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The recycling and reuse of waste concrete is conducive to promoting the sustainable development of resources and practicing the concept of green development. Demolished concrete lumps (DCLs) and self-compacting concrete (SCC) made from waste concrete take full advantage of their recyclability. In order to fully utilize the advantages of demolished concrete lumps and self-compacting concrete in construction, applying demolished concrete lumps and self-compacting concrete to composite shear wall structures is an effective way to reduce costs and improve industrial production. In this paper, a new composite shear wall filled with demolished concrete lumps and self-compacting concrete is proposed, and its fire performance is investigated. The shear wall combines edge constraints of concrete-filled steel tubes, demolished concrete lumps and self-compacting concrete. In order to facilitate the mass pouring of demolished concrete lumps, a cavity is formed between the steel tubes at the ends and the precast walls on both sides. A double-sided fire tests was conducted on three composite shear wall specimens filled with demolished concrete lumps and self-compacting concrete at a constant axial compression ratio, where the fire-retardant coating and the wall width-to-depth ratio were considered as the main test parameters. The specimens were able to steadily withstand the predetermined axial loads during the fire resistance time of 180 min and showed good fire resistance. The concrete temperature variation trends of the three specimens in the wall section were basically the same. The fire-retardant coating on the concealed column had a significant effect on the section temperature of the steel tube, while increasing the wall width-to-depth ratio had little effect. When the axial compression ratio was 0.19, the specimens were in the expansion stage within 180 min and no compression occurred. The results show that the expansion deformation of the shear wall sprayed with fire-retardant coating on the outer surface of the concealed column is smaller than that of the shear wall without fire-retardant coating, and the axial deformation of the composite shear wall infilled with demolished concrete lumps and self-compacting concrete is not affected by increasing the wall width-to-depth ratio.
Keywords: composite shear walls, fire performance, demolished concrete lumps, self-compacting concrete, experimental study
1 INTRODUCTION
Nowadays, the shear wall structure has been widely used in high-rise and super-high-rise buildings. In case of fire, it is easy to cause huge casualties and property damage. Meanwhile, shear walls are used in high-rise buildings not only as load-bearing members, but also as firewalls.
Therefore, a lot of work has been done on the fire performance of shear wall structures. Lee et al. (2013) tested the overall fire performance of 8 RC shear walls and investigated the effects of axial load level, wall thickness and other parameters on the fire performance of the walls. Ryu et al. (2020) also investigated the effects of fire time, concrete compressive strength, and heated areas on the fire resistance and mechanical properties of RC walls. Liu et al. (2010) investigated the effects of fire exposure, reinforcement ratio and the axial load under fire on the seismic behavior of RC shear walls. Bamonte et al. (2016) conducted three-sided fire tests on 3 RC walls with different load levels and boundary conditions, which showed that the applied compressive load and boundary conditions had significant effect on the magnitude of the displacements. Kang et al. (2016) conducted experiments to investigate the effects of thickness and moisture on the temperature distribution of RC walls exposed to fire.
In addition, the fire resistance of concrete shear walls with different filling materials was also investigated. Previous investigations (Go et al., 2012; Hertz, 2018) showed that reinforced lightweight aggregate concrete walls outperformed reinforced normal weight concrete walls in terms of basic mechanical properties such as ultimate load, yield load and stiffness. In other experimental studies (Ngo et al., 2013; Xiao et al., 2017; Nguyen et al., 2018) on high-strength concrete walls exposed to fire, the results showed that high-strength concrete spalled more severely when exposed to fire compared to normal-strength concrete.
Also, the fire performance of new composite shear walls has been explored. Wei et al. (2019) studied the fire performance of concrete-filled double-steel-plate composite walls with shear studs, and the results showed that fire performance of composite walls was severely affected by the axial compression ratio, the eccentricity of the axial load, and the bond strength between shear studs and concrete. Kang et al. (2019) also studied the effects of wall thickness and axial load on the capacity of fire-damaged concrete walls, and the investigation found that wall thickness had an effect on the bearing capacity of the fire-damaged walls. Du et al. (2022) conducted a one-sided fire test on four laminated composite walls with truss connectors, and found that the axial compression ratio and truss spacing to thickness ratio had a significant effect on the deformation of the walls.
The tests were also numerically analyzed and simulated. Mueller and Kurama (2019) analyzed the numerical model of RC bearing wall specimens under fire. Morita et al. (2017) performed one-sided fire tests and numerical simulations on a scaled model of reinforced concrete (RC) shear walls. It was found that the wall specimens had different deformation behaviors at different stages of the test and also gave finite element analysis results for the reduction of concrete transient strain, which were consistent with the test results. Chen et al. (2020) investigated the structural behavior and the degradation of the bearing capacity of RC walls under one-sided fire, developed a structural model, and elucidated the damage mechanism of RC walls in fire. Kumar and Kodur (2017) proposed a numerical model based on generalized three-dimensional finite elements, which could predict the thermodynamic behavior of RC walls in fire. Ni and Birely (2018) conducted numerical simulations to investigate the effect of physical seismic damage on the fire resistance of RC walls and found that cracks had a significant effect on the fire resistance of the walls.
As urbanization continues to accelerate, construction activities not only generate a large amount of construction waste, but also increase the demand for natural resources such as sand and gravel. For those waste concrete, if disposed of by open pile or simple landfill, it will not only occupy the land, but also cause serious environmental pollution. Therefore, in order to promote the sustainable development of resources and protect the environment, the recycling and reuse of waste concrete is particularly important. Recycled concrete is divided into recycled aggregate concrete (RAC) and recycled lump concrete (RLC). RAC is the most common sustainable product that uses recycled coarse aggregate (RA) produced by crushing the waste concrete to aggregate size to replace natural coarse aggregate (NA). RLC is produced by directly mixing large size demolished concrete lumps (DCLs) with natural aggregate concrete (NAC) (Limbachiya et al., 2007). DCLs are made by mixing new concrete and waste concrete blocks with characteristic sizes ranging from 60 mm to 300 mm. Compared with RAC, DCLs have the advantages of improved recycling efficiency of waste concrete, simplified the processes, and reduced recycling cost and energy consumption (Jian and Wu, 2021).
In the past 2 decades, industrialized construction has attracted more attention in many countries, including China, as a modern construction technique to replace the traditional cast-in-place concrete construction method (Wang et al., 2021). Compared with cast-in-place concrete structures, precast concrete structural systems offer better quality control, higher construction speed, and lower construction costs (Pavese and Bournas, 2011).
Industrial fabrication of DCLs components in plants has more significant advantages (Wu et al., 2018). In this paper, a new composite shear wall filled with DCLs and self-compacting concrete (SCC) is proposed. This composite shear wall combines edge restraints of concrete-filled steel tubes, DCLs and SCC. To facilitate the mass casting of DCLs, the steel tubes at the ends and the precast walls on both sides are enclosed with a cavity formed in between. Self-compacting concrete is used for the new concrete cast inside the cavity and steel tubes, which can improve the construction efficiency of DCLs and SCC and avoid the vibration problems caused by casting concrete inside the cavity. Herringbone treatment is used for inner interface of precast walls. The transverse reinforcement in the wall extends to the end steel tube, so that the cast-in-place part and the precast part can better form a single unit and share the force.
For the study of the fire resistance of shear walls, most tests and analyses have been conducted on ordinary reinforced concrete shear walls, but few studies have been conducted on the mechanical properties of composite shear walls at high temperature. In this paper, to study the fire resistance of this new composite shear wall filled with DCLs and SCC, three composite shear wall specimens filled with DCLs and SCC were tested for fire resistance at constant axial compression ratio. The temperature field distribution of shear walls in double-sided fire with different test parameters (fire-retardant coating for steel tubes, the wall width-to-depth ratio) was investigated. In addition, the effects of different parameters on the fire resistance of shear walls were analyzed and the fire resistance limits of shear walls under double-sided fire were obtained.
2 EXPERIMENTAL PROGRAM
2.1 Specimen design
Three composite shear wall specimens filled with DCLs and SCC were designed, bounded by the edges of concrete-filled square steel tubes. These specimens were numbered SW1 to SW3 respectively. All specimens were subjected to double-sided fire tests. The dimensions and structure of the specimens are shown in Figure 1. All specimens had rectangular cross-sections, of which SW1 and SW2 had 1,000 mm × 200 mm and SW3 had 1,200 mm × 200 mm with a wall height of 1,500 mm. The concealed columns of the specimens were thin-walled square steel tube columns filled with DCLs and SCC. The outer lengths of the steel tubes of specimens SW1 to SW3 were 200 × 200 mm with a nominal thickness of 2 mm (the measured thickness was 1.77 mm). Slots were cut in advance on the side of the steel tube in contact with the precast concrete wall. The size and number of slots were determined according to the number and diameter of the transverse reinforcement of the precast walls. The two ends of the transverse reinforcement of the two precast walls were respectively inserted into the pre-drilled slots of the two square steel tubes. The first transverse reinforcement at the upper and lower ends was threaded and tightened with nuts, while the rest of the transverse reinforcement was plain and fully extended into the square steel tubes to ensure the integrity of the precast walls and the thin-walled square steel tube concealed columns. According to the experiment, the upper and lower ends of the walls were designed with reinforced concrete rigid beams, whose stiffness was much greater than that of the walls. The upper end of the reinforced concrete rigid beam was a loading beam with a cross-section dimension of 400 mm × 400 mm, where the length of the loading beam for specimens SW1 and SW2 was 1,200 mm, and the length of the loading beam for specimen SW3 was 1,400 mm. The purpose of setting the loading beam is to ensure that the axial load can be transferred to the wall uniformly during the test, so that the specimen can bear the force uniformly. The lower reinforced concrete rigid beam was the foundation beam with the cross-section size of 500 mm × 500 mm, where the length of the foundation beam for specimens SW1 and SW2 was 1800 mm, and the length of the foundation beam for specimen SW3 was 2000 mm. The function of the foundation beam is to ensure that the specimen is fixed on the ground during the test, so as to reflect the stress and deformation of the specimen as much as possible. The main parameters explored in the design of the specimen include the fire-retardant coating of the steel tubes, and the wall width-to-depth ratio. The detailed parameters of the specimens are shown in Table 1.
[image: Figure 1]FIGURE 1 | Dimensions and details of (A) SW1 and SW2; (B) SW3 (unit: mm).
TABLE 1 | Detailed parameters of specimens.
[image: Table 1]2.2 Materials and properties
2.2.1 Rebar and steel
Q235B steel was used for the square steel tubes of the concealed columns of the specimens, HRB400 steel bars with a diameter of 8 mm were used for the horizontal and vertical reinforcement of the precast walls, and HRB400 steel bars with a diameter of 20 mm were used for the longitudinal reinforcement of the loading beams and the foundation beams. The yield strength and ultimate strength of the steel and reinforcement are in accordance with Metallic Materials-Tensile Testing (GB/T 228.1–2010). Details are given in Table 2.
TABLE 2 | Strengths of steel plate and steel bar.
[image: Table 2]2.2.2 Concrete
The waste concrete was obtained from a pit beam of a concrete crushing plant in Panyu District, Guangzhou, China. Before crushing, a cylindrical core sample of 75 × 75 mm (diameter × height) was obtained from the abandoned pit beam by core drilling and used to measure the compressive strength of the abandoned concrete core sample on the test day. Then, the compressive strength of the 150 mm cube was 39.7 MPa according to Technical Specification for Testing Concrete Strength with Drilled Core. As is shown in Figure 2, the waste concrete was manually crushed into concrete blocks with characteristic dimensions of 60–80 mm.
[image: Figure 2]FIGURE 2 | Demolished concrete lumps (DCLs).
The determination of compressive strength of 150 mm cube of the concrete was based on Standard for Test Method of Mechanical Properties on Ordinary Concrete (GB/T 50081–2002). The concrete for pouring the precast walls was commercial ordinary concrete (COC). The measured compressive strength of COC cube at 28 days was 23.5 MPa and the compressive strength at the test day was 26.7 MPa. The new concrete was commercial self-compacting concrete (CSCC). The compressive strength of CSCC cube at 28 days was 58 MPa and the compressive strength at the test day was 59 MPa. The mix proportions of COC and CSCC are shown in Table 3 and Table 4.
TABLE 3 | Mix proportion of commercial ordinary concrete (Unit: kg/m3).
[image: Table 3]TABLE 4 | Mix proportion of commercial self-compacting concrete (Unit: kg/m3).
[image: Table 4]Before pouring CSCC, the slump extension test, as well as the T500 test and the J-ring extension test were carried out according to Technical Specification for Application of Self-compacting Concrete (JGJ/T 283–2012). The test results are shown in Table 5.
TABLE 5 | Test results of the workability of commercial self-compacting concrete.
[image: Table 5]2.2.3 Fire-retardant coating
In this test, 20 mm thick fire-retardant coating was applied to the steel tube. “Outdoor non-intumescent steel structure fire-retardant coating” produced by Guangzhou Taibao Fireproof Materials Co., Ltd. was selected as the fire-retardant coating. The performance index of fire-retardant coating is shown in Table 6.
TABLE 6 | Index of fire-retardant coating.
[image: Table 6]2.3 Specimen production
The specimens were poured in the following order. The first step was to pour the precast walls with plain concrete, including formwork installation and thermocouple arrangement. The second step was to assemble the precast walls and the square steel tubes. After the precast walls were cured to a certain strength, the two ends of the horizontal reinforcement of the two precast concrete walls were respectively inserted into the pre-drilled slot holes of the two rectangular steel tubes. The first horizontal reinforcement at the upper and lower ends was threaded and tightened with nuts, while the rest of the horizontal reinforcement was made of ordinary ribs that extended completely into the square steel tube. Finally, the vertical reinforcement and the square steel tube were inserted into the reinforcement cage of the foundation beam. The third step was to pour the foundation beam. The fourth step was the pouring of concrete in the cavity of the precast walls and the square steel tubes, as well as the pouring of concrete for the loading beam. One hour before pouring, the waste concrete blocks were well wetted by spraying tap water. During the formal pouring process, self-compacting fresh concrete with a thickness of about 20 mm was first poured into the cavity of the precast walls and square steel tubes, and then the waste concrete blocks and self-compacting fresh concrete were alternately placed into the cavity of the precast walls and square steel tubes with short time assisted vibration using a vibrator. Finally, the loading beam was poured with cast-in-place self-compacting concrete. The fabrication process of the specimens is shown in Figure 3A.
[image: Figure 3]FIGURE 3 | Production process of specimens: (A) Concrete pouring of specimens; (B) Construction procedure of fire-retardant coating.
A variable of this test was the application of a 20 mm thick fire-retardant coating to the outer surface of the square steel tube. The fire-retardant coating was applied by the spray construction method. Before spraying the fire-retardant coating, the rust spots on the surface of steel tubes needed to be cleaned, and then the anti-rust primer was applied, and the primer was brushed after the anti-rust primer was thoroughly dried, and then the fire-retardant coating was sprayed. Fire-retardant coating and water were mixed in proportion of 1:1 for 5–10 min and sprayed on the surface of steel tube with a portable spray gun. First, the first layer of fire-retardant coating with a thickness of about 10 mm was sprayed on the surface of steel tubes, and then the second layer of fire-retardant coating with a thickness of about 10 mm was sprayed after an interval of 24 h. Finally, the total thickness of fire-retardant coating on the surface of steel tubes was 20 mm, as shown in Figure 3B.
2.4 Determination of axial compression ratio
The difference between the old and new concrete in this test is 32.3 MPa. The cube combined compressive strength of self-compacting concrete and waste concrete is defined as the average value of the calculated results of Eqs. 1,2 given by Wu et al. (2015).
[image: image]
[image: image]
In the above equations, fcu1 and fcu2 are the cube compressive strengths of self-compacting concrete and waste concrete on the test day, respectively; η is defined as the ratio of the mass of waste concrete to the mass of all concrete in the specimen.
The conversion formula between the axial compressive strength of concrete and the cube compressive strength is calculated as
[image: image]
where for ordinary concrete of grade C50 and below, αc is taken as 0.76; for concrete of grade C100, αc is taken as 0.86; the values between them are taken as linear values.
For composite shear walls, the experimental axial compression ratio is given by Hou et al. (2019):
[image: image]
where N is the applied vertical load on the wall; Ac1 is the cross-sectional area of the precast concrete; fc1 is the axial compressive strength of the precast concrete; Ac2 is the cross-sectional area of the cast-in-place concrete; fc2 is the axial compressive strength of the cast-in-place concrete; As and fy are the cross-sectional area and yield strength of the concealed column steel tube, respectively.
2.5 Instrumentation and measurement content
2.5.1 Instrumentation
The dimensions of the furnace chamber were 4 m × 3 m×2.2 m. The maximum load capacity of the reaction frame above the furnace was 1,800 kN, and a 200-t pressure sensor was set between the jack and the steel distribution beam for real-time monitoring of the vertical load during the test. The test setup is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Test setup.
During the fire resistance test, two layers of fireproof cotton were wrapped around the concrete surfaces of the loading beam and foundation beam to ensure that the loading beam and foundation beam would not be damaged throughout the test. The left and right sides of the specimen were wrapped with two layers of fireproof cotton to ensure that both sides of the shear wall were exposed to fire. The fire protection treatment of specimens is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Fire protection treatment of specimens.
After the specimen was installed, the furnace cover was closed first, then the gap between the cover and the specimen was filled with fireproof cotton to make the furnace in a closed state, and then the steel distribution beam, pressure sensor and other experimental instruments were installed. Before the test, the specimen was preloaded to 30% of the set load, and then unloaded, with the purpose of compacting the specimen and checking whether the displacement meter reading was stable and normal. Subsequently, the load was gradually applied to the set value and the load was maintained for 10 min. After the load and displacement were stabilized, the furnace was ignited. The average temperature inside the furnace was strictly controlled according to the ISO-834 standard fire temperature-time curve. A dead-load heating path was used in the test. During the test, the magnitude of the load applied by the jack was monitored in real time by the pressure sensor. If necessary, the magnitude of the load was adjusted appropriately so that the load varied within ± 5% of the set load.
2.5.2 Layout of measured points
The main components of this test include the axial deformation of the specimen, the temperature field of the specimen, and the heating curve in the test furnace. Vertical displacement meters were set around the top of the loading beam to measure the axial deformation of the shear wall during the test. The layout of the displacement meters is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Arrangements for instrumentations of (A) SW1 and SW2; (B) SW3 (unit: mm).
Thermocouples were embedded at 1/2 height section of the specimen to measure the internal temperature field of the specimen. Six thermocouples were embedded inside each of specimens SW1∼SW3, where thermocouple T1 was located at the inner side of the precast wall and the distance from the fire surface was about 5 mm; thermocouple T2 was about 50 mm from the fire surface; thermocouple T3 was about 100 mm from the fire surface; thermocouple T4 was close to the outer wall of the square steel tube; thermocouple T5 was located at the midpoint of the line from the center of the core concrete to the outer wall of the square steel tube; thermocouple T6 was located at the center of the core concrete of the edge-constrained steel tube. The layout of the thermocouples is shown in Figure 6.
3 EXPERIMENTAL RESULTS AND ANALYSIS
3.1 Test phenomenon
3.1.1 Specimen SW1
When the test of specimen SW1 began, the gauge reading of the pressure sensor rose slowly, so it was necessary to continuously adjust the hydraulic jack oil pressure to ensure that the axial pressure remained constant during the test. After the test lasted for 80 min, the pressure gauge reading stabilized. During the test, water vapor flowed out from the upper part of the loading beam. After 180 min of ignition, the specimen was in the expansion stage and was able to withstand the predetermined axial pressure stably. Considering that the specimen had reached the first-class fire resistance limit standard and the horizontal fire resistance test furnace was close to the safe burning time limit, the burning was stopped and the test was terminated.
After the test, it was found that the concrete surfaces of the specimens were all light yellow in color. The concrete spalling on one side of the specimen was serious, the horizontal and vertical reinforcement in the precast wall on the surface was exposed and bulged out, and the precast wall was separated from the cavity. On the concrete surface of the other side of the specimen, a coarse horizontal crack and several small turtle cracks without distribution pattern appeared, but there was no concrete spalling and reinforcement exposure. The outer surface of the square steel tube was dark black. Due to the long fire time, the oxidation layer on the outer surface of the steel tube was obviously flaking off and the steel tube appeared to be seriously bent. The failure mode of specimen SW1 is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Specimen SW1 after fire test: (A) front; (B) back; (C) stripping of concrete in the wall and exposed reinforcing steel; (D) buckling of the concealed column steel tube and oxidation layer on the steel tube surface.
3.1.2 Specimen SW2
After the high temperature test started, the specimen SW2 was heated and expanded, and the pressure gauge reading slowly increased. During the test, the oil pressure of the hydraulic jack was continuously adjusted to keep the axial pressure from changing during the test. When the specimen was exposed to fire for 90 min, the hydraulic jack leaked oil and was reloaded after repair. Loading was completed at about 100 min, and the pressure gauge reading stabilized. During the test, water vapor flowed out of the upper part of the loading beam. After 180 min of ignition, the specimen did not fail and was still stable to the intended axial pressure. Considering that the specimen had reached the first-class fire resistance limit standard and the horizontal fire resistance test furnace was close to the safe burning time limit, the burning was stopped and the test was terminated.
At the end of the flame test, when the temperature cooled to room temperature and the furnace lid was opened, it was observed that the fire-retardant coating of the specimen had peeled off (but it can be seen from Figure 11B that the temperature field of the square steel tube cross-section did not rise rapidly throughout the open flame test. Therefore, the peeling of the fire-retardant coating occurred after the test, probably due to the vibration when the furnace lid was opened.). The concrete surface of the specimen was light yellow after the fire. The concrete on one side of the specimen near the steel tube was heavily spalled, horizontal and vertical reinforcement was exposed, and the precast walls on this side was bulging. On the other side of the specimen, several small cracks with irregular distribution appeared on the concrete surface, and the concrete surface of the wall tended to spall, but no reinforcement was exposed. Since the outer surface of the steel tube was coated with fire-retardant coating, the steel tube did not bulge and the surface was relatively flat. The failure mode of specimen SW2 is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Specimen SW2 after fire test: (A) front; (B) back; (C) stripping of concrete in the wall and exposed reinforcing steel; (D) buckling of the concealed column steel tube and oxidation layer on the steel tube surface.
3.1.3 Specimen SW3
After the high temperature test started, the specimen SW3 was heated and expanded, and the pressure gauge reading of the pressure sensor rose slowly. To ensure that the specimen was subjected to constant axial pressure during the test, the oil pressure of the hydraulic jack needed to be continuously adjusted. After the test lasted for 80 min, the pressure gauge reading stabilized. During the test, water vapor could be observed to spill out from above the loading beam. After 180 min of ignition, the specimen was still in the expansion stage and could also steadily withstand the predetermined axial pressure. Considering that the specimen had reached the first-class fire resistance limit standard and the horizontal fire resistance test furnace was close to the safe burning time, the burning was stopped and the test was terminated.
After the fire test, when the temperature cooled to room temperature and the furnace lid was opened, the concrete of the specimen was observed to be light yellow after the fire. There were several small cracks on the concrete surface of the precast walls on both sides of the specimen, but no spalling occurred. The horizontal and vertical reinforcement of the precast walls were not exposed. The outer surface of the steel tube of the concealed column was dark black. Due to the prolonged fire, the oxidation layer on the outer surface of the steel tube was significantly spalled off and the steel tube was severely bent. The failure mode of specimen SW3 is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Specimen SW3 after fire test: (A) front; (B) back; (C) buckling of the concealed column steel tube and oxidation layer on the steel tube surface.
3.2 Temperature field analysis
3.2.1 Furnace temperature
Figure 10 shows the measured average air temperature-burning time curves in the furnace chamber for three specimens compared to the ISO-834 standard temperature rise curve. It can be seen from the figure that the measured heating curves of the three specimens are basically consistent with the standard fire temperature-time curve.
[image: Figure 10]FIGURE 10 | Comparison of the temperature-time curves measured in the furnace with the ISO-834 standard curve.
3.2.2 Temperature field of each measured point of the same specimen
The temperature-time curves of six measured points during the test of specimens SW1 to SW3 are shown in Figure 11. It can be seen from the figure that:
(1) The temperature of each measured point of the three specimens increased with the increase of ignition time. In the same section, the measured concrete temperature gradually decreased as the depth of the measured point increased. Most of the measured points located in the concrete had the same trend of temperature profile. When the temperature was between 100°C and 150°C, there was a significant temperature plateau, which was caused by the evaporation and heat absorption of water in the concrete. The duration of the temperature platform was longer at measured points T3 and T6 than at T2 and T5, because the farther the measured point was from the fire surface, the greater the vapor escape force and the longer it took.
(2) The temperatures of measured points T1 and T4 of specimen SW1 showed a trend of first fast and then slow, which was similar to the law of furnace temperature rise. At the beginning of the open fire test, the temperatures of measured points T5 and T6 in the concealed column were higher than the temperatures of measured points T2 and T3 at the same locations in the wall. This was because the thermal conductivity of steel was larger than that of concrete, and the temperature transfer of steel was faster than that of concrete. 120 min later, the temperature rise of measured point T2 was accelerated, which was due to the synergistic effect of fire and external load, the reinforcement in the precast wall bulged, the precast wall separated from the cavity, and the concrete surface on one side of the measured point began to produce coarse cracks and partial concrete spalling, resulting in the accelerated temperature rise of T2. 105 min later, the temperature rise rate of the measured point T3 accelerated, and finally the temperature curve of measured point T2 almost overlapped with that of measured point T3. The reason was that the measured point T3 was located in the demolished concrete lumps and self-compacting concrete, and the water vapor in C60 self-compacting concrete could not be released quickly at high temperature, and the internal vapor pressure was large, which started to burst at 380°C–458°C (Anagnostopoulos et al., 2009), leading to the gradual dislodgement of the self-compacting concrete around measured point T3. After 125 min, the measured points T2 and T3 were exposed to the same air temperature, so the measured temperatures were the same.
