780
20-20-01  31.32 72.77 20-20-02  31.36 72.78 20-20-03  31.37 72.79 31.350  72.780
20-30-01  31.28 72.74 20-30-02  31.35 72.75 20-30-03  31.35 72.77 31.327  72.753
20-40-01  31.27 72.65 20-40-02  31.32 72.67 20-40-03  31.35 72.66 31.313  72.660
20-50-01  31.21 72.53 20-50-02  31.21 72.58 20-50-03  31.21 72.54 31.210  72.550
30-10-01  31.24 72.54 30-10-02  31.2 72.56 30-10-03  31.27 72.54 31.237  72.547
30-20-01  31.22 72.53 30-20-02  31.21 72.53 30-20-03  31.24 72.55 31.223  72.537
30-30-01  31.22 72.51 30-30-02  31.22 72.52 30-30-03  31.24 72.55 31.227  72.527
30-40-01  31.2 72.48 30-40-02  31.2 72.48 30-40-03  31.23 72.51 31.210  72.490
30-50-01  31.19 72.47 30-50-02  31.18 72.4 30-50-03  31.23 72.41 31.200  72.427
40-10-01  31.11 72.41 40-10-02  31.13 72.43 40-10-03  31.11 72.44 31.117  72.427
40-20-01  31.1 72.44 40-20-02  31.12 72.41 40-20-03  31.13 72.42 31.117  72.423
40-30-01  31.08 72.39 40-30-02  31.11 72.39 40-30-03  31.11 72.42 31.100  72.400
40-40-01  31.06 72.38 40-40-02  31.09 72.32 40-40-03  31.1 72.38 31.083  72.360
40-50-01  31.05 72.3 40-50-02  31.08 72.31 40-50-03  31.09 72.33 31.073  72.313

Note: SN = Specimen number; TS = Tensile strength; CS = Compressive strength; ATS = Average tensile strength; ACS = Average compression

strength.
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Table 2: Line parameters and tensile test results

Number 1 2 3 4 5

Line length (mm) 100 105 111 125 132
Radius (mm) 3.66 3.66 3.66 3.66 3.66
Maximum tension (N) 1319.33 1320.27 1319.67 1319.85 1320.39

Tensile strength (MPa) 31.35 31.37 31.35 31.36 31.38
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Table 5: Empirical reference values of flexural and tensile modulus of concrete

Bending and tensile strength (MPa) 1.5 2.0 2.5 30 35 40 45 50 5.5

Compressive strength (MPa) 7.0 11.0 15.0 20.0 25.0 30.0 36.0 420 49.0
Tensile strength (MPa) 0.89 121 153 186 220 254 285 322 3.55
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