(3) The temperatures of measured points T1 to T3 of specimen SW2 were similar to those of specimen SW1, except that the self-compacting concrete cavity in the wall section began to burst at 150 min, resulting in an accelerated rise in temperature at measured point T3. The temperatures of measured points T4, T5 and T6 at the square steel tube section were lower than those of measured points T1, T2 and T3 at the same location of the wall. This was because the outer surface of the square steel tube of specimen SW2 was sprayed with fire-retardant coating, and the temperature rising rate of measured points of the square steel tube decreased.
(4) The temperature rising pattern of each measured point of specimen SW3 was basically the same as that of specimen SW1, but the temperature rise rate of measured points T2 and T3 of specimen SW3 was not faster than that of specimen SW1. This was because the specimen SW3 was more intact after the fire and there was no concrete spalling or exposed reinforcement. In the late stage of the fire, the temperature difference between the measured point T5 of the concealed column section and measured point T2 at the same location of the wall section was the same as that between measured point T6 and measured point T3, which was about 50°C.
[image: Figure 11]FIGURE 11 | Temperature-time curves of (A) SW1; (B) SW2; (C) SW3.
3.2.3 Temperature fields of different specimens at the same measured point
Figure 12 shows the temperature-time comparison graphs for the same measured points of specimens SW1 to SW3. It can be seen from the figure that the temperature rise at the measured points T1 to T3 is essentially the same for all three specimens. However, specimen SW1 had the most severe concrete spalling, bursting and reinforcement bulging, followed by specimen SW2, while specimen SW3 was the most intact. Therefore, the highest temperatures were observed at the measured points T2 and T3 of specimen SW1 and the lowest temperatures were observed at specimen SW3 during the last stage of fire exposure. The temperature comparison of the three measured points T4, T5 and T6 of the concealed column section shows that increasing the wall width-to-depth ratio had little effect on the temperature of the concealed column section, and the setting of the fire-retardant coating made the temperature of measured point T4 on the outer surface of the steel tube and the temperature of measured points T5 and T6 of concrete of the specimen SW2 lower than those of specimens SW1 and SW3. At 180 min, the temperature of the measured point T4 on the outer surface of the steel tube of the specimen SW2 was about 450°C lower than that of specimens SW1 and SW3, and the temperature of measured point T5 and T6 in the concrete was about 350°C lower.
[image: Figure 12]FIGURE 12 | Temperature-time curves of different specimens at the same measured point: (A) T1; (B) T2; (C) T3; (D) T4; (E) T5; (F) T6.
3.3 Analysis of axial deformation
The measured axial deformation-burning time curves of the specimens are shown in Figure 13. For the axial deformation, the expansion deformation of the specimen is positive, while the compression deformation is negative. The axial displacement of the specimen is the average of the displacement values measured by the four vertical displacement gauges. It can be seen from the test results that:
(1) In the open fire test, all three specimens were exposed to fire on both sides. The deformation of the specimens was in the expansion stage and there was no compression. At an axial compression ratio of 0.19, the deformation values were far below the damage limit of shear wall bearing capacity, indicating that the three specimens had good fire resistance performance.
(2) The change patterns of axial displacement of specimens SW1 and SW3 were basically the same. Taking specimen SW1 as an example, the expansion deformation of specimen SW1 gradually increased within 80 min after ignition, and the axial deformation did not change much from 80 to 150 min. The expansion deformation peaked at 150 min and 160 min for both specimens, respectively, and the peak expansion deformation was comparable for both specimens, after which the expansion deformation value decreased slightly. The maximum expansion deformation of specimen SW1 was about 3.04 mm in 150 min from the beginning of ignition to the end of combustion, while the maximum expansion deformation of specimen SW3 was about 2.88 mm in 160 min. There was no significantly different in the maximum displacements of the two specimens. The main reasons were the large surplus of end-restrained column and wall bearing capacity in the case of relatively small loads, as well as the loading beam that played a role in load redistribution. It can be seen that increasing the wall width-to-depth ratio had little effect on the axial deformation of specimens.
(3) After 90 min of fire, the specimen SW2 was suspended for 10 min due to oil leakage from the hydraulic jack. At this point, the axial deformation increased by nearly 3 mm. After repair and reassembly, the specimen was still in the expansion deformation stage. During the 180 min from the start of ignition to the end of combustion (excluding the 10 min of test suspension), the maximum deformation of specimen SW2 during 140 min was about 2.07 mm, which was smaller than that of specimen SW1. This indicates that the expansion of SW2 during the test was smaller than that of SW1. The main reason was that the fire-retardant coating was set on the outer surface of the steel tube of the concealed column, which slowed down the heat transfer to the concealed column section and reduced the expansion of the concealed column section.
[image: Figure 13]FIGURE 13 | Vertical deformation-time curves of (A) SW1; (B) SW2; (C) SW3.
4 SUMMARY AND CONCLUSION
This paper discusses the fire performance of composite shear walls filled with DCLs and SCC restrained by the edges of concrete-filled square steel tubes. Three specimens of composite shear walls filled with DCLs and SCC were fabricated and tested for fire resistance on both sides. The effects of steel tube fire-retardant coating and the wall width-to-depth ratio on temperature field, axial deformation and fire resistance limit of composite shear walls under constant axial pressure ratio were investigated. The experimental results and analysis support the following conclusions.
(1) The phenomena of the three specimens after fire were not the same. The test results showed that concrete of the specimens without fire-retardant coating and with fire-retardant coating had different degrees of spalling and bursting, but the shear wall steel tube with fire-retardant coating was smoother than the steel tube without fire-retardant coating. With the increase of the wall width-to-depth ratio, the steel tube had bulging phenomenon, but the concrete did not spall and showed reasonable fireproof performance.
(2) The temperature change trends in the wall section of the three specimens were generally consistent. Spraying fire-retardant coating on the outer surface of the steel tube had a significant effect on the temperature of the steel tube section, while increasing the wall width-to-depth ratio of the wall had little effect on the temperature of the steel tube section.
(3) At the axial compression ratio of 0.19, all three specimens were in the expansion stage during the fire resistance test. The expansion deformation of the shear wall with fire-retardant coating on the outer surface of the steel tube was smaller than that without fire-retardant coating, while increasing the wall width-to-depth ratio had little effect on the axial deformation of the composite shear wall filled with DCLs and SCC at high temperature.
Overall, the composite shear walls filled with DCLs and SCC were able to withstand the intended axial loads stably for 180 min and had good fire resistance. This paper provides a preliminary discussion on the fire resistance of composite shear walls filled with DCLs and SCC, only the fire-retardant coating of steel tubes and the wall width-to-depth ratio on the fire resistance of composite shear walls on both sides were experimentally studied, but there are still some issues to be further investigated. And due to the limitation of the bearing capacity of the test equipment, only the fire resistance of the shear wall with an axial compression ratio of 0.19 was tested in this paper, and the fire resistance of the shear wall with larger axial compression ratio is subject to further study.
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Using ultra-high performance concrete (UHPC) as the pavement layer on the orthotropic steel deck (OSD) can greatly enhance the rigidity to solve the fatigue cracking of the steel deck and the resulting damage to the pavement layer. However, the thin UHPC layer limits the extensive use of the short stud connector. In this study, three types of interfaces were designed by introducing different additives into the epoxy matrix, and the shear properties of each interface and short stud connector were compared. Then, the influence of short stud connectors and optimized interface on the composite bridge deck’s bending property was analyzed through the composite bridge deck’s bending test. Moreover, the mechanical behavior of the interface in the composite bridge deck is discussed based on the finite element model. The results show that the ultimate load of the composite bridge deck with the optimized interface is reduced by 21.5% compared with that of the composite bridge deck with the short stud connector. However, the composite bridge deck with the optimized interface has higher bending stiffness before failure and is less affected by cyclic loading. Moreover, the composite bridge deck with the optimized interface is unsuitable for cyclic loading conditions when the defect area reaches 30%. Finally, the numerical simulation of the composite bridge deck with the optimized interface is successfully realized based on the cohesive zone model, and the applicability of the interface in the composite bridge deck is verified.
Keywords: bridge engineering, UHPC, steel-UHPC composite bridge deck, epoxy adhesive, cohesive zone model
1 INTRODUCTION
Orthotropic steel bridge deck (OSD) has become the bridge deck form of large-span steel bridges because of its outstanding advantages, such as lightweight, high bearing capacity, and fast construction (Alavi et al., 2017; Freitas et al., 2017). However, insufficient stiffness of OSD can easily lead to fatigue cracking of the steel bridge deck (Fu et al., 2019) and pavement damage (Wang et al., 2020) under the coupling effect of the reciprocating vehicle and external environmental factors. Therefore, the OSD can be paved with high- performance concrete (Zhang et al., 2020; Zou et al., 2021a; Zhang et al., 2021; Jiang et al., 2022; Zhang et al., 2022) to increase its stiffness of the OSD. Ultra-high performance concrete (UHPC), a new type of steel fiber reinforced concrete (Hung et al., 2021), has good fluidity (minimum slump is 200–250 mm (Alkaysi and El-Tawil, 2017)), high strength (compressive strength greater than 120 MPa (Zhu et al., 2020), tensile strength greater than 5 MPa (Meng and Khayat, 2017)), impact resistance (Wu et al., 2019) and excellent durability (Charron et al., 2008). Under the excellent mechanical properties of UHPC, the stiffness of OSD is significantly enhanced, and the thin pavement thickness can also ensure the crack resistance of the pavement layer, thereby realizing the light weight of the steel deck and improving the durability and service life of the steel deck (Cheng et al., 2021; Feng et al., 2021; Liu et al., 2022).
As a kind of steel-UHPC composite structure, the stiffness enhancement of UHPC pavement to OSD largely depends on the composite action at the interface. The traditional stud connectors are widely used in steel-concrete composite structures due to their simple force and convenient construction (Kruszewski et al., 2019). Still, there are the following problems when applied to OSD-UHPC composite bridge deck. Welding defects and residual stresses are inevitably introduced in a large number of stud welding operations, which is unfavorable to the fatigue resistance of steel structures (Feng et al., 2021), (Zhang et al., 2016). More adversely, the shear capacity of short studs in thin UHPC pavement is insufficient to require a large number of intensive studs installed on OSD, resulting in cumbersome welding operations (Zhang et al., 2016)- (Wang et al., 2019). Given this, the use of epoxy adhesive to realize the steel-concrete bonding interface has been applied (Bouazaoui and Li, 2008). Compared with stud connectors, the steel-concrete bonding interface can make the stress transfer at the interface between steel and concrete uniform (Larbi et al., 2009)- (Kumar et al., 2018) and avoid the stress concentration caused by the discontinuous distribution of studs (Luo et al., 2012)- (Bouazaoui et al., 2007). Meanwhile, the bonding interface can realize the rapid connection between steel structure and prefabricated concrete structure, which simplifies the construction process and improves construction efficiency (Berthet et al., 2011)- (Zhao et al., 2019). However, the brittle failure of the steel-concrete bond interface cannot be ignored (Jiang et al., 2021)- (Zhan et al., 2021), and only the use of the bond interface for precast concrete structures and steel structures has obvious application advantages. To sum up, compared with the OSD-UHPC composite bridge deck with stud connectors, a suitable interface form for fresh UHPC can be sought to realize the connection between OSD and UHPC pavement. This interface form can minimize or avoid the use of stud connectors to ensure the connection performance of OSD and UHPC pavement.
Given the hidden trouble in applying stud connectors in steel-UHPC composite structures, the composite interface formed by introducing additives based on epoxy matrix appears. Sun et al. (Sun et al., 2017) designed the interface form in which limestone is uniformly arranged on the epoxy matrix, and the test proved that the interface had high bonding properties, and the tensile and shear strength could reach about 2 MPa. Wang et al. (Wang et al., 2019) designed the composite beam LEA-6.9 with limestone interface connection uniformly arranged on the epoxy matrix and beam LHS-6.9 with stud connectors. The ultimate load of beam LEA-6.9 is 6.8% lower than that of beam LHS-6.9, indicating that the composite interface can successfully replace the stud connector. Robert et al. (Robert et al., 2007) designed the interface form of copper fiber embedded in the epoxy matrix. The pull-out behavior of copper fiber from the epoxy matrix can significantly increase the interfacial strength and fracture toughness of composites. Maloney et al. (Maloney and Fleck, 2019) studied the toughening effect of copper wire mesh in the epoxy matrix on the interface properties through double cantilever beams. They confirmed that this interface form could realize a reliable connection at the interface of composite materials. In short, introducing additives into the epoxy matrix can meet the requirements of interfacial strength and can be comparable to the stud connector.
No matter what connection mode is adopted for the composite structure, the mechanical behavior of the composite structure is largely affected by the interface performance. Therefore, the interface form with excellent mechanical properties is crucial to the mechanical properties of composite structures. This study introduced different additives into the epoxy matrix to select the interface form suitable for OSD-UHPC composite bridge deck. In order to optimize the most suitable interface, the shear behavior of various interfaces was discussed through the direct shear test. Then, the influence of optimized interface and stud connectors on the bending performance of the steel-UHPC composite bridge deck was analyzed. Finally, based on the cohesive zone model, the numerical simulation of the optimized interface and stud connectors was successfully realized, and the excellent mechanical properties of the epoxy adhesive steel-UHPC composite bridge deck were verified.
2 INTERFACE OPTIMIZATION
2.1 Interface design
In order to enhance the interfacial toughness of the steel-UHPC composite bridge deck, the epoxy bonding interface (EB interface), particle embedded interface (PE interface), and fiber toughening interface (FT interface) were designed in this study. Detailed information on the designed interface and specimen is shown in Figure 1. The components of the specimen can be divided into three parts: steel plate, interface, and UHPC matrix. The thickness of the steel plate in the region 50 mm away from the top increases by 5 mm to ensure that the specimen is loaded without eccentricity. The area size of the three types of interfaces is 150 mm × 150 mm, and the thickness of the epoxy matrix is 2 mm (Berthet et al., 2011), but the composition of the interface is different. The EB interface is the epoxy matrix between the steel plate and the UHPC matrix, which can realize the connection between the steel plate and the UHPC matrix through the adhesive force. The PE interface is composed of epoxy matrix and quartz sand particles. The epoxy matrix uniformly adheres to the steel plate, and the quartz sand particles are firmly embedded on the surface of the epoxy matrix and UHPC matrix. The PE interface realizes the connection between the steel plate and UHPC matrix through the adhesive force of the epoxy matrix and the embedding effect of quartz sand particles. The particle size of quartz sand is 2–3 mm. The FT interface is composed of epoxy matrix and helical fiber. The diameter of the helical fiber is 0.5 mm, the diameter of the ring is 6mm, and the longitudinal length is 150 mm. It is arranged in two rows in the transverse direction and three columns in the longitudinal direction on the epoxy matrix. The epoxy matrix uniformly adheres to the steel plate, and the helical fibers are firmly embedded in the epoxy matrix and UHPC matrix. The FT interface realizes the connection between the steel plate and the UHPC matrix through the epoxy matrix’s adhesive force and the fiber’s bridging effect. The area 50 mm from the bottom of the UHPC matrix was thickened to prevent the specimen from rollover during loading. Details of all specimens are shown in Table 1.
[image: Figure 1]FIGURE 1 | Specimen and interface design.
TABLE 1 | Design information of specimen.
[image: Table 1]2.2 Direct shear test scheme
The specimen was loaded by an electronic universal testing machine (MTS Exceed E45.205) with a nominal bearing capacity of 200 kN. In Figure 2, the top of the steel plate of the test piece is in flat contact with the loader, and the interface center does not deviate from the center of the loader to avoid eccentric loading. The load on the specimen is measured by sensors in the loader. The two digital micrometers are symmetrically arranged at both ends of the interface, and the interface slip is the average value of the measured data. Before formal loading, it is necessary to move the beam slightly to make the loader fully in contact with the top of the steel plate to eliminate the gap caused by insufficient contact. The displacement loading method is adopted in the test, and the loading speed is 0.01 mm/s. During the loading process, the interface between the steel plate and UHPC matrix continuously slips until the final complete separation, leading to the failure of the specimen.
[image: Figure 2]FIGURE 2 | Interface test scheme. (A) Loading scheme. (B) Layout of measuring points.
2.3 Interface comparison
According to the test results, the load-slip curves of specimen DS-E, specimen DS-P, and specimen DS-F were selected to characterize the shear behavior of the three types of interfaces. In addition, the shear performance of short studs with a diameter of 13 mm and a height of 35 mm in the thin UHPC layer was additionally considered (Cao and Shao, 2019). According to the arrangement spacing of short studs in the literature, the equivalent interface area of short studs is 200 mm × 200 mm. The shear stress of the EB interface, PE interface, FT interface, and the short stud is the ratio of specimen load to interface area, and the shear stress-slip curve is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Comparison of shear stress-slip curves between short stud connector and interface.
In Figure 3, the shear strength of the EB interface and PE interface is significantly higher than that of the FT interface and short stud connector. However, the sliding ability of the FT interface and short stud connector is much higher than that of the EB interface and PE interface. According to the shear stress-slip curve, the shear stiffness of the three types of interfaces is significantly higher than that of the short stud connector. Compared with the three types of interfaces, the shear strength of the FT interface is 1.8 MPa, much lower than the EB interface and PE interface. The shear strength of the EB interface is the largest among the three types of interfaces. Still, this interface only applies to the connection between the steel plate and the prefabricated UHPC matrix. By contrast, the shear strength of the PE interface decreases, but its stiffness exceeds that of the FT interface and the short stud connector interface, and it is suitable for connecting the steel plate with the fresh UHPC matrix. Therefore, the PE interface is applicable in the steel-UHPC composite bridge deck formed by pouring UHPC.
3 TEST SCHEME
3.1 Specimen design
In this study, six steel-UHPC composite bridge decks of the same size were fabricated to evaluate the flexural performance of composite bridge decks with different interfaces. As shown in Figure 4, all composite deck slabs have the same structural form and reinforcement arrangement except for the interface. The overall dimension of the steel-UHPC composite bridge deck is 1,200 × 200 × 62 mm, the size of the steel plate is 1,200 × 200 × 12 mm, and the size of the thin layer UHPC is 1,200 × 200 × 50 mm. HRB400 reinforcement with a diameter of 10 mm is arranged in the thin UHPC layer, and the arrangement spacing is 50 mm. The composite bridge deck adopts the short stud connector and the PE interface, and the defects of the PE interface are also considered. In the two types of connections, the diameter of the short stud is 13 mm, and the height is 35 mm. The PE interface comprises a 2 mm thick epoxy matrix and 2–3 mm quartz sand particles, and the quartz sand parameter is 0.23 g/cm2. Details of all specimens are shown in Table 2. In the table, “CD” represents the steel-UHPC composite deck. “S” represents the stud. “P” represents the PE interface. “I” represents that the interface is intact without defects. “D” represents the interface defect, and the defect area accounts for 30% of the interface area. The defect position is not coated with epoxy, and its position is shown in Figure 4C. The subscripts “M” and “C” represent monotonic and cyclic loading, respectively.
[image: Figure 4]FIGURE 4 | Steel-UHPC composite bridge deck. (A) Specimens CD-S-IM and CD-S-IC. (B) Specimens CD-P-IM and CD-P-IC. (C) Specimens CD-P-DM and CD-P-DC.
TABLE 2 | Detailed information on the composite bridge deck.
[image: Table 2]3.2 Material properties
3.2.1 UHPC
In this study, UHPC is composed of cement, silica fume, quartz sand, quartz powder, water reducer, and water. The detailed raw material ratio is shown in Table 3. The volume content of polycarboxylate superplasticizer on the market is 1.5%, and the water reduction rate is greater than 35%. In order to ensure the excellent tensile properties of UHPC, the flat steel fiber with a volume content of 3% was introduced. The diameter of the steel fiber is 0.12 mm, the length is 8 mm, and the yield strength is greater than 1,200 MPa. According to Reactive powder concrete (GB/T31387-2015 (General Administration of Quality Supervision, 2015)), the compressive strength fc, tensile strength ft, and Young’s modulus Ec respectively of UHPC were 114.6 MPa, 14.9 MPa, and 48.0 GPa, respectively.
TABLE 3 | Proportion of UHPC.
[image: Table 3]3.2.2 Steel
Q345 grade steel and HRB400 grade reinforcement are selected for the steel-UHPC composite bridge deck. According to Metallic materials—Tensile testing—Part 1:Method of test at room temperature (GB/T 228.1-2010 (General Administration of Quality Supervision, 2010)), the yield 225 strength f y, ultimate tensile strength fu, and Young’s modulus Es of the steel plate and reinforcement were measured by tensile test. Table 4 summarizes the material properties of Q345 grade steel and HRB400 grade reinforcement.
TABLE 4 | Material properties of steel.
[image: Table 4]3.2.3 Epoxy adhesive
The epoxy adhesive (steel adhesive CBSR-A/B) used to make the epoxy matrix is produced in Carbon Technology Group Co., Ltd. The components of CBSR-A/B were the main agent CBSR-A and curing agent CBSR-B, and the weight ratio of the two was 2:1. According to Test methods for properties of resin casting body (GB/T 2567-2021 (Zou et al., 2022)), the tensile properties of the epoxy adhesive include tensile strength fte and tensile Young’s modulus Ete, and the compressive properties include compressive strength fce and compressive Young’s modulus Ece. Table 5 summarizes the mechanical properties of epoxy adhesive.
TABLE 5 | Mechanical properties of epoxy adhesive.
[image: Table 5]3.3 Specimen preparation
The fabrication process of the steel-UHPC composite bridge deck is detailed in Figure 5. In Figure 5A, the surface of the steel plate is cleaned with acetone to ensure firm adhesion between the epoxy matrix and the steel plate. In Figure 5B, after the epoxy adhesive is fully mixed in the container, the epoxy adhesive is evenly applied from the center of the steel plate to the periphery to complete the production of the 2 mm thick epoxy matrix. In Figure 5C, before the epoxy matrix is cured, quartz sand particles are evenly distributed on the epoxy matrix in time. Afterward, appropriate pressure was applied to make quartz sand particles firmly embedded in the epoxy matrix. After 7 days of room temperature curing, the PE interface is completed. In contrast, the short studs are directly welded to the steel plate without additional maintenance. In Figure 5D, the steel plate and steel mesh are installed in the mold, and the spacing between the steel mesh and the top of the steel plate and UHPC layer meets the thickness requirement of the protective layer. In Figure 5E, UHPC was poured into the mold, and the mold was removed after 3 days of natural maintenance. In Figure 5F, the composite plate was cured at room temperature for 28 days, and the specimen was prepared by coating it with white paint.
[image: Figure 5]FIGURE 5 | Preparation of three types of steel-UHPC composite bridge deck. (A) Surface cleaning. (B) Apply epoxy adhesive. (C) Interface preparation. (D) Installation of steel plate in template. (E) Pouring UHPC layer. (F) Specimen preparation.
3.4 Test scheme and instrument
Figure 6A shows the measuring point arrangement of the steel-UHPC composite bridge deck. All the composite bridge decks adopt a four-point loading scheme, and a hydraulic jack and distribution beam can realize the pure bending moment area of 400 mm in the middle span. The displacement sensors D-1 and D-2 are arranged at 100 mm from the edge of the composite plate to measure the deflection at the fulcrum, and the displacement sensor D-3 is arranged in the middle of the composite plate to measure the mid-span deflection. Displacement sensors S-1 to S-4 were arranged at the edge of the composite bridge deck and 300 mm away from the edge to measure the slip of the thin UHPC layer and steel plate at the interface. Strain gauges are arranged at the top, bottom, and side of the composite bridge deck at midspan to measure the strain of the thin UHPC layer and the steel plate in the pure bending area.
[image: Figure 6]FIGURE 6 | Loading scheme. (A) Measuring point arrangement. (B) Monotonic loading process. (C) Cyclic loading process.
The bending test of the steel-UHPC composite bridge deck adopts the loading process adopted by Zou et al. (2022), as shown in Figures 6B,C. In Table 2, the same group of specimens can be divided into monotonic and cyclic loading according to the loading process. In the monotonic loading scheme (Figure 6B), three preloads with an amplitude of 30% of the predicted ultimate load (P) is applied to check the potential problem during loading. Finally, continuous loading until the specimen fails. In the cyclic loading scheme (Figure 6C), the cyclic loading of 0-50% Pu and 0-70% Pu was applied ten times after three times of pre-loading, and then the specimen was continuously loaded until failure. During the test, the development process of cracks was observed and recorded.
4 RESULTS AND ANALYSIS
4.1 Failure mode
The specimen CD-S-IM has the following failure characteristics. At the beginning of loading, no obvious phenomenon was observed on the composite bridge deck, and the structural stiffness had not changed. After that, when loading to a certain extent, the end of the composite plate was observed to slip, and the micro-cracks at the steel-UHPC interface began to initiate. With the increasing load, the UHPC layer near the loading point produced obvious oblique cracks and cracks developed along the interface. After the steel plate yielded, the UHPC layer near the loading point was crushed locally, and the interface in the shear bending section and the end of the composite bridge deck was void, leading to the specimen’s bending failure. After specimen failure, the crack distribution of specimen CD-S-IC is more dense than that of specimen CD-S-IM. The reason is that the cyclic loading scheme makes the stress redistribution at the steel-UHPC interface, the interface slip distribution uniform, and the damage to the UHPC layer continuously accumulates. The failure of specimens CD-S-IM and CD-S-IC is shown in Figures 7A,B.
[image: Figure 7]FIGURE 7 | Failure of the steel-UHPC composite bridge deck. (A) Specimen CD-S-IM. (B) CD-S-IC. (C) CD-P-IM. (D) CD-P-IC. (E) CD-P-DM. (F) CD-P-DC.
The specimen CD-P-IM has the following failure characteristics. At the beginning of loading, no cracks were observed at the interface of the composite bridge deck. With the increasing load, tiny cracks gradually appeared near the interface. Once the cracks penetrated longitudinally along the composite bridge deck, the separation occurred at the steel-UHPC interface instantaneously, and the interface slip suddenly increased. However, the flexural bearing capacity of the specimen was not lost at this time. Finally, the increasing load made the steel plate yield, and the UHPC layer near the loading point was partially crushed, resulting in the bending failure of the composite bridge deck. After the failure of the specimen, specimen CD-P-IC appeared to have severe interface failure compared with specimen CD-P-IM in the cyclic loading process, which reduced the combined effect of the composite bridge deck at the interface. The low sliding ability of the PE interface led to this phenomenon. The failure of specimens CD-P-IM and CD-P-IC is shown in Figures 7C,D.
The specimen CD-P-DM has the following failure characteristics. At the beginning of loading, the composite bridge deck was not damaged at the interface. After that, when loading to a certain extent, the cracks near the interface of the composite bridge deck were penetrated, resulting in sudden separation at the interface and sudden growth of interface slip. Finally, the increasing load made the steel plate yield, and the UHPC layer near the loading point was partially crushed, resulting in the bending failure of the composite bridge deck. After the specimen is failed, the specimen CD-P-DC has a larger interface separation than the specimen CD-P-DM. In the case of interface defects, cyclic loading makes the connection effect of the PE interface significantly reduced, resulting in a large area of interface failure of the composite bridge deck. The failure of specimens CD-P-DM and CD-P-DC is shown in Figures 7E,F.
4.2 Load-deflection curve
Figure 8 shows the load-deflection curves of all composite bridge decks. In Figure 8A, specimen CD-S-IM and specimen CD-S-IC exhibit similar bending behavior. However, in the process of specimen failure caused by loading, the specific bending behaviors of the two types of specimens are significantly different. (a) Elastic phase. Before loading to30kN, the load and deflection of the composite bridge deck showed a linear growth relationship, and the bending stiffness of the composite bridge deck did not change. Before loading, specimen CD-S-IC produced a significant residual deflection of 3.1 mm compared with specimen CD-S-IM. (b) Elastic-plastic phase. With the increase of load, the end of the composite bridge deck slipped, the combined effect of the structure decreased, and the structural stiffness decreased so that the load-deflection curve increased nonlinearly. In this stage, the load-slip curves of the two types of specimens were basically coincident, and the cracks in the UHPC layer were continuously developing. (c) Yield phase. With the cracks’ continuous development, the steel plate stress increased until yielding, the load no longer increased, and the mid-span deflection continued to grow. However, the damage accumulation of the UHPC layer under cyclic loading makes the mid-span deflection of specimen CD-S-IC increase much less than that of specimen CD-S-IM. (d) Failure phase. The load decreases rapidly with the increase of deflection, the UHPC layer near the loading point is locally crushed, and the composite bridge deck is bending failure.
[image: Figure 8]FIGURE 8 | Load-deflection curve. (A) Short stud connector. (B) PE interface (Intact). (C) PE interface (Defact).
In Figure 8B, specimen CD-P-IM and specimen CD-P-IC shows similar bending behavior, but the specimen CD-P-IC suddenly shows 15.4 mm mid-span deflection under a cyclic loading scheme. The load-deflection curves of the two types of specimens are characterized as follows. (a) Elastic phase. Before loading to the ultimate load, the bending stiffness of the composite bridge deck did not change, and the load and deflection of the composite bridge deck showed a linear growth relationship. During this stage, the bending stiffness of specimen CD-P-IC was slightly lower than that of specimen CD-P-IM. (b) Damage phase. When loaded to the ultimate load, the PE interface on the side of the composite bridge deck appeared to have a large area failure, resulting in a sudden drop in load. The difference is that the deflection of specimen CD-P-IC increases by 15.9% compared with specimen CD-P-IM due to cyclic loading. (c) Failure phase. The load increases linearly with the deflection until the ultimate steel plate yields, and the UHPC layer is locally crushed near the loading point.
In Figure 8C, specimen CD-P-DM and specimen CD-P-DC show completely different bending behavior, indicating that when the interface defect area reaches 30%, the interface damage caused by cyclic loading cannot be ignored. In addition, the mid-span deflection of specimen CD-P-DC suddenly increased by 15.0 mm during cyclic loading. Under the monotonic loading scheme, specimen CD-P-DM showed similar bending behavior to specimen CD-P-IM. The difference is that the load of specimen CD-P-DM does not reach the ultimate load in the elastic stage, and the load-slip curve shows nonlinear growth characteristics in the failure stage. Under cyclic loading, the specimen CD-P-DC produced a mid-span deflection of 2.4 mm before loading and then experienced elastic-plastic growth until the bending failure of the composite bridge deck.
Table 6 lists the bending properties of the three types of composite bridge decks. Compared with the composite bridge deck with short stud connectors (specimen CD-S-IM), the ultimate load of specimen CD-S-IC is reduced by 4.1%,and the maximum deflection is reduced by 37.8%. Compared with the composite bridge deck with PE interface (specimen CD-P-IM), the ultimate load of specimen CD-P-IC is reduced by 2.1%, and the maximum deflection is reduced by 1.4%. Compared with the composite bridge deck with defect PE interface (specimen CD-P-DM), the ultimate load of specimen CD-P-DC is reduced by 1.2%, and the maximum deflection is reduced by 2.4%. Therefore, even though the ultimate load of the specimen CD-P-IM is reduced by 21.5% compared with the specimen CD-S-IM, the maximum deflection is less affected by the cyclic loading mode. In Figure 3, the main reason is that the shear stiffness of the PE interface is much larger than that of the short stud connector.
TABLE 6 | Bending properties of steel-UHPC composite bridge deck.
[image: Table 6]4.3 Load-slip curve
Figure 9 shows the load-slip curves of all composite bridge decks. In the figure, the maximum interface slip occurs at the interface near the loading point. The interface void in the pure bending section leads to its slip greater than that at the end of the composite bridge deck. In Figures 9A,B, the maximum interface slip of specimen CD-S-IM is 9.3 mm, and the maximum interface slip of specimen CD-S-IC is 6.9 mm. The maximum interface slip of composite bridge deck under cyclic loading is reduced by 25.8% compared with that under monotonic loading. In addition, the interface slip distribution of the specimen CD-S-IC is more symmetrical along both sides of the span, indicating that the stress redistribution occurs at the interface of the composite bridge deck under cyclic loading. In Figures 9C,D, the initial crack load of specimen CD-P-IM was 53.2kN, and the maximum interfacial slip was 8.1mm, while the initial crack load of specimen CD-P-IC was 32.7 kN and the maximum interfacial slip was 18.8 mm. However, the maximum interfacial slip of specimen CD-P-IC occurs during cyclic loading, not during failure. Cyclic loading causes continuous damage to the PE interface resulting in a sudden increase in interface slip. When the specimen CD-P-IC failed, the maximum interface slip of the measuring point was 6.8 mm, 16.0% lower than that of the specimen CD-P-IM. In addition, the interface slip distribution of the specimen CD-P-IC is more symmetrical along both sides of the span, indicating that the PE interface can still ensure the reliable connection of the composite bridge deck at the interface under cyclic loading. The composite bridge deck produces stress redistribution at the interface.
[image: Figure 9]FIGURE 9 | Load-slip curve. (A) Specimen CD-S-IM. (B) CD-S-IC. (C) CD-P-IM. (D) CD-P-IC. (E) CD-P-DM. (F) CD-P-DC.
In Figures 9E,F, the initial crack load of specimen CD-P-DM was 19.6kN, and the maximum interfacial slip was 9.1 mm. However, due to defects in specimen CD-P-DC, the slip occurred at the defect position when the cyclic load began, and the maximum interfacial slip was 7.4 mm. The maximum interface slip of composite bridge deck under cyclic loading is reduced by 18.7% compared with that under monotonic loading. However, the distribution of the interface slip of the specimen CD-P-DC along both sides of the span is no longer symmetrical, indicating that the cyclic loading makes the combined action of the composite bridge deck fail at the interface. The composite bridge deck with PE interface is not suitable to bear the cyclic load when the interface defect area reaches 30%.
4.4 Strain distribution
Figure 10 shows the strain distribution of all composite bridge decks along the height direction in the midspan. In Figures 10A,B, when the load of specimen CD-S-IM is lower than 48.5 kN, the strain at midspan is linearly distributed. As the loading continues, the strain at the midspan presents more and more obvious nonlinear distribution. The strain at the midspan of the specimen CD-S-IC is always linearly distributed. Still, it is not continuous at the steel-UHPC interface, and the strain of the thin UHPC layer and the steel plate is linearly distributed. Under the cyclic loading scheme, the stress redistribution occurs at the interface of the composite bridge deck, resulting in a greatly reduced combination of the thin UHPC layer and steel plate at the interface. Meanwhile, when the load is higher than 46.0 kN, the strain of the thin UHPC layer near the interface increases significantly, indicating that the thin UHPC layer at the interface is gradually damaged.
[image: Figure 10]FIGURE 10 | Strain distribution. (A) Specimen CD-S-IM. (B) CD-S-IC. (C) CD-P-IM. (D) CD-P-IC. (E) CD-P-DM. (F) CD-P-DC.
In Figures 10C,D, when the load of specimen CD-P-IM is lower than 49.0 kN, the strain at midspan is approximately linearly distributed. Before loading to the ultimate load, the PE interface can realize the reliable connection between the thin UHPC layer and steel plate. When the load is 62.8 kN, the PE interface is suddenly damaged in a large area at the end, resulting in a sudden increase in strain. The strain distribution of specimen CD-P-IC in the loading failure process is approximately linear, indicating that the PE interface can ensure the reliable connection of the thin UHPC layer and steel plate even after cyclic damage.
In Figures 10E,F, when the load of specimen CD-P-DM is lower than 45.3 kN, the strain at midspan is approximately linearly distributed. When the load is 57.0 kN, the PE interface is suddenly destroyed in a large area at the end, resulting in a sudden increase in strain. Compared with the specimen CD-P-IM, the interface defect area of 30% does not significantly weaken the connection performance of the PE interface in the composite bridge deck. After cyclic loading of specimen CD-P-DC, the thin UHPC layer near the interface has already cracked and been destroyed, so the strain is very large. Therefore, when the interface defect area is 30%, the composite bridge deck with PE interface is not suitable to bear the cyclic load.
5 NUMERICAL SIMULATION
5.1 Simulation procedure
In this study, the finite element model of the steel-UHPC composite bridge deck is established by ABAQUS explicit analysis method to realize the numerical simulation of the short stud connector and PE interface in the composite bridge deck. In Figure 11, based on the symmetry of the composite bridge deck, a quarter model is established to improve the calculation efficiency. The symmetry planes are plane y and plane x, respectively. The steel plate, thin UHPC layer, studs, and cube are simulated by C3D8 (three-dimensional 8-node linear solid integration element), and the reinforcement is simulated by B31 (2-node linear beam in space). The zero-thickness cohesive element was used to simulate the mechanical behavior of the PE interface. In the model, the global cell size of the steel plate, thin UHPC layer, and reinforcement is 5 mm, and the global cell size of the cube is 10 mm.
[image: Figure 11]FIGURE 11 | Modeling information. (A) Short stud connector. (B) PE interface.
The contact relationship between the steel plate and the thin UHPC layer, the thin UHPC layer, and the short stud connector is normal hard contact, and the tangential friction coefficient is set to 0.4 (Cao and Shao, 2019). The reinforcement is constrained inside the thin UHPC layer by the “embedded region.” The PE interface and thin UHPC layer are constrained by “Tie,” and the thin UHPC layer and cube are also constrained. In addition, the numerical models adopt the displacement loading method and set smooth analysis steps to avoid the fluctuation of the applied load.
5.2 Material constitutive model
5.2.1 UHPC
The concrete plastic damage (CDP) model provided by finite element software ABAQUS was used to simulate the damage and failure process of the thin UHPC layer. Therefore, the tensile and compressive behaviors of UHPC stress-strain curves need to be defined independently. Zhang et al. (2015) obtained the constitutive law under tensile load (Eq. 1) according to the tensile test of UHPC. Yang and Fang (2008) calculated the constitutive law under compression load according to the uniaxial compression test of UHPC (Eq. 2). The stress-strain relationship of UHPC is shown in Figure 12.
[image: image]
[image: image]
where [image: image] is the tensile strength of UHPC, and its value is 14.9 MPa. [image: image] is the cube compressive strength of UHPC, and its value is 114.6MPa. [image: image] is the strain ratio, defined as [image: image]. n is the elastic modulus ratio, defined as [image: image]. [image: image] is the strain corresponding to the ultimate stress, and its value is 0.0035. [image: image] is the initial elastic modulus, and its value is 48.0 GPa. [image: image] is the secant modulus at the ultimate stress on the compressive stress-strain curve.
[image: Figure 12]FIGURE 12 | Stress-strain relationship of UHPC. (A) Tcnsile stress-strain relationship. (B) Compresssive stress-strain relationship.
5.2.2 Steel and weld
The test results show that the steel plate has yielded during the bending failure of the composite bridge deck, and the reinforcement can reach the yield stress. Therefore, the constitutive relationship of steel and reinforcement is based on the trilinear stress-strain relationship (Zou et al., 2021b) in Figure 13A, and the mechanical properties are listed in Table 4. The first phase characterizes the elastic phase, the stress increases linearly with the strain growth, and the linear slope is the material’s elastic modulus. The second phase represents the yield phase, in which the stress remains unchanged, and the strain increases to [image: image]. After entering the third phase (strengthening phase), stress increases with strain to the ultimate strength [image: image] and ultimate strain [image: image]. Meanwhile, the composite bridge deck’s short stud connector and weld have experienced serious damage, and it is necessary to select the appropriate stress-strain relationship to achieve accurate numerical simulation. Therefore, the constitutive relationship of the short stud connector and the weld is based on the trilinear stress-strain relationship in Figure 13B. According to the tensile test, the yield strength [image: image] of the short stud connector is 420 MPa, and the ultimate strength [image: image] is 539 MPa. The strain [image: image] is 0.002, [image: image] is 0.006, and [image: image] is 0.012. Cao et al. (Cao and Shao, 2019) have confirmed that when the weld strength [image: image] exceeds the stud strength [image: image], the numerical simulation results agree well with the test results. Therefore, this stress-strain relationship [image: image] is adopted in the weld in the model.
[image: Figure 13]FIGURE 13 | Stress-strain relationship of steel, short stud connector and weld.
5.2.3 Interface
The cohesive model is suitable for the numerical analysis of the steel-concrete interface. The complex interface behavior simulation can be realized by the traction- separation relationship of the nodes in the cohesive element (Ranz et al., 2020). In Figure 14, the thickness of the PE interface is much smaller than the size of the composite bridge deck. Therefore, the zero thickness cohesive element is used to simulate the PE interface. Meanwhile, the shear stress-slip curve of the PE interface in Figure 3 is bilinear. Its stress characteristics show that the cohesive model should adopt a bilinear stress-separation relationship. The constitutive law of the traction-separation relation is Eq. 3. The stress-displacement relationship of the cohesive element can be determined through the bilinear traction-separation relationship. Then the complex interface behavior simulation in the local model can be realized. The cohesive model parameters for the PE interface are detailed in Table 7.
[image: image]
where [image: image] , [image: image] , and [image: image] are the ultimate strength in the normal direction and two tangential directions of the interface, respectively. [image: image], [image: image], and [image: image] are the separation displacements corresponding to the ultimate strength in each direction, respectively. [image: image], [image: image], and [image: image] are the maximum displacement of interface failure in each direction. [image: image], [image: image], and [image: image] are the elastic stiffness in each direction.
[image: Figure 14]FIGURE 14 | Constitutive model of cohesive element.
TABLE 7 | Cohesive model parameters of PE interface.
[image: Table 7]5.3 Model validation
Figure 15 shows the load-deflection curves of three types of composite bridge decks (Test and model). In Figure 15A, the two types of curves show good consistency, but the difference is large in the failure phase. In Table 8, the deviation of the model calculation value [image: image] of the ultimate load of specimen CD-S-IM from the test value [image: image] is within 1%, and the deviation of the model calculation value [image: image] of the maximum deflection from the test value [image: image] is within 2%. The results show that the contribution of stud weld in thin UHPC layer to the composite bridge deck bearing capacity can not be ignored. In Figures 15B,C, the model’s calculation curve of the composite bridge deck connected by the PE interface is in good agreement with the test’s curve, but the failure phase of the composite bridge deck is quite different. In Table 8, the maximum deviation of the ultimate load of specimen CD-P-IM and specimen CD-P-DM is within 5%, and the maximum deviation of maximum deflection is within 6%. Therefore, the composite bridge deck’s bending behavior can be simulated by using the cohesive zone model (CZM) to simulate the PE interface.
[image: Figure 15]FIGURE 15 | Load-deflection curves of test and model. (A) Short stud connector. (B) PE interface (Intact). (C) PE interface (Defact).
TABLE 8 | Comparison of test and model results.
[image: Table 8]5.4 Discussion
Figure 16 shows the damage of the thin UHPC layer, short stud connectors, and PE interface in various steel-UHPC composite decks. In Figure 16, the stud’s equivalent plastic strain (PEEQ) is greater than 0.2, indicating that the stud fracture (Luo et al., 2016). The equivalent plastic strain (PEEQ) of UHPC is greater than 0.03, indicating the failure of UHPC (Luo et al., 2016). In addition, when the interface element’s stiffness degradation (SDEG) reaches 1, the PE interface fails. SDEG is between 0 and 1, indicating PE interface damage. In Figure 16A, when the load is up to the ultimate load (p = 80.4 kN), the stress of the composite bridge deck with the short stud connector is mainly concentrated near the short stud connectors. In the composite bridge deck, UHPC outside the pure bending section is damaged, and the root of the stud at the end is fractured. In Figure 16B, the stress of the bridge deck with PE interface (Intact) is uniformly distributed along the x-axis before the interface failure (p = 64.7 kN). Meanwhile, UHPC damage occurred near the interface outside the pure bending section, and a large area of failure and damage occurred at the PE interface. In Figure 16C, the stress of the bridge deck with PE interface (Defect) is uniformly distributed along the x-axis before the interface failure (p = 50.4 kN). Although the UHPC damage in the interface defect is weaker, the failure and damage of the PE interface are more concentrated. In the steel-UHPC composite bridge deck, the PE interface can make the stress transfer at the steel-UHPC interface more uniform than the short stud connector, and there is no failure to the thin UHPC layer before the interface failure.
[image: Figure 16]FIGURE 16 | Damage of thin UHPC layer, short stud connector, and PE interface. (A) Short stud connector. (B) PE interface (Intact). (C) PE interface (Defact).
6 CONCLUSION
This study used the PE interface to realize the reliable connection between the thin UHPC layer and the steel plate in the steel-UHPC composite bridge deck. Through the bending test of the composite bridge deck, the effects of the short stud connector and PE interface on the bending performance of the composite bridge deck were compared, and the defects of the PE interface were considered. Finally, it is verified that the cohesive zone model (CZM) can realize the finite element simulation of the PE interface in the composite bridge deck based on the test results. The following conclusions can be drawn:
(1) The shear strength of the FT interface is far lower than that of the EB interface and PE interface among the three designed interfaces. The shear strength of the PE interface is significantly lower than that of the EB interface, but it is much higher than that of the short stud connector. Among the two types of interfaces, the PE interface is more suitable for connecting steel plate and fresh UHPC matrix, which can be used as the interface of the steel-UHPC composite bridge deck.
(2) After the steel plates yield, the thin UHPC layer of the composite bridge deck with the short stud connector is locally crushed near the loading point, resulting in the bending failure of the composite deck. On the contrary, the interface on the midspan side of the composite bridge deck with PE interface failed in a large area before the steel plate yield. After the interface failure, the composite bridge deck can still withstand the load until the final bending failure.
(3) The ultimate load of specimen CD-S-IC is decreased by 4.1% compared with specimen CD-S-IM, and the maximum deflection is decreased by 37.8%. The ultimate load of specimen CD-P-IC is less than 2.1% lower than that of specimen CD-P-IM, and the maximum deflection is reduced by 2.4%. The difference in the maximum deflection reduction between specimen CD-S-IC and specimen CD-P-IC is attributed to the fact that the shear stiffness of the PE interface is much larger than that of the short stud connector.
(4) The slip distribution of specimen CD-P-DC after interface defects is not symmetrical, and the thin UHPC layer at the loading point has failed. The combined action of specimen CD-P-DC at its interface is invalidated by cyclic loading. Therefore, the composite bridge deck is unsuitable for the cyclic load when the defect area of the PE interface reaches 30%.
(5) The load-deflection curves of three types of composite bridge decks obtained from both the test and the model show good agreement. The deviation of the model calculation value [image: image] of the ultimate load of all composite decks from the test value [image: image] is within 5%, and the deviation of the model calculation value [image: image] of the maximum deflection from the test value [image: image] is within 6%. Therefore, the constitutive model of stud weld in thin UHPC layer and the cohesive zone model of PE interface can realize the numerical simulation of the bending behavior of composite bridge deck.
(6) In the steel-UHPC composite bridge deck, the PE interface can make the stress transfer at the steel-UHPC interface more uniform than the short stud connector, and there is no failure to the thin UHPC layer before the failure of the interface.
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Utilizing recycled aggregate concrete (RAC) for cyclic usage in building materials is one of the most feasible methods for reducing the demand for natural aggregates in the construction sector and disposing of construction and demolition trash in landfills. Previous research has demonstrated that the weak freeze-thaw (F-T) resistance of RAC poses a significant threat to the safety of RAC structures in severe cold regions. Therefore, this paper explores the influence of ceramic waste powder (CWP) at various replacement rates on the freeze-thaw resilience of RAC. In this experiment, six groups of CWP doping ratios of 0%, 10%, 20%, 30%, 40, and 50% were designed. Before the F-T cycling test, each group of specimens’ basic mechanical and physical performance data was measured throughout the regular curing age. At the conclusion of each F-T cycle, the durability performance of RAC was tested using the impact-echo method and compressive strength test. To predict the lifetime of RAC mixtures, a Grey-Markov model was created. It was found that the impact-echo method is more appropriate for assessing the durability of RAC in a freeze-thaw condition. The RAC’s F-T resistance is greatest when the CWP content is 20%. The Grey-Markov model has a high degree of predictive accuracy, effectively reflecting the relationship between RAC durability and F-T cycles, and has wide practical applications.
Keywords: recycled aggregate concrete (RAC), freeze-thaw, ceramic waste powder (CWP), impact-echo method, grey-markov model
1 INTRODUCTION
The construction industry is one of the primary drivers of global development in past decades. However, construction is not an environmentally friendly activity as the materials used led to the intense demand for natural resources consuming. Recycled aggregate concrete (RAC) is a kind of eco-friendly concrete manufactured by substituting natural aggregates partially or entirely with recycled aggregates which derived from waste concrete blocks in building waste after mechanical crushing, cleaning, and grading. Notably, the use of RAC not only solves the environmental issues produced by construction waste dumps, but also enables the recycling of construction waste, which has significant ecological, economic, and social relevance (Li et al., 2020; Amadi et al., 2022).
The recycled aggregates has a relatively lower apparent density, higher water absorption and crushing value as compared with natural aggregate, however, they can be blended with natural aggregates to satisfy the needed criteria for workability and strength of RAC. In pratical field, RAC has been applied in road engineering such as the Diepmannsbach Bridge in Germany and the US-41 Route in the United States (Nwakaire et al., 2020). Nevertheless, the long-term property of RAC has certain drawbacks, RAC confronts more complex durability issues in the harsh environment than that of conventional concrete, especially in severe cold regions, the micro-cracks created in recycled aggregate as a result of damage buildup during manufacture provide the preferable paths for moisture to infiltrate into the interior of RAC, and making RAC more sensitive to freeze-thaw (F-T) degradation.
In previous studies (Bennett et al., 2022; Wang et al., 2022), it has been demonstrated that mixing some supplementary cementitious materials (SCMs) can improve the F-T resistance properties of RAC. Normally, the SCMs can fill the microscopic pores within cement matrix, and thus enhance the compactness of RAC, moreover, the pozzolanic properties of SCMs can produce dense C-S-H gels, which is expected to improve the durability of RAC.
Among the various SCMs, ceramic waste powder (CWP) can absorb water and has a good filling effect (Awoyera et al., 2017) as it was used in concrete. CWP is a kind of construction waste, which is obtained from the crushing process of ceramic waste. As a residual waste, ceramic waste is often discarded at the landfill as a non-recyclable item, which is not only a waste of land resources, but also contaminates soil and water bodies. Actually, if the ceramic waste is ground to a specific fineness, under a damp/alkaline environment, the ceramic powder can chemically react with Ca(OH)2 to form C-S-H gels. Therefore, CWP could be a promising SCM to be utilized in RAC. Until now, there have been no particular studies to demonstrate if CWP can improve RAC in F-T conditions, and few research on CWP as a substitute for recycled fine aggregates in RAC were investigated.
It is well known that compressive strength is often used as the main way to measure the quality of concrete. However, when concrete is eroded by the harsh environment or damaged by catastrophic factors, the compressive strength of concrete is merely an indirect assessment and does not accurately reflect the concrete’s performance in the actual structures. Based on technique specifications (CECS 03-2007, 2007; GB/T 50107-2010, 2011), when there is uncertainty regarding the compressive strength test value of the RAC specimen, the non-destructive method can be utilized to evaluate the qualities of concrete under applicable requirements. In recent years, the conventional impact-echo method has attracted extensive attention. It is a quick and reasonably cost-effective method of on-site examination by using impact elastic waves. Among all the impact elastic waves, the attenuation of longitudinal wave amplitude is positively connected with the direction of propagation of normal stress, indicating that longitudinal waves create the most significant and easiest-to-receive vibrations. Hence, longitudinal wave velocity is commonly employed to measure the strength and dynamic elastic modulus of concrete. Nevertheless, when concrete is in F-T conditions, the ice creates a “false” increase in wave velocity and strength, making the durability of concrete be underestimated. Unfortunately, the current research on the correlations between wave velocity and F-T resistance of RAC is limited, especially by the impact-echo method.
Over the past decade, numerous results about durability tests on concrete indicate that environmental erosion is a gradual process for concrete. According to the previous literature findings (Zhang et al., 2020; Wang et al., 2021; Zhang et al., 2022), the relevant durability evaluation parameters of some concrete specimens still do not match the failure requirements even underwent hundreds of F-T cycles in the laboratory test condition. To ensure the durability of CWP-RAC in the F-T conditions, it is required to predict its remaining service life using mathematical models. In this regard, a Grey model can be constructed to predict the durability life of RAC (Qu et al., 2021). The Grey model has the properties of reducing sequence randomness and detecting the pattern of sample data, enabling accurate description and efficient monitoring of original data’s evolving pattern. In the Grey modeling procedure, irregularly moving data are typically discarded, and the sample’s overall trend is considered. This method will produce an impact on prediction accuracy because it disregards interference data. Fortunately, the most significant characteristic of the Markov chain is its capacity to examine data that fluctuates irregularly (Zhou et al., 2022). The Grey-Markov model combing Markov chain and Grey model can effectively improve the accuracy of predictions.
In this paper, it investigated the influence of various CWP contents on the impact echo propagation properties of RAC under F-T conditions, and produced performance degradation curves for compressive strength and relative dynamic elastic modulus (derived from the data collected using the impact-echo method). On this basis, a Grey-Markov model is used to predict the life of RAC. The results is expected to provide theoretical support for engineering applications.
2 EXPERIMENTAL PROGRAMS
2.1 Materials and methods
In this study, the ingredients in the production of RAC include ordinary Portland cement of P.O 42.5 grade, pulverized ceramic waste powder (CWP), water, natural coarse aggregate (NCA), natural fine aggregate (NFA), recycled coarse aggregate (RCA), and recycled fine aggregate (RFA). The chemical compositions and physical properties of these raw materials are listed in Table 1. The particle size of CWP was below 45 microns. Even though recycled aggregates have high water absorption and low bulk density, the overall difference in physical properties between recycled aggregates and natural aggregates is not evident. Table 2 lists the six RAC mix proportions used in this study. Six RAC mixtures were made in accordance with the technical standard for recycled concrete structures (JGJ/T 443-2018, 2018) by substituting RFA at equal volume weight with varying volume contents of CWP. The CWP-0 was used as the control group, and the corresponding formulated strength grade was C30. The numbers in the mixture represent the replacement-ratio of RFA to CWP.
TABLE 1 | Raw materials used for RAC mixes.
[image: Table 1]TABLE 2 | Mixed proportions of RAC (kg/m3).
[image: Table 2]The RAC mixtures were made using with a cube-shaped plastic trial mold with a size of 100 mm × 100 mm × 100 mm. During mixing process, all dry solid ingredients were initially mixed for 60 s. Then the water were added and mixed for another 120 s until the paste reached a homogeneous status. In final, the RAC paste was poured into the molds and stored at ambient temperature (around 25°C) with plastic films. After 24 h, the RAC specimens were demolded and cured under temperature of 20 ± 2°C and relative humidity of 95% until test.
2.2 Experimental procedures
2.2.1 Impact-echo method
Figure 1 depicts the principle of the impact-echo method. The basic premise is to deliver a temporary impact to excitation source on concrete surface, and the resulting impact elastic wave propagates along the interior of concrete and produces reflected waves when it contacts internal defects such as pores, honeycomb, delamination, etc. Then, the reflected waves are sent back to the surface of concrete and received by a receiver situated close to excitation source. Meanwhile, it is possible to convert the fluctuating signals received by receiver into amplitude spectrum. The primary peak in the amplitude spectrum is caused by the interface where the wave impedance changes. Finally, according to the peak frequency (f), the impact elastic wave velocity can be determined using Eq. 1:
[image: image]
where V is the impact elastic wave velocity (m/s), h is the height of the specimen (m), and f is the peak frequency (Hz). A form factor γ is added because the specimen’s form influences the measurement of wave velocity. According to experiments conducted by Krzemień et al. (Krzemień and Hager, 2015), γ can be 0.9 for the same cubic specimen size, and the impact elastic wave velocity is then rectified to a one-dimensional wave velocity.
[image: Figure 1]FIGURE 1 | Principle of impact-echo method.
In this paper, the testing apparatus utilizes the impact echo tester, which comprises a 12.5 mm diameter impact hammer, receiving sensor, and signals acquisition system. When the excitation source is subjected to a impact, the longitudinal, shear, and Rayleigh waves will propagate in all directions. The primary detection basis of the impact-echo method is the longitudinal wave in impact elastic wave, as the vibration direction of the excitation source and the longitudinal wave propagation direction are identical, resulting in the quickest longitudinal wave propagation speed. During on-site test, the test surface should be smoothed using an abrasive wheel to ensure that the excitation source and measurement point surface are well linked. Four excitation sources are positioned diagonally along the end face at a distance of 30 mm from the receiver, as depicted in Figure 2. Each excitation source is impacted twice at least to ensure that the receiver receives two correct data. For the specimens that have reached the relevant curing age (7 days, 28 days), three specimens of each group will be tested, 24 wave velocities will be obtained for each group, and the average value will be used as the group’s final wave velocity.
[image: Figure 2]FIGURE 2 | The arrangement of excitation sources. Point (A) is the receiver. Point (B) is the excitation source.
2.2.2 Compressive strength test
According to the specifications of China codes (GB/T 50081-2019, 2019), the compressive strength test was conducted. During the test, the load was continually applied at a loading rate of 0.8 MPa/s without impact until the sample was damaged to the point of failure. When the specimens of each mix proportion are cured for 7 days and 28 days, the group’s compressive strength is determined by averaging the values of three specimens. During data processing, the compressive strength findings were calculated using Eq. 2, and translated to standard specimen strength using a conversion factor of 0.95.
[image: image]
Where, fc is the cubic compressive strength (MPa), Fmax is the maximal force required to destroy the specimen (N), A is the compressive area (mm2).
2.2.3 Freeze-thaw cycling test
Figure 3 depicts the F-T cycle regime for this test, which consisted of 300 cycles. Prior to freez-thaw test, the RAC specimens were cured until 28 days. Each F-T cycle lasts 4 h, consisting of 2 h of freezing and 2 h of thawing. During F-T conditions, the central of the specimen underwent a minimum temperature of −18 ± 2°C and a maximum temperature of 5 ± 2°C. As durability-related data, the impact elastic wave velocity and compressive strength of each RAC mixture were tested every 25 cycles.
[image: Figure 3]FIGURE 3 | Freeze-thaw scheme.
The so-called durability of concrete refers to the ability of concrete to sustain its work performance under predictable working conditions. Since the wave velocity of the impact elastic wave has a positive correlation with the physical and mechanical properties of concrete materials, such as density, Poisson’s ratio, and dynamic elastic modulus, thus the wave velocity can be a non-destructive test method to determine the durability evaluation parameters for the F-T test. According to the relevant specification for durability test design (GB/T 50082-2009, 2009), the relative dynamic modulus of elasticity (RDME) Er can be used as an assessment parameter for F-T test. Wichtmann et al. (Wichtmann and Triantafyllidis, 2010) concluded that the relationship between wave velocity and dynamic elastic modulus, as shown in Eq. 3:
[image: image]
where Ed is the dynamic elastic modulus (MPa), ρ is the density of concrete (kg/m3).
The formula for calculating the RDME can be calculated from Eq. 4:
[image: image]
where Edn, Ed0 denote the dynamic elastic modulus after n test cycles and the initial stage, respectively. Vn, v0 denote the impact elastic wave velocity measured after n test cycles and the initial stage, respectively. When Er ≤ 60%, it indicates that the specimen meets the threshold for durability failure.
In addition, the relevant specification also provides for the compressive strength damage factor can be used as a supplementary criterion to determine whether concrete durability is compromised. The calculation formula for the compressive strength damage factor is presented in Eq. 5:
[image: image]
where Kf is the compressive strength damage factor, fcn、fc0 denote the compressive strength after n test cycles and the initial stage, respectively. When Kf ≤ 75%, it indicates that the specimen meets the threshold for durability failure.
From Eq. 4 and (Eq. 5), the two durability damage deterioration indices can be obtained, which can be used to evaluate the F-T durability of concrete from both non-destructive and destructive perspectives, respectively. For the current test design, it is crucial to normalize the aforementioned two durability parameters so that the disparities between the two degradation indicators may be compared more objectively throughout the same test cycle. Hence, based on the durability failure thresholds of Er and Kf, the RDME evaluation parameter ξ1 and compressive strength evaluation parameter ξ2 were established (Eq. 6 and Eq. 7).
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When either ξ1 or ξ2 reaches 0, it is evident that the specimen has met the durability failure criterion, and the test of the group must be terminated.
3 RESULTS AND DISCUSSION
3.1 Impact elastic wave velocity of RAC mixtures
Figure 4 plots the impact elastic wave velocity of RAC mixtures. As is evident from Figure 4, the wave velocity of all RAC specimen groups combined with CWP was greater than that of CWP-0 after 7 days of curing. Since the velocity of the impact elastic wave is directly proportional to the degree of concrete compactness, the wave velocity can be utilized to determine the degree of concrete curing. Shokouhi et al. (2017) reported that the propagation path of elastic waves at the concrete defect interface will increase and the measured wave velocity must inevitably drop as the wave impedance rate of air is significantly lower than that of concrete. The increase in early wave velocity of CWP-RAC mixtures is mostly attributable to the pozzolanic activity and the physical filling effect of CWP.
[image: Figure 4]FIGURE 4 | Impact elastic wave velocity of RAC mixtures.
At 28 days curing age, the final wave velocity of CWP-RACs exhibits an increasing and then declining trend with increasing CWP contents. The CWP-20 had the highest wave velocity of 4573 m/s, which was 12.44% greater than that of control group (CWP-0). However, when the CWP doping was increased to 50%, the wave velocity was only 4002 m/s, which was slower than that of control group. This implies that a specific amount of CWP can effectively compensate for the high porosity of recycled aggregates when added to the mixture. When the CWP doping level reaches 20%, the tiny pores within the RAC are well-filled and the larger pores will not expand significantly. However, when CWP doping exceeds 20%, due to the excessive substitution of RFA, the larger pores will enlarge, resulting in a reduction in RAC compactness, even though the tiny pores are well filled. In addition, the growth rate curve of wave velocity from 7 days to 28 days of curing age reveals that the capability to enhance RAC wave velocity declines gradually as the CWP doping rises. The CWP-40 and CWP-50 only raised the wave velocity by 6.14% and 4.71%, respectively, which was much less than that of control group (increased by 25.22% for CWP-0). The results indicate that an excess amount of CWP is not conducive to maintaining the pozzolanic reaction with cement hydration product, and enhancing the compactness of the RAC in the later stage of curing.
3.2 Compressive strength of RAC mixtures
Figure 5 illustrates the compressive strength of RAC mixtures at 7 days–28 days curing age. It shows that the compressive strength of CWP-RAC mixtures is basically consistent with the performance of impact elastic wave velocity: the higher the wave velocity, the greater the strength. Compared to the control group, the compressive strength of the specimens at 7 days in each of the CWP-doped groups was enhanced to varying degrees, which is consistent with the conclusions reached in the study by Chen et al. (2022). This is mainly because that CWP has a higher water absorption rate and a rougher particle surface than that of RFA. The moisture content in the pores is high during the early stages of RAC formation, and the cement hydration hardening process has not yet been completed, while the water absorption of CWP is greater than that of RFA, which reduces the actual water-cement ratio around cement-based material involved in the hydration reaction and aids in the development of RAC strength. On the other hand, CWP, which is obtained by artificial crushing, has a rougher and more angular surface than RFA, which likewise enhances the adhesion between aggregate and cement paste.
[image: Figure 5]FIGURE 5 | Compressive strength of RAC mixtures.
According to the 28 days compressive strength data, the compressive strength of each set of specimens increases and subsequently drops as CWP doping increases. Specifically, the compressive strength of CWP-20 at 28 days is 35.2 MPa, which is the greatest value among all specimens. This result is 16.56% more than that of CWP-0’s. Peng et al. (2020) reported that because CWP has a smaller void fraction than recycled aggregates, it has a higher pressure-bearing capability than recycled aggregates. Therefore, the compressive strength of RAC was greatly enhanced by substituting CWP for a portion of RFA. It should be noted that, the compressive strength of CWP-40 and CWP-50 at 28 days were lower than that of control group. This implies that there is a residual unhydrated component of excess CWP following the secondary hydration reaction with Ca(OH)2, which leads to bonding issues at the interface of the aggregate and cement. As a result, the specimen is easily damaged during the compression process, and the compressive strength of RAC decreases gradually when CWP content is greater than 20%. Similarly, as demonstrated by the growth curve of compressive strength from 7 days to 28 days of curing age, in the late curing stage, the compressive strength increases of RAC mixed with CWP is not as great as that of the control group. This is because that CWP reacts rapidly with the hydration products in RAC during the early stage of curing, hence realizing early strength. As the curing age increases, the effect of CWP on the augmentation of compressive strength of RAC decreases due to the gradual reduction of the active substance on the surface of the cement particles (Zhang et al., 2021).
3.3 F-T durability of RAC mixtures
Figures 6A–F presents the time-changing curves of the durability evaluation parameters of RAC mixtures, which was calculated from the impact elastic wave velocity and compressive strength after the samples underwent the increasing numbers of F-T cycles. As shown in Figure 6, all ξ1 values of RAC mixtures dropped as the number of F-T cycles increased, indicating that the degree of RDME degradation of specimens increased as the number of F-T cycles grew. This is due to the fact that temperature fluctuations produce non-uniform thermal displacement between the cement paste and aggregate, and the freezing and expansion of water in the pore structure causes increased hydrostatic and osmotic pressures. The aforementioned conditions can contribute to a rise in cracks, porosity, and other defects in RAC, reducing the compactness of the specimen and thus leading to a decrease in RDME. The comparison reveals that CWP-0 has a ξ1 value of 40.63% after 300 F-T cycles. The CWP-20 has the best F-T resistance with a ξ1 value of 70.58% after 300 F-T cycles, which is significantly greater than that of control group. The reason is that CWP has lower water content and void fraction than RFA, which caused the relatively lower volume expansion rate of RAC specimens during F-T cycling to that of control group specimens, and effectively limiting the propagation of cracks and lateral deformation in the micro-structure of RAC due to F-T cycling, thereby reducing the degradation of RDME in a F-T environment. As CWP content increased, the ξ1 curve degradation trend of CWP-30, CWP-40, and CWP-50 grew progressively. In particular, CWP-40 and CWP-50 approach durability failure after 300 and 225 cycles, respectively. This implies that the addition of an excessive amount of CWP is not conducive to the hydration of the RAC, and will result in the creation of additional pores. Under F-T conditions, the water in these pores condenses into solid ice, and the volume increases, resulting in expansion stress that reduces the durability performance of RAC.
[image: Figure 6]FIGURE 6 | The rate of durability evaluation parameters change of RAC mixtures. (A) CWP-0. (B) CWP-10. (C) CWP-20. (D) CWP-30. (E) CWP-40. (F) CWP-50.
According to the viewpoint of Silva et al. (2016), there is an intrinsic connection between the RDME of RAC and its compressive strength. Comparing the deterioration trends of ξ1 and ξ2 curves in Figures 6A–F, it reveals that the compressive strength diminishes progressively with the deterioration of RDME under the F-T conditions. Furthermore, the specimens that was used to measure wave velocity and compressive strength were chosen at random, so the cause of durability damage to RAC strength from F-T cycles can be considered the same as that of RDME. However, from the results of the F-T cycle, it is evident that the change in ξ2 is later than the change in ξ1 during the overall cycle period. For instance, when the ξ1 curves of CWP-40 and CWP-50 are close to the failure threshold, the ξ2 curves are still a considerable distance away from durability failure. This indicates that RDME is more sensitive to condition factors when used as a durability evaluation parameter compared to the compressive strength damage factor. The primary cause of the discrepancy between the ξ1 and ξ2 curves is the variation in test methods, physical quantity definitions, etc. The compressive strength test is obtained by the recovery force of the instantaneous elastic deformation produced by the pressure tester’s continuous application of load at a fixed loading rate, i.e., it reflects the change in the surface strength of the material, and such results are subject to some error. Nevertheless, the impact-echo test is a thorough reflection of the specimen’s physical qualities, such as dynamic elastic modulus, density, and internal micro-crack development, which has a definite physical significance. The deterioration of RAC by an F-T condition occurs from the outside to the inside, and RDME is an exhaustive reflection of the specimen’s overall structural and microscopic features. Consequently, ξ1 is more susceptible to RAC internal flaws than ξ2, and if there is a fault in the compressive strength test, but the wave velocity can be established precisely, then RDME more effectively reflects the degree of RAC deterioration, hence reducing the impact of test errors. In view of this, considering the three aspects of test impact elastic wave velocity, compressive strength and F-T durability, it is suggested that the amount of CWP in RAC should not exceed 30%, with a recommended value of 20%.
4 DURABILITY LIFE PREDICTION BASED ON GREY-MARKOV MODEL
4.1 The process of establishing the grey model
The majority of the Grey models consist of GM(1,1) and GM(1,n), with the former used for univariate analysis and the latter for multivariate analysis. The experimental design of this investigation was based on a single variable, CWP contents, and hence the GM(1,1) model was selected to predict the durability life of RAC. The modeling steps are as follows:
Step 1:. Write the differential equation based on the GM(1,1) model’s definition:
[image: image]
where, a is the development coefficient and b is the grey effect coefficient (Yu et al., 2021).
Step 2:. From the GM(1,1) model’s definition, derive the difference equation:
[image: image]
where, x(0) (t) denotes the original data series, [image: image]. z(1) (t) is a sequence of means about x(0) (t), [image: image].
Step 3:. Accumulate x(0) (t) to generate a calculation:
[image: image]
Step 4:. Solve for z(1) (t):
[image: image]
Step 5:. Simplify Eq. 11 and use the matrix form to represent.
[image: image]
where, [image: image], [image: image].
Step 6:. Solve the matrix to derive the values of a and b:
[image: image]
[image: image]
Step 7:. The discrete-time response equation of the GM(1,1) model is obtained by bringing the derived a and b into Eq. 8:
[image: image]
Step 8:. The resultant response equation is subjected to a single cumulative subtraction, from which the predicted values of the GM(1,1) model can be calculated as follows:
[image: image]
There are usually four methods for testing the accuracy of Grey model (Qin et al., 2022), which are: the average relative error method Δ, the correlation degree test γ, the posterior error ratio test C, and the small error probability test ω. Among them, for the calculation of Δ, it is also necessary to establish the relative error ε(0) (t) as follows:
[image: image]
[image: image]
In addition, other accuracy test formulae are not essential to the building of the model presented in this research; therefore, the relevant formula derivation analysis will not be developed. Those interested can find the details in the literature (Yang and Liu, 2008; Jiang et al., 2017; Mao et al., 2020). Table 3 displays the regularly used accuracy test level standard.
TABLE 3 | Refer to the accuracy test level.
[image: Table 3]4.2 Markov state transition probability matrix
Referring to the author’s previous research (Yu et al., 2022), the Markov chain based on the division of ε(0) (t) into k states can be expressed as Eq. 19:
[image: image]
The state transfer probability of Markov chain is calculated as follows:
[image: image]
Therefore, the k-step transfer probability can be calculated as in Eq. 21:
[image: image]
where, Pij(k) is the probability of transferring from state i to state j after k steps. Mij(k) denotes the number of transfers from state i to state j after k steps. Mi denotes the number of original data in state i.
Meanwhile, the k-step state transfer probability matrix is as follows:
[image: image]
If there are m states and the present state is, the future state and the corresponding probability Pij(k) can be known based on the i-th row of the k-step state transfer matrix. The final calculation of Grey-Markov model can be obtained as follows:
[image: image]
4.3 Analysis of prediction results
Based on theF-T durability test results, the CWP-20 with the best test performance will be chosen to describe the derivation process of the Grey-Markov model in detail. Since the Grey model requires the data to be positive in the calculation process, the ξ1 value is no longer utilized and has been replaced with the Er value (the failure threshold of Er is 60%).
Following step 1 to step 8, the results of the Grey model for CWP-20 are as follows:
[image: image]
Correspondingly, the results of the model accuracy test are shown in Table 4.
TABLE 4 | Model accuracy test results.
[image: Table 4]From the test results in Table 4, it can be seen that the average relative error, correlation degree, posterior error ratio, and the small error probability of the Grey model have accuracy levels of II, IV, I, and I, respectively. Hence, the Grey prediction accuracy level is finally determined as IV, which cannot be used directly to predict the durability life of CWP-20 in the future time and has the necessity of applying the Markov chain.
During the initial phase of the Markov chain, the results of the ε(0) (t) operation are combined to classify the relative error into three states:
State 1: overestimated state, ε(0) (t) between [−0.05,−0.01].
State 2: exact state, ε(0) (t) between [−0.01,0.01].
State 3: Underestimated state, ε(0) (t) between [0.01,0.05].
Following Eqs. (19)–(22), the one-step state transfer matrix of CWP-20 can be obtained as follows:
[image: image]
Referring to the Markov chain prediction principle (Bradley, 1999), the state transfer matrix of each step can be obtained next. The predicted values of the Grey model are then rectified following Eq. 23, and the final prediction results of the two models are depicted in Figure 7. The fitting findings of Er values for CWP-20 for 0–300 F-T cycles are provided in Table 5 to compare the prediction accuracy of the two models more logically.
[image: Figure 7]FIGURE 7 | Model prediction results of Grey and Grey-Markov.
TABLE 5 | Er value fitting results for CWP-20 during 300 F-T cycles.
[image: Table 5]As can be seen from Table 5, the maximum error of the Er fitted value of CWP-20 for the Grey model is 2.66% and the average error is 1.14%, as well as its overall performance, which is inferior to that of the Grey-Markov model. For the prediction results of the Grey-Markov model, the maximum error of the Er fitted value of CWP-20 is 1.31% and the average error is 0.47%. It is evident that the upgraded model can fully utilize the information provided by the original data to create accurate predictions for data with significant stochastic volatility. As evidenced in Figure 7, the Grey model predicts an overall smooth curve because it is a method for fitting the raw data to an exponential curve. According to the Grey model’s prediction, the CWP-20’s durability will fail after 1275 F-T cycles, which is a dubious outcome (Ray et al., 2021; Magbool, 2022). The results of the Grey-Markov model fit can fluctuate synchronously with the actual values, and the ε(0) (t) derived from the Markov chain in the later F-T cycles are deemed to be overestimated, so the actual occurrence values may be lower than the predicted results of the Grey model. From this, This indicates that the Grey-Markov model’s prediction that CWP-20 will approach durability failure after 775 F-T cycles is accurate.
With the confirmation that the Grey-Markov model has high prediction accuracy, to further comprehend the durability damage trend of CWP-RACs in the F-T environment, the life prediction of Er values of all specimens was performed by this model, and the results are shown in Figure 8. As shown in Figure 8, the durability life prediction for the control group is 575 cycles, and only CWP-10 and CWP-20 are anticipated to have a longer life. After 500 cycles, CWP-30 is predicted to be below CWP-0 and will fail in durability. CWP-40 and CWP-50 will fail after 300 and 225 cycles, respectively, which is consistent with the experimental measurement data and again verifies the Grey-Markov model’s high fitting accuracy. Overall, a massive amount of CWP harms the F-T resistance of RAC, whereas a little amount of CWP can greatly increase the F-T resistance of RAC.
[image: Figure 8]FIGURE 8 | Durability life prediction curve of RAC mixtures based on Grey-Markov model.
5 CONCLUSION
In this paper, the influence of ceramic waste powder (CWP) addings on the freeze-thaw (F-T) resistance of recycled aggregate concrete (RAC) was investigated. The main conclusions can be drawn as follows.
1) CWP can significantly increase the early mechanical characteristics and compactness of RAC, and the compressive strength and impact elastic wave velocity of RAC doped with CWP were greater than those of conventional RAC specimens after 7 days. However, when the age of curing increased, the performance-enhancing capacity of CWP on RAC declined gradually.
2) During the F-T test of RAC, the RDME obtained by the impact-echo method can be employed as a durability evaluation parameter that is more susceptible to environmental conditions than the compressive strength evaluation parameter. The data from RDME indicate that a little amount of CWP can greatly improve the durability of RAC, however, an excess of CWP can have the opposite effect.
3) The Grey-Markov model can more accurately depict the deterioration trend of CWP-RAC durability damage in a F-T condition. With the impact-echo test data, the predicted data closely resembles the test situation. In engineering practice, it is more practical to test and maintain CWP-RAC in severe cold regions.
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With the increasing number of vehicles in the world, the amount of waste tires is increasing day by day. In this case, the disposal of expired tires will cause serious environmental problems. In recent years, instead of disposing of tire wastes, most of them have been started to be recycled to produce fiber-reinforced concrete. Thus, steel fibers recovered from waste tires have been preferred as an alternative to industrial steel fibers due to their environmentally friendly and low-cost advantages. In this study, an experimental study was carried out to explore the effect of fiber content on the fresh and hardened state of the concrete. To achieve this goal, compression, splitting tensile, and flexure tests were carried out to observe the performance of the concrete with tire-recycled steel fibers with the ratios of 1%, 2% and 3%. There is an improvement in the mechanical properties of the concrete with the increase of the volume fraction of the steel fiber. However, a significant reduction in workability was observed after the addition of 2% steel fibers. Therefore, it is recommended to utilize 2% tire-recycled steel fibers in practical applications. Furthermore, experimental results of concrete with tire-recycled steel fibers were collected from the literature and empirical equations based on these results were developed in order to predict the compressive and splitting tensile strengths.
Keywords: waste tire, recycled steel fiber, fiber-reinforced concrete, compressive, splitting tensile, flexural, mechanical behavior
1 INTRODUCTION
Concrete consists of various ingredients, including cement, aggregates (fine and coarse), water, and some additives and it is widely used as a building material in the civil engineering applications such as dams, bridges, and roads (Shukla, 2013; Vieira et al., 2016; Seetharam et al., 2017; Alabi, 2020; Prabu et al., 2020; Zeyad, 2020; Alwesabi et al., 2021; Magbool and Zeyad, 2021; Ming et al., 2021; Abdullah et al., 2022; Adil et al., 2022; Zeyad et al., 2022). However, it has many shortcomings such as brittleness and low tensile strength. One way to eliminate these drawbacks is to use classical/conventional reinforcements, i.e., transverse, and longitudinal reinforcement. Longitudinal reinforcement resists tensile or compressive stresses. They are in the form of steel bars and placed at a specific interval in the element cross-section. Transverse reinforcement such as stirrups and ties are used to withstand shear. To mitigate shear failures, the number of transverse reinforcements is increased in the critical zones. However, this can lead to increase costs and labor demands (Yuan et al., 2020; Zamanzadeh et al., 2015; Meda et al., 2005; Failla et al., 2002). In this case, the common and efficient way is to use a certain number of fibers. Different types of fibers such as steel, glass, natural and synthetic have been widely used as reinforcement in the concrete mixture. Steel fibers are the most used fiber type to amplify the mechanical properties of concrete (Anil, 2018; Jabir et al., 2020) and they are employed in the form of short discrete lengths and different ratios of length to diameter varying between 20 and 100 in the mixture (Behbahani et al., 2011). According to some experimental studies on beams (Zamanzadeh et al., 2015; Failla et al., 2002; Jabir et al., 2020), steel fibers provide a similar -post-cracking performance when compared to beams reinforced with steel stirrups. Furthermore, steel fibers assist to enhance shear capacity, which leads to reduced crack width. In this way, the failure pattern changes from brittle shear to ductile flexural failure (Zamanzadeh et al., 2015; El-Sayed, 2019). Thus, to obtain the desired quality in concrete, it is also widely preferred to replace the stirrups in the concrete mixture completely or partially with steel fibers (Rashid and Balouch, 2017). Either industrial steel fibers or recycled steel fibers or hybrid fibers (industrial and recycled) are utilized as a reinforcement (Aghaee et al., 2015; Leone et al., 2016; Caggiano et al., 2017; Domski et al., 2017; Hu et al., 2018; Carrillo et al., 2020; Simalti and Singh, 2020). After observing the good performance of industrial steel fibers on concrete, it was concentrated on steel fibers obtained from wastes. Furthermore, research on obtaining fiber from waste materials other than natural resources or raw materials has increased since production of the industrial steel fibers has disadvantages such as greenhouse gas emissions and high cost (Groli et al., 2014; Sengul, 2016; Mastali et al., 2018; Zheng et al., 2018; Isa et al., 2020; Liew and Akbar, 2020; Gul et al., 2021; Qin and Kaewunruen, 2022).
The mostly used recycled steel fibers are obtained from expired vehicle tires (Qin and Kaewunruen, 2022). A typical tire generally consists of carbon, rubbers, steel wire, and additives (Ahmed et al., 2021). Although the service life of vehicle tires vary depending on the road type, usage, and material quality in the tires, it can reach approximately 5 years or up to 40000 km (Sengul, 2016; Barišić et al., 2021). The increase in the number of vehicles in recent years will lead to an increase in the number of wastes after the life span of tires. Then, waste and disposal stage may lead to a huge threat to the environment and high cost. Thus, instead of disposal of waste, recycling, and reuse of them in many industries are viable solutions (Karalar et al., 2022a; Alani et al., 2022; de Azevedo et al., 2022; Martínez-García et al., 2022; Qaidi et al., 2022; Zeybek et al., 2022). In addition to being environmentally friendly, steel fibers extracted from waste are more economical when compared to industrial steel fiber (Ghorpade and Rao, 2010; Mastali et al., 2018; Liew and Akbar, 2020). Many research studies were conducted to investigate the effect of tire-recycled steel fibers on the mechanical properties of concrete. Wu et al. (2016) investigated the impact of tire-recycled fibers on the behavior of concrete materials and it was shown that steel fiber lessens crack width in the concrete. Pilakoutas et al. (2004) studied the reuse of tire steel fibers as a reinforcement in concrete. They mentioned that recovered steel fibers may be replaced by conventional reinforcements, and they can help shorten construction time. Neocleous et al. (2006) evaluated the suitability of existing design guidelines for the concretes with fibers recovered from used and tried to propose a more appropriate approach for flexural design. They also developed a stress-strain curve to obtain the flexural strength of concrete with recycled fibers. Aiello et al. (2009) conducted pull-out tests on concrete with tire-recycled steel fibers obtained by the mechanical process to investigate adhesion between the concrete and the fiber matrix. According to the study, there should be an allowable volume ratio of fibers for the workability of concrete. For a traditional concrete mixer, this ratio should be less than 0.26%. However, it can be used up to 0.46% for a planetary mixer. A study conducted by Aghaee and Yazdi, (2014) stated that the usage of waste wires in concrete provides a positive effect on the mechanical properties of lightweight concrete specimens. Especially, waste wire provides high tensile and flexural strength to the concrete. Rashid and Balouch, (2017) studied the effect of steel fibers recovered from waste tires on the shear resistance of reinforced concrete beams considering four-point bending test. In addition to shear resistance, failure modes, crack propagation and width were also investigated. Workability of concrete with tire-recycled steel fiber is decreased when the amount of fibers increases. Köroğlu, (2018) searched the usage of recycled steel fibers from waste tires in functionally graded self-compacting concrete. Mechanical properties of the concrete were investigated for fresh and hardened conditions. It has been shown that the workability of fresh concrete reduces with increasing fiber content. The effect of steel fiber extracted from waste tires on the mechanical performance of concrete was examined by Zhang and Gao, (2020). Compressive strength, tensile strength, and toughness properties were compared with those of industrial fiber reinforced concrete (IFRC), taking into account different dosages. Gul et al. (2021) carried out a study to investigate the performance of concrete with recycled steel fiber extracted from waste tires. Fiber length and dosages were selected prime variables in their study. They tried to obtain the optimum dosage and length of the steel fibers used in the concrete mixture. Revuelta et al. (2021) compared mechanical behaviors of tire-cycled steel fiber reinforced concrete with those of industrial steel fibers. It has been shown that tire-recycled steel fibers and industrial steel fibers provide similar performance when the same amount of fiber is used. Senesavath et al. (2022) investigated the influence of purified and non-purified recycled tire steel fiber on fresh and hardened concrete performance. Their study showed that purified recycled tire steel fiber provides better tensile strength when compared to non-purified recycled tire steel fiber. Singh and Kaushik, (2001) and (Frančić Smrkić et al., 2017), studied concrete with steel fibers under fatigue loading. Frančić Smrkić et al. (2017) mentioned that current design models underestimate fatigue resistance of the fiber reinforced concrete and they proposed more rational model for this type of concrete.
The above-mentioned studies showed the usability of recycled steel fiber recovered from waste tires in civil engineering applications. However, there is a research need for the optimum amount of fiber in concrete. To pursue this goal, the performance of the concrete with steel fibers generated from tire wastes was investigated and compared by considering different volume fractions of steel fiber. An experimental study was conducted on some test specimens consisting of recycled steel fibers. For each test specimen, the effect of recycled steel fibers on the physical and mechanical properties of concrete was studied for fresh and hardened cases. Optimum fiber dosages were identified for concrete with tire-recycled steel fibers based on the fresh and hardened properties. More importantly is that very few empirical equations to predict the capacities of the concrete with recycled steel fibers from tires are available in the literature. To achieve this aim, the studies were collected from the literature and empirical equations were developed to predict the compression and splitting tensile capacities.
2 EXPERIMENTAL PROGRAM
2.1 Materials and mixture proportions
CEM I 32.5 Portland Cement was utilized in this study and its chemical properties are depicted in Table 1. Maximum fine aggregate sizes of 4 mm and coarse aggregate sizes of 12 mm were utilized. The ratio of water to cement was selected as 0.60 while the ratio of cement to aggregate was selected as 0.22. The ratio of fine aggregate (0–4 mm) was around 48% while the ratio of coarse aggregate (4–12 mm) was around 52%. In mix design, 360 kg/m3 cement, 180 kg/m3 water, 790 kg/m3 fine aggregate and 850 kg/m3 coarse aggregate were added.
TABLE 1 | Chemical properties of PC.
[image: Table 1]The steel wires obtained from tires were utilized to investigate the influence of fiber amount on the mechanical properties in terms of compressive strength, split tensile strength, and bending performance of concrete. The utilized steel wires are shown in Figure 1A. The shape of recycled steel wires obtained from tires was linear. The length of the recycled steel wires was divided into small portions before being used it. Yoo et al. (2017) revealed in their study that the medium-length of fibers exhibited higher flexural strengths compared to the longer fiber. Therefore, it was tried to obtain the same length proportion not larger than 5 cm in length to get optimum results. Figure 1B demonstrates the proportion of the lengths utilized in the steel wires. In this study, a reference mixture including no fiber and six mixtures were designed. Three different fiber volume ratios including 1%, 2%, and 3% were studied.
[image: Figure 1]FIGURE 1 | Recycled (A) steel wires (B) obtained from tires.
2.2 Mix procedure, workability, and slump test
For the mixing procedure, all aggregates, cement, and water were initially mixed in the mixer. Then, the required recycled steel wires were mixed into small pieces to prevent aggregation and to accomplish the uniform distribution of steel wires in the concrete mixture. Although the steel wires were slowly added to the mixture, aggregation was observed to initiate in the mixture with 3%. Workability was significantly decreased after a 2% fiber content ratio. Slump tests were also performed. The results of the slump test were indicated in Figure 2. It is seen that slump values with steel wires are lower than that of the reference specimen. Moreover, the slump value decreases as the fiber ratio increases.
[image: Figure 2]FIGURE 2 | Slump test.
After mixing, the mixture was poured into molds and vibrated for 30 s. The samples were kept a room temperature for 24 h after casting. Then the samples were tested after 28 days of curing.
2.3 Test procedure
Three different tests were conducted to evaluate the influence of recycled steel wire types and fiber ratio. These tests including compressive, splitting tensile, and bending strength tests are depicted in Figure 3. For each mixture, three repetitions were tested and an average of them was reported. Compression tests were conducted based on ASTM C39/C39M (C39&C39M A, 2003). ASTM C496-96 was utilized for splitting tensile test while ASTM C78/C78M-22 was used for flexural tests.
[image: Figure 3]FIGURE 3 | Mechanical test setups (A) compressive strength (for cubic sample) (B) compressive strength (for cylindrical sample) (C) splitting tensile strength (D) flexural tensile strength at three-point bending.
Two different compressive strength tests were carried out using cube samples with 150 × 150 × 150 mm and cylindrical samples with a diameter of 100 mm and a height of 200 mm. The speed of loading was 6 kN/s and the tests were conducted up to failure. Using cylindrical samples, compressive strength and compressive strength curves were obtained. On the other hand, cube samples were used to obtain only compressive strength. The splitting tensile tests were also utilized using cylindrical samples with a diameter of 100 mm and a height of 200 mm. The speed of loading was 5 kN/min and the tests were conducted up to a drop 50% in strength. Three-point bending test was performed to compare the flexural strength of the samples with different mixtures. The samples had dimensions of 100 × 100 × 400 mm, and a span length was 300 mm. The speed of loading was 0.5 mm/sec. The flexural behavior of the mixtures was determined by the load-displacement curves.
3 EXPERIMENTAL RESULTS AND DISCUSSIONS
3.1 Compressive strength of cubic samples
Figure 4 shows the compressive test results of 150 × 150 × 150 mm cubic samples. The graph in Figure 4B shows, from left to right, the compressive strength results of samples of reference and recycled steel wires additive concrete. It is pleasing that the samples with waste material have superior compressive strength compared to the reference samples. In Figure 4B, it is evident that the rising graphite increases the compressive strength as the ratio of waste tire wire in the concrete increases.
[image: Figure 4]FIGURE 4 | Results (A) of compressive (B) strength.
To predict the compressive strength of the concrete with recycled steel wires, an equation was derived considering fiber volume ratio and plain concrete strength. Compressive strength with recycled steel wires can be computed using the following proposed equation:
[image: image]
where [image: image] is the compressive strength of plain concrete, [image: image] is the compressive strength of concrete with bead wires, Vf is fiber volume ratio.
The compression strength values, and their differences obtained as a result of the cubic compression test are presented in Table 2. The compression strength values results obtained by the experimental and proposed equations are very close to each other. A maximum of 2% difference was detected between the experimental and proposed equation. While the compression strengths value of the reference samples was 29.5 MPa, it increased to 34.6 MPa with a 1% tire additive. In the 2% contribution, a compressive strength raised to 38.6 MPa. Finally, compression strength with 3% additive strength was 43.2 MPa. Gao et al. (2017) found that the compressive strength increased by 1.03% in the test of 1% wire reinforced cubic concrete. The compressive strength of the tire doped specimen confirms the results of (Gao et al., 2017). Yazıcı et al. (2007) in their study added three different fiber volumes of 0.5%, 1.0%, and 1.5. They found that the strength of concrete increased between 4% and 19%. In this study, it is seen that the compressive strength of concrete increases between 17% and 42% with the tire additive. It should be noted that with the addition of waste fibers, the compressive strength of fiber-reinforced concrete increases, but after a certain value of waste fiber content, there is a decrease in workability (Yazıcı et al., 2007).
TABLE 2 | Experimental and predicted compressive strength.
[image: Table 2]3.2 Compressive strength of cylindrical samples
Figure 5 depicts the compressive strength result of cylindrical samples. The results have not only increased the maximum strength of the concrete but also increased the toughness capacity thanks to recycled steel wire additive. As the steel wire additive ratio increased, the strength increased proportionally. Table 3 shows the compressive strength results of the cylindrical concrete samples. While the maximum strength was 29 MPa with 1% steel wire additive, the strength was 32 MPa with 2% steel wire additive. This strength increased to 37 MPa if 3% steel wire was utilized. The test results reveal that concrete with 29.5 MPa strength can be increased to 37 MPa which is a 25% increase in the capacity. Neves and Fernandes de Almeida, (2005) stated in their study that up to 1.5% of fiber additives increase the compressive strength of concrete, but decrease Young’s modulus slightly. However, in this study, it is understood from the graph that the rate of increase in waste fiber slightly increased in Young’s modulus. The obtained results support the statement that (Shah Surendra and Rangan, 1970) stated in their study that fibers significantly improved the ductility of concrete, as evidenced by increased final compressive concrete strains and toughness. Lee, (2017), in his study with 0.25%, 0.375%, and 0.50% fiber volume ratios, determined that the energy absorption capacity increased as the fibre volume ratio in the concrete increased. It is also understood from the curves in Figure 5 that the energy absorption capacity continues at higher rates depending on the increasing fibre volume ratio.
[image: Figure 5]FIGURE 5 | Results of compressive cylindrical samples.
TABLE 3 | Experimental and predicted splitting tensile strength.
[image: Table 3]3.3 Splitting tensile strength
A splitting tensile strength test is performed to investigate the effects of steel wires on the tensile strength of concrete. Figure 6 shows the splitting tensile strength result of samples with reference and volume fracture (Vf) of 1%–3% steel wire. Table 4 demonstrates the splitting tensile strength of the samples. Splitting tensile strength increased from 2.83 to 3.24 MPa with 1% Vf steel wire. This strength increased to 3.87 when Vf of 3% steel wire was utilized.
[image: Figure 6]FIGURE 6 | Results (A) of splitting (B) tensile strength.
TABLE 4 | | Statistical measures for compression and splitting tensile strength.
[image: Table 4]To predict the splitting tensile strength of concrete with recycled steel wire, an equation was derived based on the fiber ratio and compressive strength of plain concrete. Splitting tensile strength with recycled steel wires can be computed using the following proposed equation:
[image: image]
where [image: image], [image: image] is splitting tensile strength of concrete with bead wires. The obtained results were confirmed with experimental results. Figure 6A compares experimental method results with proposed equation estimates. The fact that the graphic lines overlap proves the accuracy of the proposed equation based on the experimental work. Table 3 gives the experimental and predicted splitting tensile strength results. The experimental result of the reference sample was 2.83, while the analytical solution result was 2.82 MPa. A maximum of 3% difference was detected between the predicted capacity and experimental results.
3.4 Flexural performance
The flexural performance of concrete according to volume ratio is shown in Figure 7. While 1% tire provided the flexural performance of around 3.8 kN. It was increased to 5 kN when 2% steel wire was utilized. The addition of 3% fiber provided flexural strength of 6.3 kN. With the 2% tire additive, more than 100% flexural strength was obtained. Since longer waste fiber was utilized in this study, the result was better than the results of (Yoo et al., 2017).
[image: Figure 7]FIGURE 7 | Effects of fiber volume fraction on flexural strength.
One of the most important results obtained from this study is the toughness of concrete. Figure 8 shows the toughness values. In general, ductile materials have high toughness and brittle materials have low toughness. According to the results obtained, it is seen that the waste fiber additive provides very high toughness. Soulioti et al. (2011) in their experimental study with steel fibers with different geometries, revealed that hook-tipped fibers provide better toughness in concrete than fibers with wavy geometry. Yoo et al. (2017) have argued on the contrary that spun fibers provide the highest flexural strength, but exhibit similar strength and weaker toughness than straight fibers at a Vf equal to or greater than 1.5%. They stated that at a Vf equal to or higher than 1.0%, lower flexural strength and toughness were observed in samples with hooked fibers compared to straight ones.
[image: Figure 8]FIGURE 8 | Effects of fiber volume fraction on toughness.
3.5 Damage analysis
Beams are mechanically accepted structural elements that transfer loads of the usage area to the vertical carriers. Therefore, it is an important issue to perform damage analysis according to the additives added. It has been observed that microcracks occur in the tensile region of the beam when the fracture strength is reached, especially in fiber-reinforced samples. The addition of steel waste tires stabilized the crack development until the maximum load was reached. When the initial tensile failure was developed in the reference samples, there was a sudden decrease in load capacity, whereas a slower decrease occurred in the fiber-doped samples. As seen in Figure 9, the crack formation has moved towards the compression zone. Therefore, the stability of the beam section under the natural axis was effectively maintained by the fiber bridging region being resistant to fiber rupture. Finally, the fibers that caused the beam sample to fail were completely withdrawn. In all beam specimens, the fracture was observed at the moment constant region of the beam. The fibers drawn on the cracked surface and the tensile fractures on the concrete matrix are visible in Figure 9.
[image: Figure 9]FIGURE 9 | Damaged view of the beam with 3% waste fibers.
Microstructural analysis (SEM) was performed from the sample pieces taken from recycled steel wire added samples. The SEM images in Figure 10 were obtained by magnifying 500 times. The image on the right is generally projected as an enlargement of the pattern on the left. Important findings are marked on the figures. Images showing the key findings are shown in Figure 10. Figures 10A–F show detailed the interaction between waste steel fibers and concrete. Figure 10A shows hydrated cement, aggregate, and fibers. Figure 10B shows the concrete distribution of the ettringite and the spacing between them. Ettringite develops due to a high content of the mineral sulphate calcium sulfoaluminate. Ettringite is formed in mortar and concrete by the effect of sulphate. Ettringite generally increases the compressive strength of concrete thanks to its Figure 10B also shows pores associated with ettringite. Figure 10C shows the distribution of aggregates in concrete, surface quality, and voids. Cement hydration may be poor at points where voids are high. Figure 10D shows the fine aggregate and cement combination with good hydration. The interface between the steel fiber and the concrete is shown in Figure 10E. There may be a gap on one side of the fiber. Figure 10F shows the steel fiber interface up close. It is seen that it exhibits good adhesion with cementitious concrete.
[image: Figure 10]FIGURE 10 | Microstructure view of samples.
4 COMPARISON WITH THE EXISTING SFRC STUDIES
When considering existing research findings, tire-recycled fiber is feasible to enhance some properties of the concrete. By conducting experimental studies, compressive strength, flexural strength, and split tensile strength were obtained for tire-reinforced concrete with different amounts of steel fiber. In the studies, amount of fiber, type (industrial or recycled), length, and diameter of the fiber were the main variables. In this part of the study, compressive strength and split tensile strength values for plain concrete (normal concrete without fibers) and reinforced concrete with steel fibers (either industrial, recycled, or hybrid) were collected from the literature. Experimental results obtained from these existing studies conducted by many researchers (Leone et al., 2016; Aghaee et al., 2015; Gul et al., 2021; Mastali et al., 2018; Groli et al., 2014; Köroğlu, 2018; Saatçi and Batarlar, 2017; Samarakoon et al., 2019; Zhang and Gao, 2020; Centonze et al., 2012; Dehghanpour and Yılmaz, 2018; Al-Tikrite and Hadi, 2017; Vistos et al., 2018; Nataraja et al., 1999; Dorr et al., 2019; Sengul, 2018; Ł and Suchorzewski, 2018; Awal et al., 2013; Chern and Young, 1989; Najim et al., 2018; Shi et al., 2020; Rossli and Ibrahim, 2012) were presented in Figures 11, 12. Industrial fiber reinforced concrete (IFRC), recycled fiber reinforced concrete (RFRC) and hybrid fiber reinforced concrete (HFRC) cases were shown in these figures. Relative compressive strength of steel fiber reinforced concrete to the reference or plain concrete without fibers were plotted against fiber content (%) used in the mixture as shown in Figure 11. The compressive strength value of the fiber reinforced concrete is generally higher than that of plain concrete. This indicates that steel fibers play a positive role in increasing strength. Since steel fibers have high tensile toughness, they can limit degradation and crack width under different loading conditions. In other words, steel fibers provide a confinement effect on the mixture by arresting cracks when the number of fibers increases (Shah et al., 2022). This effect delays the rupture in the test specimens. However, in some experimental studies, as shown in Figure 11, it was observed that the compression strength of the reinforced concrete with steel fiber was smaller than plain concrete when fiber content increases since a high amount of fiber lead to a reduction in the workability in the concrete mixture. On the other hand, in some studies, although there was an increase in the compression strength up to a certain threshold value of the fiber dosage, further increasing the steel fiber addition led to a decrease in the compression value. The maximum increase in strength was observed study conducted by Mastali et al. (2018). The use of 1.5% industrial steel fiber resulted in a 56% increase in compression strength of the plain concrete specimens. On the other hand, the maximum decrease in compression strength occurred in the experimental study performed by Vistos et al. (2018). The utilization of 0.5% hybrid steel fiber led to a 14% reduction in the concrete strength. Fiber length also plays an important role in the compressive strength and splitting tensile strength of the fiber-reinforced concrete. Long fibers provide higher splitting tensile strength, while short fibers provide high compressive strength (Gul et al., 2021).
[image: Figure 11]FIGURE 11 | Variation of the normalized compressive strength of the steel fiber reinforced concrete with the fiber content.
[image: Figure 12]FIGURE 12 | Variation of the splitting tensile strength of the steel fiber reinforced concrete with the fiber content.
In the same manner, the splitting tensile strength of fiber reinforced concrete was normalized by that of plain concrete as shown in Figure 12. There is a similar observation in the findings of the split tensile strength of the test specimens. The maximum increase in the split tensile strength was observed in the study carried out by (Köroğlu, 2018). The employing of 5.0% industrial steel fiber caused a 79% increase in the split tensile strength of functionally graded self-compacting concrete. On the other hand, the largest decrease in tensile strength was observed in the study (Gul et al., 2021). When 10.16 cm lengths of recycled steel fiber with 1% volume fracture were added, a 15% reduction occurred in the splitting tensile strength of concrete test specimens. It should be noted finding obtained from the current study showed that values for both compression strength and splitting tensile strength increase with increasing fiber content and the proposed empirical equations are shown in Figures 11, 12.
As depicted in Figures 11, 12, most normalized strength values are above 1.0; this means that steel fibers have a generally positive effect in increasing both compressive and splitting tensile strength. Considering all data collected from the literature, the average, standard deviation, maximum and minimum values of the normalized strength ratios were shown in Table 4.
As shown in the experimental part of the study, there is a linear increase in the compression strength and splitting tensile strength. Thus, by applying curve-fitting to the data obtained from the experimental study conducted in this study empirical equations were derived for practical purposes. Using these proposed equations, both compression strength and splitting tensile strength of the steel fiber reinforced concretes may be estimated considering different steel fiber amount. According to the test results, 2% is proposed as the optimum fiber amount to prevent workability issues in the concrete mixture. According to the studies conducted by Köroglu and Ashour, (2019), (Yazıcı et al., 2007; Revuelta et al., 2021; Hu et al., 2018), it was stated that volume fraction of steel fiber significantly affects the workability of concrete. Test results of Köroglu and Ashour, (2019) showed that excess fiber added in concrete reduced the workability of concrete and reduced flow diameter in flow table test. Furthermore, the optimum fiber content values for concrete mixes are recommended between 0.5% and 2.5% (Pierre et al., 1999) and (Song and Hwang, 2004). Adding a low amount of fibers prevents fiber balling and produces the concrete with homogeneous material consistency and good workability (Song and Hwang, 2004). Thus, considering our experimental test results, a 2% volume of fiber is recommended as the optimum fiber dosage for practical applications. Recommendation of 2% was also utilized in many studies (Özkılıç et al., 2021; Aksoylu et al., 2022; Karalar et al., 2022b; Çelik et al., 2022). As already mentioned, there is a decrease in the strength values after a certain fiber content. Thus, new generalized strength equations taking into account the reduction in the strengths have been developed as follows:
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5 CONCLUSION AND SUMMARY
This paper investigates the effect of steel fiber generated from expired vehicle tires on concrete performance. For this purpose, an experimental study was conducted by considering three different steel fiber contents of 1%, 2% and 3%. The engineering properties of concrete produced with waste tire in terms of the fresh and hardened cases were examined. Furthermore, empirical equations are also derived as a function of the fiber ratio to easily calculate the compressive strength and splitting tensile strength. The following can be drawn from this study:
1) The slump test results show that the slump value decreases as the fiber ratio increases. Workability of concrete with tire-recycled steel fiber is also decreased when the amount of fibers increases.
2) The compressive test results showed that compression strength of concrete in cubic samples increased with the addition of the wire steel fibers. Compared to the reference sample, the compressive strength value increased by 17% with 1% wire steel fibers additive, 30% with 2% wire steel fibers and 46% with 3% wire steel fibers. In cylindrical samples, the compressive strength of concrete also increased according to the amount of waste wire. Compared to the reference sample, the compressive strength of the concrete increased by 18% with 1% wire steel fibers additive, 45% with 2% wire steel fibers and 58% with 3% wire steel fibers.
3) The tensile test results on cylindrical samples showed there is a proportional increase with the steel fiber addition. The addition of 1%, 2%, and 3% wire steel fibers increased splitting tensile strength of concrete by 15%, 25%, and 36%, respectively, compared to plain concrete.
4) The flexural strength values show that the flexural strength increases proportionally with the addition of high wire fiber. It was observed that the addition of wire fiber gives positive results in flexural strength compared to the reference sample. The addition of 1%, 2%, and 3% wire steel fibers increased flexural strength of concrete by 77%, 272%, and 795%, respectively,
5) The toughness test results showed that there is a proportional increase between the ductility and the toughness. Respectively, 4, 16, and 26 times more toughness occurred compared to the reference sample.
6) The developed expressions for the compressive strength and splitting tensile strength can successfully estimate the capacity; therefore, these equations have the potential to be implemented into design guidelines of the concretes with fibers recovered from used tires.
7) Based on the fresh and hardened properties of concrete, 2% is recommended as the optimum of amount for tire-recycled steel fiber. It should be also noted that this ratio can be changed using very low or high water cement ratio or using superplasticizer.
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Traditional pavement materials used in the orthotropic steel bridge deck suffer from various pavement distresses and thus reduce the service life of the steel bridge. Therefore, this study proposed a novel engineered material named polyester polyurethane concrete (PPUC) for the steel bridge deck pavement. Indoor laboratory experiments and numerical comparison analysis were conducted to comprehensively assess the feasibility of PPUC as the steel bridge deck pavement and ordinary Portland cement (OPC), guss asphalt concrete (GAC), asphalt mastic concrete (SMAC) and epoxy asphalt concrete (EAC) were used as references compared with PPUC. After the specimens of PPUC were prepared by mixing polyester polyurethane binder (PPUB) and aggregate with the binder-aggregate ratio of 15%, the specimens were subjected to compressive test, splitting tensile test, flexural tensile strength test, wheel tracking test, low-temperature cracking test, freeze-thaw splitting test, shear test and pull-out test. The mechanical performance comparison of different pavement structures with different materials was also analyzed using finite element analysis method. Results show that PPUC presents higher mechanical properties (compressive, tensile and flexural strength) compared to OPC, and it has good durability properties compared to SMAC, GAC, and EAC, such as high temperature stability, low temperature cracking resistance and water stability. In addition, PPUC has strong adhesive property with steel deck and does not change significantly with temperature changes. The finite element simulation results show that the maximum tensile strength and maximum compressive strength of PPUC in the single-layer structure are 0.51 MPa and 3.52 MPa respectively, which are much smaller than the experimental values and those of other materials. The maximum tensile strength and maximum shear strength of PPUC in the PPUC + SMAC composite structure are 0.232 MPa and 0.148 MPa respectively, which are also much smaller than the experimental values and those of other structures. The mechanical performance comparison results indicate that PPUC pavement structure can improve the overall stiffness of the steel bridge deck and protect the wear layer. These results support that the PPUC has a promising application for the steel bridge deck pavement.
Keywords: polyester polyurethane concrete, steel bridge deck pavement, mechanical properties, durability properties, adhesive property, mechanical performance comparison
1 INTRODUCTION
The orthotropic steel bridge deck is widely used in the large-span steel bridge all over the world due to its light weight, large span capacity and comfortable driving performance (He et al., 2021; Huang et al., 2022; Liu G et al., 2022). However, the existence of transverse and longitudinal ribs has a significant impact on the force conditions of steel deck pavement. When the steel deck pavement is subjected to vehicle load, some harmful load effects such as negative bending moment, stress concentration and interface slip will be found at the corresponding position on the pavement (Kainuma et al., 2016; Ma et al., 2018). Besides, a greater deformation of pavement occurs on the orthotropic steel deck compared with the ordinary pavement built on solid subgrade (Luo et al., 2017). Therefore, the requirements for the steel bridge deck pavement material are more stringent than those of the ordinary road pavement with following properties: high strength, good deformation ability, good bonding ability, high temperature stability, low temperature crack resistance and durability (Shao et al., 2013; Zeng et al., 2022; Zhu et al., 2022).
At present, the asphalt mixtures are widely used as the pavement materials for the steel bridge deck comprising guss asphalt concrete (GAC), stone mastic asphalt concrete (SMAC) and epoxy asphalt concrete (EAC). However, they are highly sensitive to ambient temperature, displaying viscoelasticity and brittleness at high and low temperature respectively, leading to a variety of surface damages such as cracking, rutting, pushing, and potholes etc. (Ma et al., 2018; Fan and Luo, 2021; He et al., 2021). For instance, GAC presents poor high temperature stability and is prone to rutting in spite of its excellent waterproof, anti-cracking and anti-aging properties. SMAC with good flexibility, anti-cracking and permanent deformation resistance presents an insufficient bond strength between the pavement and the steel bridge deck (Jiang et al., 2020; Liu Y et al., 2022). EAC shows high strength, relatively strong high-temperature stability, low-temperature crack resistance and permanent deformation ability. Moreover, it also has certain ability to resist fatigue and chemical erosion. However, the preparation process is complicated due to the strict controls of time and temperature in construction and the material cost of EAC is high (Chen C et al., 2018; Jiang et al., 2020; Liu Z et al., 2022). Therefore, there is an unmet need to develop a novel material formulation and a pavement structure, prolonging the service life of steel deck pavement (Alrefaei and Dai, 2022).
Polyurethane, produced by the reaction of multiorganic isocyanate and various hydrogen donors, contains various carbamate groups (-NHCOO-) on the main chain of the macromolecular structure, presenting superior properties of wear resistance, high temperature resistance, good mechanical properties and excellent adhesive ability (Jiang et al., 2020; Xu et al., 2020; Alrefaei and Dai, 2022). Moreover, it is highly flexible and elastic, which can be subjected to a greater deformation. Therefore, it is highly relevant to use as a paving material to increase the service life of steel bridge deck (Jiang et al., 2020; Meng et al., 2021). In recent years, polyurethane concrete has been gradually applied to bridge pavement engineering. Ningbo Lubao Company has developed polyester polyurethane concrete (PPUC), which has good durability, strong adhesion with steel, early strength, low temperature workability, etc. At present, PPUC has been applied to many bridge projects in China. In addition, PPUC is easily prepared at the room temperature and contributes to the carbon emissions reduction, thus protecting the environment (Xu et al., 2020).
In recent years, the polymer concrete has received increasing attention, designating to the term of cement concrete materials mixed with polymer materials. J.P. Romualdi et al. mixed steel fiber and concrete to form a steel fiber polymer concrete with good bending resistance for enhancing durability of steel structure. But its flexibility is too poor to ensure the coordinated deformation of steel bridge surface and pavement (Han et al., 2014; Kim et al., 2014; Romualdi and Mandel, 2021). Song et al. produced a polymer alloy material by mixing different kinds of polymers with concrete to produce polymer alloy material in a laboratory scale. Results showed that the developed composite exhibited properties of light and high-strength, good bonding performance and high-temperature performance Song et al. (2012). Yang et al. (2020) developed polyurethane void elastic pavement with the good rutting resistance. Hong et al. introduced polyurethane-based friction courses and polyurethane concrete suitable for tunnel pavement. Results indicated that they had excellent mechanical and functional properties Hong et al. (2020). Lu et al. produced polyurethane concrete with great waterproofing property by comparatively adjusting the aggregate gradation and discovered that it had good on-road performance and durability Lu et al. (2019). Chen J et al. (2018) studied the frost resistance of polyurethane concrete and discovered that polyurethane concrete could significantly postpone the ice generation procedure. Li et al. (2019) studied the difference between high performance polyurethane pervious mixture and porous asphalt mixture from aspects of mechanical properties, functional properties and void microscopic characteristics through indoor tests and found that the former had excellent mechanical and functional properties. Wang et al. (2014) investigated the characteristics of strength and road performance of porous polyurethane macadam mixture, and analyzed the temperature impacts on its strength and deformation resistance. Wang et al. (2017) developed a porous elastic pavement using polyurethane, which exhibited good noise reduction properties, superior low temperature tensile properties, anti-abrasion resistance and rutting resistance. Cong et al. (2018) conducted experimental studies on the basic properties of polyurethane binders and polyurethane permeable mixtures and analyzed the effect of immersion damage on the mixtures. These studies indicate that polyurethane mixtures, with good mechanical properties and high temperature characteristics, are promising candidate materials for the pavement applications.
In this study, PPUC was used as the pavement material for the steel bridge deck. The characteristics of PPUC were comprehensively investigated and compared with the traditional asphalt mixture (GAC, SMAC and EAC) and ordinary Portland cement (OPC). The structure of this paper is as follows. Firstly, the PPUC specimens were prepared. Then, the mechanical property test, wheel tracking test, low-temperature bending test and freeze-thaw splitting test were carried out to evaluate the characteristics of the material, followed by the evaluation of shear test and pull-out test (Munoz et al., 2014). Finally, the numerical simulation was implemented to compare mechanical performance of different pavement structures with different materials.
2 MATERIAL PERFORMANCE TEST
2.1 Raw materials and specimen preparation
PPUC, a thermosetting mixture, was prepared by mixing polyester polyurethane binder (PPUB) and a certain gradation of aggregate at room temperature. The compressive test was used for the optimum binder-aggregate ratio design. According to the test results, the optimum proportion of binder and aggregate was obtained as 15%–17%. In this study, 15% was determined as the optimum binder-aggregate ratio. Aggregate, as an important component of concrete, was used to enhance the mechanical properties of concrete. In this study, natural sand and natural gravel were used as aggregates, with the nominal particle of 0.075–4.75 mm and 4.75–9.5 mm respectively. The gradation of the aggregate is presented in Figure 1. The technical properties of the PPUB and the aggregate are shown in Table 1.
[image: Figure 1]FIGURE 1 | Aggregate gradation curve.
TABLE 1 | Technical properties of the PPUB and the aggregate.
[image: Table 1]PPUC standard specimens of different sizes were prepared following the Standard for Test Methods of Physical and Mechanical Properties of Concrete (GB/T50081-2019, 2019) and the Test Procedure for Asphalt and Asphalt Mixture for Highway Engineering (JTG E20-2011, 2011). The preparation of PPUC specimens was clearly specified as follows: after mixing the aggregates uniformly according to the design gradation, they were added to the concrete experimental mixer and mixed in a dry state at room temperature for 3 min. Then PPUB was evenly mixed with the aggregate for 3 min. And then, the fresh PPUC mixture was cast into the mold to prepare PPUC specimens with different dimensions and all specimens were cured at room temperature for 24 h. Finally, all specimens were demolded and then maintained at a temperature of 20 ± 2°C before the tests. The relevant test items and specimen dimensions are shown in Table 2.
TABLE 2 | Specimen dimensions in different test items.
[image: Table 2]GAC, EAC, and SMAC are commonly used as bridge deck materials which consist of asphalt, aggregate and mineral powder. In this study, composite modified asphalt (80% SBS modified asphalt + 20% TLA lake asphalt), epoxy asphalt and SBS modified asphalt were used to prepare the asphalt mixture (GAC, EAC and SMAC, respectively). The basalt with a good angular performance was chosen as the coarse and fine aggregate. Limestone mineral powder was used as a filler to stabilize the internal concrete structure. The performance indicators of the raw materials all meet the requirements of the JTG E20-2011 and the Technical Specification for Design and Construction of Highway Steel Bridge Deck Pavement (JTG/T3364-02-2019, 2019). GAC, EAC were prepared using AC-10 gradation and SMAC were prepared using AC-13 gradation.
2.2 Mechanical properties test
The mechanical properties of PPUC were mainly assessed by compressive strength, tensile strength and flexural tensile strength and compared with those of ordinary Portland cement (OPC) (Zhang et al., 2020a). A cube specimen of 150 mm × 150 mm × 150 mm was subjected to a universal testing machine with the loading rate of 0.5 MPa/s for the compressive test as shown in Figure 2A. The tensile strength of PPUC was indirectly measured by splitting tensile test. Typically, the splitting strength is higher than the direct tensile strength. The specimen with dimension of 150 mm × 150 mm × 150 mm was placed on a special clamp and applied with a loading rate of 0.08 MPa/s (Figure 2B). The specimen of 150 mm × 150 mm × 550 mm was performed by the flexural tensile strength test with the bottom supported and restrained. The distance between the two supports was 450 mm, and the length of the pure bending section was 150 mm. The loading rate in the test was determined as 0.5 MPa/s. The test process is shown in Figure 2C.
[image: Figure 2]FIGURE 2 | Mechanical properties test procedure. (A) Compressive test, (B) Splitting tensile test, (C) Flexural tensile test.
As shown in Table 3, the mechanical properties of PPUC with compressive strength of 75.3 MPa, splitting tensile strength of 8.4 MPa and flexural tensile strength of 22.4 MPa are significantly higher than those of OPC and allocated in C70 strength grade, suggesting promising basic mechanical properties for the steel bridge deck pavement. The damage of the concrete sample is mainly attributed to the growth of microcracks in the matrix, which may lead to the failure of the concrete. Similar to the rubber concrete, PPUC is stiffened by the well-dispersed fine elastomeric resins. When the structure is deformed by the external forces, the elastomeric resin helps to resist cracking (Cai et al., 2012; Ho et al., 2012; Wang et al., 2019).
TABLE 3 | Mechanical properties.
[image: Table 3]2.3 Wheel tracking test
The temperature of steel bridge decks can reach up to 70°C in summer, which has a significant influence on the service life of paving material (Luo et al., 2017; W. and L., 2012). In this sense, wheel tracking test was performed to evaluate the ability of PPUC resisting the repeated loading temperature of 60°C (Figure 3). The dynamic stability (DS) was used as the evaluation index. Briefly, the concrete specimens with dimensions of 300 mm × 300 mm × 50 mm were subjected to wheel tracking tests by following T0719-2011 (JTG E20-2011, 2011). The test wheel tires were made of solid rubber with an outer diameter of 200 mm and a wheel width of 50 mm. The rubber tires pressure was designed as 0.7 ± 0.05 MPa, and the speed of rolling back and forth was 42 times/min. The rutting specimens were fixed on the operating platform in the test box and the internal temperature was maintained at 60°C throughout the test.
[image: Figure 3]FIGURE 3 | The schematic diagram of the gradient concrete test block.
The larger DS indicates the greater ability of concrete material to resist the rutting deformation and the DS of pavement material is required to be larger than 3500 cycles/mm. In this study, the DS of EAC, SMAC, and GAC were also measured for the comparison. It can be observed in Figure 4 that the DS values of both PPUC and EAC are larger than 10000 cycles/mm while the DS of PPUC is about six times higher than that of EAC and significantly higher than that of SMAC and GAC respectively. Moreover, the decrease of DS for PPUC (19%) is smaller than that of EAC, SMAC and GAC respectively in case of high temperature at 80°C. The rutting depth of the PPUC under the wheel-track loading is neglectable indicating the little rutting deformation occurred. It is mainly due to the higher rigidity and elastic resilience of the polyurethane binder that helps the PPUC specimens to resist the rutting deformation (Jiang et al., 2020).
[image: Figure 4]FIGURE 4 | Wheel tracking test result.
2.4 Low-temperature bending test
The shrinkage deformation in the road surface and tensile stress generated in the inner pavement layer at a low temperature may allow the pavement layer susceptible to temperature shrinkage cracks (Liu G et al., 2022). Due to the high elastic modulus of PPUC, a large temperature stress will be generated as the temperature drops, which will easily cause crack-ing. Following the T0715-2011 (JTG E20), the bending beam test was performed at −20°C and -10°C respectively to evaluate the low temperature crack resistance of PPUC as shown in Figure 5. Maximum bending and tensile strain (MBTS), bending and tensile strength modulus (BTSM) and bending and tensile strength (BTS) were used as evaluation indexes. Specimens with dimensions of 250 mm × 30 mm × 35 mm were assessed with the loading rate of 50 mm/min.
[image: Figure 5]FIGURE 5 | Low-temperature bending test procedure.
As presented in Figure 6, results show that the MBTS of PPUC (3545 με) is larger than those of EAC and SMAC (2706 and 2893με, respectively), indicating PPUC presents a better low-temperature resilience. Moreover, there is no significant difference between the MBTS values of PPUC at -10°C and -20°C (3545 and 3048με, respectively) suggesting that PPUC is less sensitive to a low temperature. The BTSM of PPUC is much close to that of EAC and dramatically larger than that of SMAC indicating that the two types of concrete with higher elastic modulus are prone to higher temperature stresses with the decrease of temperature. As for the BTS value, it can be seen that PPUC shows a higher value than EAC and about 2 times higher than SMAC, implying that PPUC exhibits better low-temperature strength. These results show that PPUC can reduce the probability of crack generation and deformation extension under the low temperature condition, and improve the durability of paving materials.
[image: Figure 6]FIGURE 6 | Low-temperature bending test results. (A) MBTS, (B) BTSM, (C) BTS.
2.5 Freeze-thaw splitting test
The moisture in the pavement reduces the adhesion of PPUC binder and aggregate. Therefore, after being subjected to the repeated tests of traffic loads and temperature changes, the pavement will suffer from diseases such as extrusion deformation and pits. Referring to the test procedure of T0729-2011 (JTG E20), the freeze-thaw splitting test was implemented to evaluate the water damage resistance of PPUC. In this test, a cylindrical specimen with a diameter of 101.6 ± 0.25 mm and a height of 63.5 ± 1.3 mm was formed by the Marshall compaction method and performed the freeze-thaw cycling by the freeze-thaw testing machine. After that, the specimens were placed on the splitting tester with a loading rate of 50 mm/min, as presented in Figure 7. The freeze-thaw splitting tensile strength ratio (STSR) of the specimens before and after the water damage was measured to evaluate the water stability of PPUC.
[image: Figure 7]FIGURE 7 | Freeze-thaw splitting test procedure. (A) Freeze-thaw cycle procedure; (B) Splitting test.
As shown in Table 4, it can be observed that the splitting strength of PPUC before and after the freeze-thaw cycling are significantly higher than those of EAC and SMAC (7.85 and 7.30 MPa respectively), indicating PPUC has a greater indirect tensile strength compared to SMAC and particularly EAC which is usually considered to be a thermosetting paving material with good water stability. It can be also found that the STSR of PPUC (93%) is larger than that of EAC (83%). The STSR of SMAC (95%) is greater than that of PPUC due to the addition of modifier, which improves the resistance of SMAC to water damage. These results show that PPUC has a good stability performance as the steel bridge deck pavement material under the coupling effect of water vapor and temperature.
TABLE 4 | The results of the freeze-thaw splitting test.
[image: Table 4]3 PAVEMENT STRUCTURE PERFORMANCE TEST
3.1 Shear test
The failure of interface shear between the pavement and the steel deck is one of the main reasons for the deterioration of steel deck pavement quality (Zhang et al., 2020b; Lu et al., 2021; Majumder and Saha, 2021; Guan et al., 2022). Therefore, the shear strength between PPUC and steel plate was measured by the 45° oblique shear test, as illustrated in Figure 8. The specimen with the size of 100 mm × 100 mm × 40 mm was assessed by the oblique shear test using the loading rate of 10 mm/min. Moreover, in order to investigate the effect of temperature on the bonding layer, the shear test was conducted using two temperature configurations: room temperature (25°C) and high temperature (70°C) respectively. SMAC and EAC were used as control groups. The shear strength was calculated by Eq. 1:
[image: image]
Where [image: image] is the shear strength, F is the ultimate load when the specimen is damaged, S is the shear area of the specimen, and α is the shear angle at 45°.
[image: Figure 8]FIGURE 8 | Shear test procedure. (A) Schematic of the shear test; (B) Test photo of the shear test.
Results show that the shear failure occurs at the interface between the PPUC and the steel plate at both the room temperature and high temperature condition, indicating the measured damage stress is the bond layer shear strength. The failure mode of the specimen is shown in Figure 9. Results in Figure 10 also show that the shear strength of PPUC (9.72 MPa) is same as that of EAC and much greater than that of SMA (3.69 MPa). With the temperature increase up to 70°C, all specimens exhibit a decreasing trend in terms of shear strength. However, PPUC shows the minimum variation of shear strength decreasing rate (54.9%) comparing with EAC and SMAC (83.0% and 94.5%, respectively). This might be attributed to the thermosetting property of PU allowing PPUC more stable at the high temperature than asphalt materials.
[image: Figure 9]FIGURE 9 | Failure mode of shear test.
[image: Figure 10]FIGURE 10 | Shear test results.
3.2 Pull-out test
The pull-out test was performed to investigate the adhesive characteristic between specimens and steel plate. The specimen dimension and test method were same as those of the oblique shear test. The specimens were bonded with a special jig using epoxy resin and performed the pull-out tests after the epoxy resin was completely cured for 24 h at 25°C and 70°C respectively. The schematic and experimental set-up is shown in Figure 11. The samples were applied with the vertical tensile force with a uniform rate of 10 mm/min until they braked and the maximum load was read. The condition of the fracture surface was observed and the failure location was also recorded. The pull-out strength was calculated by Eq. 2:
[image: image]
Where P is the pull-out strength, F is the ultimate load when the specimen is damaged, and S is the bottom surface area of the pull-out jig.
[image: Figure 11]FIGURE 11 | Pull-out test procedure. (A) Schematic diagram of the pull-out test; (B) Test set up of the pull-out test.
In this test, the failure surface is also located at the interface between the steel plate and PPUC pavement, suggesting the damage stress is the interlayer bond strength. Its failure mode is shown in Figure 12. Figure 13 also shows that the pull-out strength between PPUC and the steel plate (6.23 MPa) is 1.3 times higher than that of EAC (4.83 MPa), and significantly higher than that of SMA (1.92 MPa) at room temperature of 25°C, indicating that PPUC has strong bond strength with the steel plate. In addition, as the temperature increases to 70°C, the pull-out strength of PPUC, EAC and SMA decreases by 29.2%, 72.5% and 80.7%, respectively. Similar to the shear strength, it can be attributed to the fact that the thermosetting property of PPUC makes its pull-out strength (4.41 MPa) higher at high temperature of 70°C. These results show the minimum difference of PPUC pull-out strength switching from room temperature to high temperature and higher bond strength of PPUC maintained at high temperature compared with other paving materials.
[image: Figure 12]FIGURE 12 | Failure mode of pull-out test.
[image: Figure 13]FIGURE 13 | Pull-out test results.
4 MECHANICAL PERFORMANCE COMPARISON OF DIFFERENT PAVEMENT STRUCTURES
4.1 Finite element model of the pavement structure
In this study, the model of the pavement structure was established based on three basic assumptions (Ma et al., 2018). 1) the pavement material is an isotropic material. 2) the interface of pavement layer is continuous. 3) the weight of steel deck and pavement is ignored.
The model was consisted of eight U-shaped stiffeners and four transverse diaphragms, as shown in Figure 14. The eight-node hexahedral linear reduction integral solid element (C3D8R) was used for steel deck and pavement. The mesh size was chosen to be 50 mm and the whole model was discretized into a total of 95020 elements. The interfaces of pavement layer were all defined as continuous, which means that a perfect bond was assumed at the interfaces in the finite element analyses. So, the binder layer was not specifically treated in the calculation and was considered in the bridge deck pavement. In addition, since the thickness of the waterproof bonding layer was negligible compared with that of the pavement layer, the waterproof bonding layer was not set in this model. The interlayer contact state was set to “Tie connection” for constraining the relative deformation and movement between two adjacent surfaces. The relevant geometric and material parameters of the pavement structure model are shown in Table 5 (Ma et al., 2018) and Table 6 (Li et al., 2013; Xue et al., 2020; Lv et al., 2021; Wang et al., 2021). The beam was simply supported at both ends and the bottom of the transverse diaphragm was completely consolidated. Considering the local stress characteristics of orthotropic steel deck under loading, the influence of these constraints on the finite element analysis can be ignored.
[image: Figure 14]FIGURE 14 | Finite element model of the pavement structure.
TABLE 5 | Geometric parameters of the pavement structure model.
[image: Table 5]TABLE 6 | Material parameters of the pavement structure model.
[image: Table 6]According to the Technical Standard for Highway Engineering (JTG B01-2014, 2015), the steam-overload 20 level was used as the calculated load. The simulated test load was designated as 0.758 MPa after considering 30% impact effect. The contact area between wheel and pavement was a rectangular plane of 600 mm × 200 mm. The position of wheel load has a great impact on the mechanical properties of steel deck pavement. Therefore, in order to determine the most unfavorable load position, different load conditions were tested along with the transverse and longitudinal directions shown in Figure 15. Three transverse load positions were considered in Figure 15A: Load I, the wheel pressure center acts on the midpoint of a stiffener; Load II, the wheel pressure center acts on the midpoint of two adjacent stiffeners; Load III, the wheel pressure center acts on the midpoint of one side of the stiffener. Figure 15B shows these three transverse loads move longitudinally from the midspan to the transverse diaphragm with intervals of 200 mm. There are totally nine longitudinal load positions labeled as Load 1 to 9.
[image: Figure 15]FIGURE 15 | Load distribution on the pavement structure. (A) Transverse load distribution; (B) Longitudinal load distribution.
4.2 Analysis of the most unfavorable load position
A single-layer PPUC pavement structure was selected to determine the most unfavorable load position of the steel bridge deck pavement. The maximum transverse tensile stress and the maximum vertical displacement of the paving layer were chosen as the verification indexes and their variation pattern is shown in the Figure 16. It can be observed that the longitudinal load position variation has a significant effect on the mechanical response of the pavement structure. With the decrease of distance between the load position and the transverse diaphragm, the maximum transverse tensile stress and the maximum vertical displacement of the paving layer are significantly decreased. Both the two verification indexes reach to the maximum value when the load is applied on the midspan of the steel bridge panel (Load 1). In the direction of the transverse bridge, two maximum values are reached when the load is applied on the midpoint of two adjacent stiffeners (Load II). Therefore, Load 1 and Load II are the most unfavorable load positions of the steel deck pavement structure.
[image: Figure 16]FIGURE 16 | Analysis of the most unfavorable load position. (A) Maximum transverse tensile stress of the pavement; (B) Maximum vertical displacement of the pavement.
4.3 Comparison of single-layer pavement structure
PPUC, SMAC, GAC and EAC were selected as the pavement materials for the single-layer pavement structure comparison. The midspan crossbridge direction distance was selected as the comparison route and the comparison results are shown in Figure 17 when the wheel load is applied to the most unfavorable load position.
[image: Figure 17]FIGURE 17 | Comparison results of single-layer pavement structure using different materials. (A) Vertical displacement of the pavement; (B) Vertical displacement of the steel deck; (C) Transverse tensile stress of the pavement; (D) Mises stress of the steel bridge deck.
Figures 17A, B show the vertical displacement of the pavement and steel bridge deck at the comparison route. It can be seen that the vertical displacement of pavement is minimal when the PPUC is used as the steel deck pavement material with the maximum displacement value of 0.583 mm. Similarly, the vertical displacement of the steel bridge deck (0.58 mm) is also minimal. Results also show that the vertical displacement of the pavement and steel bridge deck presents a decreasing trend with the increase of the pavement material elastic modulus.
Figure 17C presents the variation of transverse stress in the pavement over the comparison route. The larger elastic modulus of PPUC enables it to bear a greater stress. The maximum transverse compressive stress occurs at the most unfavorable load position, and the maximum transverse tensile stress occurs at the spot of 800 mm far from the middle of transverse span. The value of the maximum transverse tensile stress (0.51 MPa) of PPUC is less than the tensile strength obtained from the test (8.4 MPa). Similarly, the value of the maximum transverse compressive stress of PPUC (3.52 MPa) is less than the test value (75.3 MPa). The Mises stress distribution of steel bridge deck is shown in Figure 17D. Two stress concentration phenomena are observed in the steel bridge deck with SMAC, GAC and EAC pavement layers with the maximum Mises stress values over 8 MPa in these two locations. However, the use of PPUC pavement structure improves the stress on the steel bridge deck and reduces the number of stress concentration locations and the maximum stress amplitude. The maximum Mises stress occurred at the most unfavorable load position of the steel bridge deck for PPUC (7.89 MPa) is significantly smaller than those of the steel bridge deck with other three pavement structures. These results indicate that the PPUC pavement layer contributes to distributing the stress on the steel bridge deck and improving the overall stiffness of the steel bridge deck.
4.4 Comparison of composite pavement structure
As for the composite pavement structure, the SMAC was used as the upper layer material and the PPUC, GAC and EAC were used as the lower layer materials. Therefore, there are three kinds of composite pavement structures: PPUC + SMAC, GAC + SMAC, EAC + SMAC. The comparison results are shown in Figure 18.
[image: Figure 18]FIGURE 18 | Comparison results of different composite pavement structures. (A) Maximum transverse tensile stress of the pavement; (B) Maximum shear stress of the pavement; (C) Mises stress of the lower layer and steel bridge deck; (D) Maximum vertical displacement of the pavement and steel bridge deck.
Figure 18A shows the maximum transverse tensile stress of the pavement. Results show that the PPUC pavement structure presents the smallest value of the maximum transverse tensile stress in terms of the upper layer (0.2316 MPa) while that of the lower layer is the largest (0.649 MPa) compared to other two composites. It can be concluded that the maximum transverse tensile stress in the lower layer decreases while that in the upper layer increases with the elastic modulus of lower layer material decreasing. The longitudinal cracking in the wear layer is one of the most common pavement distresses for the steel bridge deck pavement. Excessive transverse tensile stresses can easily contribute to the generation of longitudinal cracks, and subsequently damaging the steel bridge deck. The use of PPUC makes the maximum transverse tensile stress in the upper layer smaller, which reduces the generation and development of longitudinal cracks. The larger shear stress that occurs inside the pavement layer can cause shear damage, which produces the pavement distresses of slippage and swell. It can be seen from Figure 18B that the maximum longitudinal shear stress variation pattern of the upper and lower layers in the composite pavement structure is similar to that of the tensile stress and the PPUC pavement layer bears more tensile and shear stresses, contributing to the protection of the upper layer and minimizing the pavement diseases occurred in the upper layer. This result indicates that the use of PPUC reduces the yield stress of steel bridge deck.
Figure 18C demonstrates the maximum Mises stress variation pattern for the lower layer and steel bridge deck. With decreasing the elastic modulus of the lower layer pavement material, the maximum Mises stress in the lower layer gradually decreases while that in the steel bridge deck increases. Figure 18D presents the maximum vertical displacement of the upper layer, lower layer and steel bridge deck respectively. Results show that the maximum vertical displacement of PPUC + SMAC pavement structure is the smallest among the three composite pavement structures. This indicates that the PPUC + SMAC pavement structure has better riding comfort under the same traffic load. The above results show that the PPUC pavement layer is beneficial to improve the overall stiffness of the steel bridge deck, reduce the maximum force on the steel bridge deck, protect the wear layer and extend the service life of the steel deck pavement structure.
5 CONCLUSION
In this paper, PPUC was proposed as the steel bridge deck pavement material. Its mechanical properties, durability and shear bond properties were comprehensively investigated by both the experiments and finite element analysis. In comparison, the commonly used steel bridge deck pavement materials including EAC, SMAC and GAC were also investigated as references. Based on the study results, the conclusions can be summarized as follows.
(1) PPUC presents large compressive, tensile and flexural tensile strength of 75.3, 8.4, and 22.4 MPa, respectively, which meet the strength demands of the steel bridge for the opening traffic and the subsequent service.
(2) The results of wheel tracking test, low-temperature bending test and freeze-thaw splitting test show that PPUC presents the better high temperature deformation resistance, low temperature cracking resistance and water stability performance compared to EAC, SMAC and GAC materials. Moreover, these properties are not significantly changed in the extreme severe environments, such as at high temperatures of 70°C, low temperatures of −20°C and cyclic freeze-thawing circumstances.
(3) According to the results of the shear test and the pull-out test, the oblique shear strength (9.72 MPa) and pull-out strength (6.23 MPa) between PPUC and steel deck are greater than those of EAC and SMAC at 25°C. Moreover, the decrease of these strengths for PPUC at high temperature of 70°C is much smaller than that of the other two materials. These results indicate that the PPUC pavement structure has stronger bonding properties and resistance to the perpetual deformation.
(4) The finite element analysis results show that the most unfavorable load position of the steel deck pavement structure is Load II (the wheel pressure center acts on the midpoint of two adjacent stiffeners) and Load 1 (the wheel pressure center acts in the middle of the span). The PPUC single-layer pavement structure and the PPUC + SMAC composite pavement structure have better mechanical properties. Therefore, PPUC is a feasible material for the future steel bridge deck pavement.
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Spiral hoops can effectively enhance the load-bearing capacity of recycled aggregate concrete columns, and the mechanical performance of such a member after experiencing fire and a fire sprinkler is very important for its application and promotion. Aiming at this problem, the mechanical behavior of spiral reinforcement recycled aggregate concrete round columns under axial compression after spraying water at high temperatures cooling was investigated. Three parameters including recycled coarse aggregate replacement ratio, temperature, and pitch of screw stirrups were taken into consideration. 26 specimens were designed for static loading test. The failure modes of regenerated concrete columns with spiral reinforcement were observed after cooling by high-temperature water spraying. The mechanical properties of specimens under different cooling modes after high temperatures were obtained and analyzed. The results indicate that the effect of the recycled aggregate replacement ratio on the performance of the specimens was mainly in terms of peak displacement. And the reduction in the spiral stirrup spacing increases the peak load and ductility coefficient of the specimens. The high temperature above 600°C has a obvious effect on the mechanical properties of the specimens. Water spray cooling can reduce the appearance of small cracks on the surface of the specimens and their peak displacement. The calculation method of bearing capacity of regenerated spiral reinforced concrete columns cooled by high-temperature water spraying was discussed.
Keywords: spiral reinforcement recycled aggregate concrete, round columns, axial compression, spraying water at high temperature, mechanical behavior
1 INTRODUCTION
Recycled concrete refers to the new concrete prepared by mixing discarded concrete blocks with gradation in a certain proportion after processing, partially or fully replacing natural aggregates such as sand and gravel. The use of recycled aggregates, especially those from demolition waste or prefabricated concrete residues is an effective means of building green projects and maintaining sustainable development. (Behera et al., 2014). As an important part of recycled concrete application, reinforcement recycled concrete structure has the structural performance characteristics of reinforced concrete and the advantages of recycled coarse aggregate recycling. It has prominent application prospects in engineering practice. Researchers have not only conducted in-depth research on materials (Limbachiya et al., 2012.; Chen et al., 2014; Cao et al., 2016; Zheng et al., 2021)and components (Ajdukiewicz et al., 2007; Wang et al., 2011; Chen et al., 2013), but also carried out experimental research and theoretical analysis on the seismic performance of related specimens in terms of joints and structural systems. (Xiao et al., 2006; Cao et al., 2011; Liu et al., 2011; Lu et al., 2021; Xu et al., 2021).
In recent years, with the frequent occurrence of building fires, to provide the necessary basis for post-disaster safety assessment of structural components, it is particularly important to promote research on the residual bearing capacity of structural components after a fire disaster or high temperature. Researchers have also continued to advance their research on materials, computational methods and computational models. (Wu, 2003; Lu and Su, 2010; Ni and Gernay, 2020; Dai et al., 2021; Li et al., 2022; Yu et al., 2022; Shahraki et al., 2022; De Silva et al., 2022; Ge et al., 2022).
Currently, studies on the high-temperature resistance of recycled concrete structures are gradually gaining attention. Studies on the strength evolution, failure mechanism and residual strength of recycled concrete materials under the influence of high temperatures have shown that recycled aggregate concrete produced from recycled concrete, bricks and other construction wastes has a better quality performance at high temperatures (Garcia-Troncoso et al., 2013). The residual properties of them are similar to those of ordinary concrete (Laneyrie et al., 2016), but the strength degradation after high temperatures is greater than that of the ordinary one. With the growth of recycled aggregates’ substitution rate, the rate of increase in the internal temperature of concrete and the fire resistance limit gradually decreases (Dong et al., 2013; Algourdin et al., 2022). The relative residual compressive strength of recycled concrete after high temperature will be greater than that of ordinary concrete under the same conditions when the substitution rate is greater than a certain threshold and is positively correlated with the substitution rate. (Xiao and Huang, 2006; Mohammad et al., 2021). Scholars have also studied the performance of steel-reinforced recycled concrete short columns, steel reinforced concrete T-shaped column,recycled concrete-filled steel tubes and cylinders after high temperatures, and explored the various factors affecting their performance (Chen et al., 2015; Wang et al., 2022; Chen et al., 2022).
The process of high temperature and rapid cooling would affect the development of micro-cracks and weaken the interface area, thus changing the physical and mechanical properties of concrete. (Ercolani et al., 2017). Different cooling methods can lead to differences in the mechanical properties of components that have experienced high temperatures. In practical engineering, most fires in buildings are extinguished by fire sprinklers. Studies have shown that spray cooling has a positive effect on the strength recovery of high-strength concrete after high temperatures (Chen et al., 2018).
With the characteristics of quick and convenient construction and molding of internally reinforced frames and good mechanical performance, spiral-reinforced restrained concrete columns have been widely used in practical engineering. The mechanical properties of recycled concrete reinforced with spiral reinforcement have been studied in depth in various aspects. (Woo et al., 2018; Muhammad J.M et al., 2019; Muhammad et al., 2020; Huang et al., 2021; Raza et al., 2021; Kumar et al., 2022). Spiral hoops can also play a positive role in improving the fire resistance of components (Zhou et al., 2022).
In the actual fire environment, buildings are often subjected to high temperatures along with the cooling effect caused by fire sprinkler cooling measures, which may have an impact on the mechanical property degradation pattern of recycled concrete. However, there is a lack of research on the performance of recycled concrete cylindrical members with spiral reinforcement after water spraying at high temperatures. Such a lack and ambiguity of assessment criteria threaten people’s lives and can bring difficulties to post-disaster reconstruction and accountability, thus greatly limiting the further application of such structures.
To study the performance degradation law of spiral reinforcement recycled aggregate concrete round columns after high temperatures and spraying water cooling, three parameters including recycled coarse aggregate replacement ratio, temperature, and pitch of screw stirrups were taken into consideration as the variate. In this paper, each specimen’s physical and mechanical properties are analyzed in depth through the comparison of axial compression tests. The formulae for calculating the residual bearing capacity are given to provide a reference for further research and post-disaster evaluation of spiral-reinforced recycled concrete cylindrical structures.
2 EXPERIMENTAL PROGRAM
2.1 Preparation of specimens
A total of 26 recycled aggregate concrete cylindrical specimens with spiral stirrups were designed, and the section size was uniform to a circular section of 200 mm in diameter. The height of the specimens was 910 mm, and the longitudinal reinforcement ratio was 2.94%. The Cross-sectional dimensions and reinforcement are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Cross-sectional dimensions and reinforcement.
Parameters such as the replacement rate of recycled coarse aggregate γ, temperature T, spiral stirrup spacing S, and cooling method after high temperature (natural cooling and spraying water cooling) were included in the design of the specimen considering. The specific design parameters are shown in Table.1.
TABLE 1 | Design parameters and burning loss rate.
[image: Table 1]2.2 Mechanical property of the material
The recycled coarse aggregate used in the specimens was obtained from the waste concrete test block with the original design strength of C30 in the laboratory, which was mechanically crushed and sieved. The size of recycled coarse aggregate is between 5 mm and 26.5 mm with continuous gradation. The natural coarse aggregates were also sieved under the same conditions. The physical property indexes of the coarse aggregates are shown in Table 2.
TABLE 2 | Parameters of coarse aggregate.
[image: Table 2]The specimens were made of ordinary river sand, ordinary Portland cement and urban tap water. and the mix proportion was designed according to the C30 strength standard. Recycled concrete is based on a replacement rate of 0%. Different replacement rates only change the proportion of recycled coarse aggregate and natural coarse aggregate. The specific mix ratio is shown in Table.3.
TABLE 3 | Concrete proportion.
[image: Table 3]The HPB400 screw-thread steel bars with a diameter of 14 mm were used as the longitudinal reinforcement, and the HPB300 round bars with a diameter of 6 mm were used as the stirrup. According to the Metallic materials-Tensile testing-Part 1: Method of test at room temperature (GB/T 228.1-2010), the yield strength of the two kinds of two reinforcement are 442.32MPa and 439.77 MPa respectively, and the tensile ultimate strength is 570.44MPa and 618.24 MPa respectively. The international standard cylinder block with a size of 150 mm × 300 mm is reserved when the specimens were poured. The measured compressive strength fc is shown in Table.3.
2.3 Experimental equipment and cooling method
2.3.1 Heating equipment
The box-type industrial resistance furnace was used to raise the temperature of the test piece, The resistance furnace is 1200 mm × 600 mm × 400 mm in size, 45 kW in power and 950°C in rated temperature, and the heating equipment is shown in Figure 2A. The specimen was kept constant for 60 min in the furnace after reaching the target temperature, and the measured heating curve in the furnace is shown in Figure 2B. Due to the limitation of resistance furnace equipment, the temperature in the furnace will drop for a period during the heating process to 600°C and 800°C, then rise to the target temperature.
[image: Figure 2]FIGURE 2 | (A) Heating equipment (B) Furnace heating curves.
2.3.2 Cooling method
Based on the current actual firefighting situation, two cooling methods, natural cooling and spraying water cooling, were decided as the research arguments for the experiment. The specimens were first brought up to the target temperature and kept constant in the furnace for 60 min. Then the specimens were immediately removed and subjected to simulated fire sprinkler cooling. The specimen was continuously sprayed for 25 min, and the water flow shall be kept as consistent as possible. The specimens naturally cooled were kept in the resistance furnace until they were cooled to room temperature. The spray cooling in the test is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Water cooling.
2.3.3 Loading setup
The YAW-10000J microcomputer-controlled electro-hydraulic servo compression-shear test machine in the structural hall of Guangxi University was used to carry out the axial compression loading test of the specimens after high temperatures and spraying water cooling. Leveling should be done with a horizontal ruler before loading, and the uneven place was paved with fine sand. Both ends of the test piece were wrapped with FRP carbon fiber cloth and sleeved with specially processed hoops with a height of 5 mm to prevent the end from being damaged in advance. The displacement-controlled loading method was adopted in the test, and the loading rate was 1 mm/min. Stop loading when the load decreased by more than 85% or displacement deformation was over large. The loading setup is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Loading setup.
3 EXPERIMENTAL RESULTS AND ANALYSIS
3.1 Change in the appearance
When the high temperature was completed, there was no obvious change in the surface of the specimens at 200°C and 400°C. There were a large number of irregular cracks on the surface of the specimens at 600°C and 800°C. At 800°C, the cracks were and the width was slightly larger than that at 600°C.
After spraying water cooling, there was no obvious phenomenon in the specimen at 200°C, weak white smoke was generated in the specimen at 400°C, and there was no obvious change in the appearance of the specimen after spraying water at 200°C and 400°C. At 600°C, the specimen produced white smoke under the action of water spraying. After water spraying, the fine cracks on the surface of the specimen were weakened and reduced, and there was a small amount of loss on the surface. At 800°C, the specimen produced a large amount of white smoke under the action of water spraying. After it, there is still few white smokes produced. The fine cracks on the surface were also weakened and reduced, water stains appeared at the cracks, and the surface loss was relatively serious.
After spray cooling, at 200°C, the specimen had no obvious change compared with normal temperature. At 400°C, the color of the specimen slightly deepened, showing light gray and yellowish. When the temperature reached 600°C, the surface color of the specimen became deeper and yellowish, and many irregular cracks appear. At 800°C, the specimen surface turned grayish-white, and there were more irregular cracks on the surface. Apparent changes in specimens before and after spraying is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Apparent changes of specimens after spraying.
3.2 High temperature burning loss rate of specimens
The specimens under different cooling methods before and after high temperatures were weighed to obtain the mass loss rate after high temperatures. Figure 6A shows the relationship between the temperature and burning loss rate of each specimen after high-temperature water spraying under different recycled coarse aggregate replacement rates. Among the picture, WC means water spraying cooling, and NC means natural cooling.
[image: Figure 6]FIGURE 6 | Influence of different factors on burning loss rate. (A) Coarse aggregate replacement ratio; (B) Cooling method and stirrup spacing.
It can be seen from the figure that with the increase in temperature, the burning loss rate of the specimen increases gradually. The mass of the specimen is almost not lost at 200°C. At 400°C, the burning loss rate of the specimen increases slightly, but it is not obvious for the whole. At 600°C, there is little difference in the loss on ignition rate of each substitution rate. At 800°C, the specimen concrete becomes crisp, the surface appears peeling phenomenon, and the burning loss rate is relatively large.
Figure 6B shows the relationship between the burning loss rate and temperature of specimens with different spacing spiral stirrups under different cooling methods. It can be seen from the figure that the overall burning loss rate under natural cooling is higher than that under spray cooling, and the effect of spiral stirrup spacing on the burning loss rate is not obvious. This is because the quality loss of the naturally cooled specimens is mainly due to the evaporation of water and the peeling and flaking of the concrete; while the specimens cooled by water spraying, although a large amount of water evaporated during the process of exposure to high temperature, in the process of simulated fire spraying, some of the water re-infiltrated into the interior of the specimens and a series of chemical reactions occurred with the aggregates, and the quality of the specimens increased during this process compared to the effect of high temperature.
3.3 Failure process and shape of the specimen under stress
The overall failure process of spiral-reinforced concrete specimens was roughly the same. After the vertical cracks appeared, the outer concrete peeled off, the inner core concrete continued to maintain the bearing capacity for a while, and the final specimens were damaged due to excessive deformation or stirrups crushed by longitudinal reinforcement.
At room temperature and 200°C, the first vertical crack appeared at about 0.8 Nu (Nu is the peak load). With the increase in load, the inclined crack zone was formed on the surface of the specimen, and the concrete protective layer was massively exfoliated. Due to the confinement effect of stirrups, the specimen continued to be subjected to force for a while, and then the longitudinal reinforcement of the specimen was deformed too large to squeeze out the spiral reinforcement, and the specimen was destroyed. At 400°C, the first vertical crack appeared around 0.7 Nu, and with the increase of load, multiple parallel vertical cracks were formed in the outer concrete. At 600°C, vertical cracks appeared in the specimen at about 0.5–0.6 Nu. The cracks developed irregularly with the increase in load, and then the concrete peeled off. At 800°C, vertical cracks appeared in the specimen about 0.3–0.4 Nu, the load increased gradually, and the spalling volume of concrete was also larger. The failure process under different temperatures is shown in Figure 7A.
[image: Figure 7]FIGURE 7 | Final failure modes. (A) Failure modes of specimens at different temperatures; (B) Failure modes of specimens under different cooling methods; (C) Failure modes of specimens with different spiral reinforcement space.
Figure 7B shows the failure modes under different cooling methods. Compared with the specimens cooled by spraying, the cracks appeared relatively later and the stripped volume of concrete was smaller in the specimens under natural cooling.Figure 7C shows the failure modes under different spiral reinforcement spacing. The concrete spalling volume tends to be positively correlated with the spiral reinforcement spacing.
3.4 Main parameters of feature points
The main parameters of specimens under different cooling methods after high temperature, including peak load Nu, peak displacement Δp, initial stiffness EA and displacement ductility coefficient μ are given in Table. 4. The initial stiffness EA takes the secant stiffness of .4 times the peak load point at the rising section of the load-displacement curve. In displacement ductility coefficient μ = Δu/Δy, Δu takes the corresponding displacement when the load drops to 85% peak load, and Δy is the yield displacement value, which is determined by referring to the general yield bending moment method.
TABLE 4 | Main parameters of feature points.
[image: Table 4]3.5 Load-displacement curves
The axial load-displacement curve of the specimen during the whole failure process was obtained, as shown in Figure 8. Among them, γ is the recycled coarse aggregate replacement ratio, S is the spacing of spiral stirrups; WC means spraying water cooling, and NC means natural cooling. The figure shows that the peak load of the specimen will decrease with the increase in temperature. Peak displacement fluctuates within a certain range at 600°C and lower temperatures, but the difference is not significant.
[image: Figure 8]FIGURE 8 | Load-displacement curves. (A) S = 30 mm, γ = 0%, WC; (B) S = 30 mm, WC; (C) S = 30 mm, γ = 100%, WC; (D) S = 30 mm, γ = 100%; (E) S = 50 mm, γ = 100%; (F) S = 70 mm, γ = 100%.
However, at 800°C, the peak displacement of the specimen will increase significantly. The higher the temperature is, the smaller the initial secant slope of the curve is, and it decreases significantly after 600°C, the initial secant slope after high temperatures and spraying water cooling is higher than that after natural cooling, which is more obvious at 800°C.
4 ANALYSIS OF INFLUENCING FACTORS
4.1 Replacement ratio of recycled coarse aggregate
According to Table.4, when the maximum temperature is less than 400°C, the peak load of the specimen decreases slightly with the increase of the replacement ratio. Compared with the 0% replacement ratio specimen, the 100% replacement rate specimen decreases by 3.6% and 2.4% respectively at room temperature and 400°C. Figure 9A shows the curve of peak load versus replacement ratio at high temperatures. When the maximum temperature is 600°C, the peak load of specimens increases slightly with the increase in replacement ratio, and the peak load of specimens with 30%–70% replacement rates increases by 3.6%,1.4%, and 8.5%, respectively. When the maximum temperature reaches 800°C, the peak load of the specimen fluctuates with the increase of the substitution rate, but the overall trend is still slightly upward. Overall, the replacement rate of recycled aggregate has little effect on the peak load of the specimen.
[image: Figure 9]FIGURE 9 | Influence of replacement ratio on mechanical properties. (A) peak load; (B) peak displacement (C) initial stiffness (D) displacement ductility coefficient.
The peak displacement of fully recycled concrete specimens is lower than that of ordinary concrete specimens at room temperature and 200°C, 15.6%, and 33.0% respectively. Figure 9B shows the graph curves of the peak displacement of the specimen with the replacement rate at high temperatures. The peak displacement of specimens with the highest temperature of 600°C or 800°C increases with the increase in replacement rate. And the rise in peak displacement is greater for specimens experiencing a temperature of 800°C.The peak displacement of specimens with 30%–100% replacement ratio increase by 3.0%, −20.4%, 3.2%, and 17.8% respectively at 600°C. At 800°C, it increases by 21.8%, 7.4%, 8.5%, and 36.2% respectively.
Figure 9C shows the curves of the initial stiffness of the specimen with the change of replacement ratio at different temperatures. It can be seen from the figure that when the maximum temperature is 600°C or 800°C, the initial stiffness decreases firstly and then recovers, and finally decreases again with the increase of the replacement ratio. On the one hand, compared with natural coarse aggregates, recycled coarse aggregates have higher water absorption, and the water content of recycled concrete is larger under the same environmental conditions. Under high-temperature conditions, the recycled concrete has more evaporable water, and to a certain extent, the evaporation of water can slow down the increase of internal temperature of concrete, thus reducing the damage of high temperature on the elastic modulus of concrete; on the other hand, due to the existence of physical defects such as micro-cracks at the interface between cement and recycled coarse aggregate, the recycled concrete itself has mechanical property defects, and the larger the replacement rate of recycled coarse aggregate. On the other hand, because of the physical defects such as micro-cracks at the interface between cement and recycled coarse aggregate, the recycled concrete itself has mechanical defects, and the larger the substitution rate of recycled coarse aggregate, the more serious the mechanical defects will be. When γ < 30% or γ > 70%, the latter plays a dominant role, so with the increase of replacement rate, the modulus of elasticity of recycled concrete gradually decreases, and the axial compression stiffness of steel pipe recycled concrete specimens also gradually decreases; when 30% < γ < 70%, the former plays a dominant role, the result is the opposite.
On the whole, the average ductility of specimens with a 100% substitution rate is 6.7% higher than that of specimens with a 0% substitution rate. Figure 9D shows the variation curve of the displacement ductility coefficient with replacement ratio. When the maximum temperature is 600°C or 800°C, the ductility of the specimen changes relatively small with the change of replacement ratio. At 800°C, with the increase of the replacement ratio, the ductility of the specimen will increase slightly.
4.2 Temperature
Figure 10A shows the variation curves of the peak load with temperature under different replacement rates. It can be seen from the figure that when the temperature is 400°C, the bearing capacity of the specimen will decrease slightly with the increase in temperature. This is because the free water inside the concrete is lost after the specimen experiences a high temperature of 400°C, and the concrete absorbs a large amount of free water when spraying water. The change of temperature difference in this process will cause the internal deformation of the concrete to be uncoordinated to a certain extent, resulting in micro-cracks, which will reduce the bearing capacity of the concrete; At 400°C–600°C, because of the uneven temperature field inside and outside the concrete during the heating process, the temperature rise process of the internal concrete will be relatively slow, and the existence of spiral stirrup will make this process slower. Therefore, the performance damage of internal core concrete can be alleviated to a certain extent by spraying water cooling immediately after high temperature. Consequently, the bearing capacity of specimens after high-temperature water spraying cooling is relatively flat. When the maximum temperature is between 600°C and 800°C, the core concrete is subjected to high temperatures. The loss of free water and bound water causes severe damage to its internal structure, which leads to a continued decrease in the bearing capacity of the specimen.
[image: Figure 10]FIGURE 10 | Influence of temperature on mechanical properties. (A) peak load; (B) peak displacement (C) initial stiffness (D) displacement ductility coefficient.
Figure 10B shows the curves of peak displacement versus temperature under different replacement ratios. It can be seen from the figure that the peak displacement of the specimen fluctuates in the range of 10 mm–14 mm when the temperature is less than 600°C. Among them, the peak displacement was slightly lower at 200°C. At 800°C, the peak displacement of the specimen was significantly increased. Compared with the specimen experiencing the highest temperature of 600°C, the peak displacement of the specimen experiencing the highest temperature of 800°C with different substitution rates increased by 38% on average. This may be caused by the evaporation of water inside the specimen after high temperature and becoming loose, and the concrete being continuously compacted before the peak load.
Figure 10C shows the variation curves of the initial stiffness of the specimen with temperature under different substitution rates. It can be seen from the figure that with the increase in temperature, the initial stiffness of the specimen generally shows a continuous downward trend. When the maximum temperature is below 600°C, the decrease in the initial stiffness of the specimen is relatively small. When the maximum temperature is 600°C, the initial stiffness of 0% and 100% specimens decreases by 27.53% and 28.6% respectively compared with the specimens at room temperature. When the temperature is between 600°C and 800°C, the initial stiffness decreases slightly, and the initial stiffness of the specimens with 0%–100% replacement ratio decreased by 27%, 32.4%, 33.8%, 45%, and 52.4%, respectively.
Figure 10D shows the curves of displacement ductility versus temperature under different replacement ratios. It can be seen from the figure that the ductility of specimens with a 0% replacement rate and a 100% replacement rate decreases with the increase in temperature. When the maximum temperature was 600°C, the ductility of specimens with 0% and 100% replacement rates decreased by 27.7% and 48.6%, respectively. However, when the maximum temperature is between 600°C and 800°C, the ductility coefficient of the specimen is relatively stable, and the ductility of the specimens with different replacement rates is not much different at the same temperature.
4.3 Spiral stirrup spacing
The specimens with the highest temperature of 600°C, cooling by spraying and substitution rate of 100% were taken to study the influence of stirrup spacing on each performance. Figure 11 shows the variation curves of mechanical properties of specimens with the increase of stirrup spacing S. The peak load of specimens with 30mm, 50mm, and 70 mm spacing decreases nearly linearly. The peak load of specimens with 50mm and 70 mm spacing is 13.8% and 21.2% lower than that of specimens with 30 mm spacing. The peak displacement of specimens with 50 mm spacing is 37.9% lower than that of specimens with 30 mm spacing, while the peak displacement of specimens with 70 mm spacing is similar to that of specimens with 50 mm spacing, which is 36.5% lower than that of specimens with 30 mm spacing. The initial stiffness of the specimen with 50 mm spacing is the largest among the three specimens, which increases by 20.4% compared with the specimen with 30 mm spacing, while the initial stiffness of the specimen with 70 mm spacing is similar to that of the specimen with 30 mm spacing, which increases by 1.4%. The ductility coefficient decreases with the increase of stirrup spacing. Compared with 30 mm spacing specimens, 50mm and 70 mm spacing specimens decrease by 20.9% and 29.3% respectively. This is because the spiral reinforcement produces a larger restraint on the specimen, the smaller the hoop spacing, the more obvious the restraint effect, so the better the ductility of the specimen and the more fully the reinforcement plays its role.
[image: Figure 11]FIGURE 11 | Influence of spacing on mechanical properties. (A) peak load; (B) peak displacement (C) initial stiffness (D) displacement ductility coefficient.
4.4 Cooling method
Figure 12 shows the difference in mechanical properties of the recycled concrete cylinder with spiral reinforcement under different cooling methods. It can be seen from the figure that there is little difference in the peak load between the two cooling methods at 600°C. At 800°C, the peak load of the natural cooling specimen decreases more than that of the spraying water cooling specimen, and the peak load decreases by 23.3% compared with the specimens cooled by spraying water. This may be because when the specimen experiences a temperature of 800°C, its internal water evaporates a lot, and in the process of water spraying cooling, the water penetrates the interior of the specimen under the action of water pressure and a series of physical or chemical reactions occur with the aggregate, thus strengthening the bearing capacity of the specimen.
[image: Figure 12]FIGURE 12 | Influence of different cooling methods on mechanical properties. (A) peak load; (B) peak displacement (C) initial stiffness (D) displacement ductility coefficient.
The peak displacement of specimens under natural cooling is always larger than that under spray cooling, which is 10% and 5% higher at 600°C and 800°C, respectively. Different cooling methods have no significant effect on the initial stiffness of the specimen. At 600°C, the ductility coefficient of the specimen after water spraying cooling and natural cooling has little difference. At 800°C, the ductility coefficient after natural cooling is greatly improved than that after water spraying cooling. This is since compared to natural cooling, at the same temperature, spraying water cooling causes a drastic temperature change, which produces more serious damage to the concrete in a short period, making the cracks at the interface between cement and recycled coarse aggregate larger, and therefore the greater the defect in the mechanical properties of concrete.
5 BEARING CAPACITY ANALYSIS
5.1 Damage analysis
Recycled concrete with spiral reinforcement is subject to considerable damage after the action of high temperatures, resulting in a reduction of the structural load-bearing capacity. According to the damage theory, the high temperature leads to defects in the specimen, reducing the effective section. Therefore, the parameter D is introduced to describe the damage degree of the specimen.
[image: image]
In Eq. 1, S and S* denote respectively the sum of the cross-sectional area under non-destructive conditions and the effective area after damage.
Since the resultant force of specimens before and after the damage is equal, Eq. 2 can be obtained:
[image: image]
According to the hypothesis of equivalent strain, Eq. 3 is obtained as follows. σ and σ* are the effective stress before and after damage, respectively. E and E* indicate the modulus of elasticity when the material is undamaged and the modulus of elasticity after damage, respectively. ε is the stress caused by the effective stress acting on the damaged material or the stress caused by it under non-destructive conditions.
[image: image]
According to the above formula, Eq. 4 can be derived as follow:
[image: image]
Considering the initial defects caused by high-temperature damage on the specimen, to define the damage degree of high-temperature specimens (200°C, 400°C, 600°C, and , 800°C), the elastic modulus E of the specimen at room temperature (20°C) is used to determine the elastic modulus E0 at non-destructive (Su, Z. and Chen, Z., 2021; Sun, B., et al., 2022), and Eq. 5 can be obtained:
[image: image]
In Eq. 5, ET is the elastic modulus of the specimen cooled by spraying after high temperature: E0 is the elastic modulus of specimens at room temperature. The larger the D value, the greater the damage to the specimen.
Figure 13A shows the variation trend of the damage degree with temperature under different substitution rates. It can be seen that the higher the temperature of the specimen is, the greater the damage degree is. When the temperature is less than 600°C, the damage degree of the specimen rises little with the increase in temperature, but when the temperature reaches 800°C, the damage degree of the specimen increases sharply. The addition of recycled coarse aggregate will increase the damage to the concrete after high temperatures and spraying water cooling. Compared with ordinary spiral-reinforced concrete, the damage degree of spiral-reinforced recycled concrete block is more severely affected by temperature.
[image: Figure 13]FIGURE 13 | (A) The change of damage degree of specimens with temperature under different substitution rates. (B) Effect of spiral rib spacing on damage degree under different cooling methods.
The specimens with the maximum temperature of 600°C and the replacement rate of the recycled coarse aggregate of 800°C were taken to study the influence of spiral reinforcement spacing and cooling method on the damage degree. As shown in Figure 13B, when the spray cooling method is adopted, the D decreases first and then increases with the increase of spacing. The damage is minimized when the spacing is 50 mm. When natural cooling is adopted, the D decreases with the increase of spacing. When the spacing of spiral reinforcement is 30 mm, the damage of the specimen can be reduced by spray cooling, but when the spacing is 50 mm and 70 mm, the damage of the specimen increases.
5.2 Bearing capacity analysis
The performances of recycled concrete and steel bars are quite different after spraying water at high temperatures. The bearing capacity of reinforced recycled concrete members composed of the two is also quite different from that of members without spraying water at high temperatures. Therefore, the use of the conventional formula for calculating the residual bearing capacity of spiral-reinforced recycled concrete will lead to a significant difference between the calculated value and the actual situation. It is necessary to modify the coefficient of the existing bearing capacity formula of spiral stirrup members in the specification.
According to the influence of temperature and recycled coarse aggregate replacement rate on the strength of recycled concrete cylinder blocks, the data were normalized and fitted to obtain the influence law of temperature and replacement rate on the strength of recycled concrete. Depending on the significant difference in the rate of decrease in strength of specimens at different temperature stages, the curves were divided into three different temperature segments: 20°C ≤ T < 200°C, 200°C ≤ T ≤ 600°C, 600°C < T ≤ 800°C for regression fitting.
The effect of temperature on the strength of recycled concrete block is obtained by the above method as shown in Figure 14A. (fcT represents the strength of the material after experiencing different temperatures, fc20 represents the strength of the material at room temperature, and fcγ represents the compressive strength at different substitution rates)
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[image: Figure 14]FIGURE 14 | (A) Effect of temperature on strength of specimen; (B) Effect of replacement ratio on strength of specimens.
The influence coefficient α1 (Eq. 7) of temperature on the residual strength of recycled concrete is obtained by fitting.
The influence of recycled coarse aggregate replacement rate on the strength of recycled concrete test block is shown in Figure 14B. The influence coefficient β (Eq. 10) of replacement rate on the residual strength of recycled concrete is obtained by fitting.
After spray cooling at different temperatures, the strength changes of the plain hoop and thread longitudinal reinforcement were also different. The influence of temperature on the tensile strength of longitudinal reinforcement after spraying water at high temperatures is shown in Figure 15A. The influence coefficient α2 (Eq. 8) of temperature on longitudinal reinforcement after spraying water at high temperature is fitted.
[image: Figure 15]FIGURE 15 | Effect of temperature on tensile strength of reinforcement. (A) longitudinal reinforcement; (B) stirrup.
The influence of temperature on the tensile strength of the stirrup after spraying water at high temperature is shown in Figure 15B and the influence coefficient α3 (Eq. 9) of temperature on the stirrup is obtained by fitting.
Based on the existing formula for calculating the bearing capacity of spiral stirrup members, the influence of temperature and substitution rate on a recycled concrete and the influence of temperature on reinforcement is considered. According to the data obtained from this test, the bearing capacity formula of the spiral stirrup member is corrected by the coefficient, and the corrected bearing capacity formula of the spiral stirrup member is obtained.
The comparison between the calculated and experimental values of the axial compression bearing capacity of the spiral reinforcement recycled concrete column after spraying water at high temperature is shown in Table.5. Among them, the calculated value of bearing capacity is obtained from the modified formula.
TABLE 5 | Comparison between calculated and measured values of bearing capacity of specimens.
[image: Table 5]The average value of the ratio of calculated value to measured value was .89, and the variance was .017. The bearing capacity calculated by the fitting formula is relatively safe. Therefore, the formula can be used to calculate the bearing capacity of axial compression members experiencing water spraying at high temperatures in practice.
As seen in Table 5, for axial compression members with natural cooling after high temperature, when the temperature exceeds 600°C, the bearing capacity calculated by the formula is significantly higher than the measured value, so the formulas do not apply to this situation.
In summary, Eqs 6–10 applies to the calculation of the axial compression bearing capacity of the spiral-reinforced recycled concrete cylinder after water spraying cooling, which has experienced a maximum temperature of 0°C–800°C and a spiral reinforcement spacing of 30 mm–70 mm, or it can be used for similar axial compression members with natural cooling, which has experienced a maximum temperature not exceeding 600°C.
6 CONCLUSION

• After high temperatures and spraying water cooling, the concrete protective layer on the exterior of the spiral-reinforced recycled concrete column peeled off firstly, and then the core concrete part continues to play its bearing capacity for some time. Finally, the internal longitudinal reinforcement deformation is too large to squeeze the spiral stirrup, resulting in the loss of bearing capacity. The higher the temperature is, the earlier the first vertical crack occurs.
• The effect of the recycled aggregate replacement ratio on the performance of the specimens was mainly in terms of peak displacement. The peak displacement increases with the growth of the replacement ratio when the temperature exceeds 600°C, but has the opposite trend at temperatures below 200°C.The smaller the spiral stirrup spacing is, the larger the spalling area of the outer concrete is when the specimen is finally destroyed, and the higher the peak load and ductility coefficient are. The specimens with 50 mm and 70 mm spiral bar spacing had better displacement deformation capacity when water spray cooling was used. Comparing the test results at each temperature, it can be seen that a high temperature above 600°C will have a very obvious effect on the mechanical properties of the specimens.
• Compared with natural cooling, cooling by water spraying can reduce the appearance of small cracks on the surface of the specimen, and reduce the peak displacement of the specimen. When the specimen experienced a temperature of 800°C, water spray cooling can better preserve the remaining load capacity of the specimen, but will reduce the ductility of the specimen.
• Based on the test results, considering the influence of recycled coarse aggregate replacement rate and temperature, the bearing capacity formula of spiral reinforcement members in the specification was modified. The calculated values are in good agreement with the experimental values.
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Introduction: Construction joint is common and even inevitable in most of the reinforcement concrete structures. This study was to assess the effect of construction joints on chloride-induced corrosion of reinforcing steel in concrete.
Methods: Test parameters included two environmental conditions (salt solution immersion condition and cyclic wet-dry condition), two forms of construction joint (direct wet joint and roughened wet joint) and four types of steel bar (mild steel bar, ferritic stainless-steel bar, austenitic-ferritic stainless-steel bar and epoxy-coated steel bar). The corrosion test of 90 specimens was carried out by electrochemical accelerated corrosion method. The weight loss of each steel bar and steel bar section in specimens was measured. An influence coefficient (k_j) of construction joint on local weigh loss of steel bars was defined.
Results: Except for epoxy-coated steel bars, the most severe corrosion of experimental steel bars in concrete specimens all occurred at the joints, while the corrosion in non-joint sections of steel bars was relatively uniform and less. The weight loss rate of specimens has the range of 1.18% to 15.73% with an average value of 6.22%. The average k_j of mild steel bars, S11203 stainless steel bars, and S23043 stainless steel bars are 1.38, 1.92, and 1.97, respectively. The average k_j of specimens in immersion condition and cyclic wet-dry condition are 1.44 and 2.07. The corrosion of epoxy-coated steel bars mainly occurred at the damage locations of epoxy coating, not mainly at the joints.
Conclusion: Chloride-induced corrosion of steel bars at construction joints was always more severe than at non-joints, especially in cyclic wet-dry environments, even for stainless-steel bar, but epoxy-coated steel bars were excluded.
Keywords: construction joint, steel bar corrosion, electrochemical acceleration corrosion, immersion, wet–dry cycle
1 INTRODUCTION
Reinforced concrete structures are widely used in coastal engineering. Many studies have shown that the durability failure of reinforced concrete structures in the marine environment is mainly due to the corrosion of reinforcement in concrete (Goyal et al., 2018; Choe et al., 2020). In the literature, many researches have been performed on reinforcement corrosion in continuously casted concrete members (Guoping et al., 2011; Andrade 2019). However, due to the concrete construction methods and capacity of mixing plan and manpower, it is very common for concrete to be poured in segments or batches in reinforced concrete structures (Sung-Won and Seung-Jun 2016). Construction joints are concrete-to-concrete interfaces formed by placing fresh or hardened concrete parts against a hardened concrete substrate.
From the literature, construction joint is also a kind of cold joint (Yoon et al., 2020). Kara (2021) conducted strength and durability tests on concrete with cold joints and found that after dry-wet cycles, the weight loss of concrete with cold joints was greater than that of the monolithic concrete sample, and the tensile strength loss rate was 42.07%. Zega et al. (2021) experimented and found that the cold joint in normal concrete had a decrease in flexural and compressive strength, so did with the concrete with superplasticizer. Vanlalruata and Marthong (2021) conducted flexural strength tests of 40 beams and showed that the loss in flexural strength due to the present of cold joint in a reinforced concrete beam ranges from 2% to 20% for different mix and age of the joints. Those indicated that the concrete with cold joint is more prone to cracking under working conditions because of the loss of tensile strength, which accelerates the degradation of concrete (Yang et al., 2018).
Moreover, Li et al. (2017) conducted a series of accelerated carbonation tests and proved that the carbonation depth of concrete at a construction joint was higher than that of monolithic concrete even in the absence of tensile stress. Several salt solution immersion tests showed that the chloride penetration at a construction joint was faster. Mun and Kwon (2016) presented an evaluation of cold joint and loading conditions on chloride diffusion behavior, and the study showed that chloride diffusion coefficient under 30% level of compressive stress significantly increases by 1.7 times compared with normal condition. Li et al. (2016) conducted a salt solution immersion test on six specimens with direct wet joints, roughened wet joints and epoxied joints and conclude that monolithic concrete had optimal resistance to chloride ions, better than the direct wet joints and roughened wet joints. Shen et al. (2019) conducted a freeze–thaw cycle test in the laboratory and found that construction joints increased the mass loss of specimens. Many studies have pointed out that construction joint may become the weakness of concrete durability. Therefore, the steel bars at the construction joints are relatively easier to contact with chloride ions, water vapor, oxygen and other substances that accelerate the corrosion of steel bars (Koh et al., 2019). Once the harmful substances reach the critical concentration, the steel bars will begin to rust at the construction joints, reducing the effective section areas of the steel bars and endangering the durability and safety of the structure.
For the study of steel corrosion, most of them use electrochemical technology. In the 1950s, electrochemical techniques were applied to study the corrosion of steel in cement-based materials (Stern and Geaby 1957). In the study of durability of reinforced concrete structures, electrochemical technology is basically used to accelerate the corrosion of steel bars in concrete. Although it must be noted that there are obvious differences between electrochemical accelerated corrosion and natural corrosion in terms of electrochemical mechanism, corrosion products and corrosion morphology (Song et al., 2008), electrochemical accelerated corrosion can qualitatively characterize the degradation of structural performance. With the development of durability research, electrochemical technology has been applied to the study of mechanical properties of corroded steel bars, bond-slip performance of corroded reinforced concrete (Zhou et al., 2015; Zhou et al., 2017), structural performance degradation of reinforced concrete beams (Ou and Nguyen 2016) and piers (Yuan et al., 2018; Zhou et al., 2020). At present, many specifications are based on the data of electric accelerated corrosion method for the deformation calculation, mechanical performance evaluation and life prediction theory of corroded reinforced concrete members.
Many tests have pointed out that the construction joints have a negative effect on the durability of concrete, and the conclusions are based on indicators such as carbonation coefficient and chloride diffusivity. However, the corrosion propagation test of steel bars at the joints that can accurately represent the performance degradation of concrete structures has not been reported. Therefore, this paper explored the corrosion morphology of steel bars at joints, compared the difference of steel bar rust amount at joints and non-joints, and investigated the corrosion characteristics of different steel bars at joints. The comparative test in this paper was to provide basic test data and reference for further research and helped engineers to further understand the impact of construction in harsh marine environment on the long-term corrosion resistance of important infrastructure such as bridges.
The present study mainly focuses on the comparison of steel corrosion test phenomena at construction joints and the analysis and interpretation of measured data under different steel bar types, joint types and different environments. The material transportation at construction joints will be examined in a future study by means of meso-scale numerical simulation.
2 MATERIALS AND METHODS
2.1 Materials
The concrete material and mix proportions are listed in Table 1. Crushed stone with maximum aggregate size distributed from 5 to 25 mm was used as the coarse aggregate. River sand with a fineness modulus of 2.71 was chosen as the fine aggregate in the mixes. The water/cement ratio for the mixtures was 0.36.
TABLE 1 | Concrete material and mix proportions.
[image: Table 1]All test rebars were ribbed with a diameter of 16 mm and yield design strength of 400 MPa. The chemical composition of rebars are listed in Table 2.
TABLE 2 | Chemical composition of rebars.
[image: Table 2]2.2 Test parameters
A total of 16 categories were considered, including 90 specimens. A construction joint was made in the middle of each specimen, and the specimens were long enough, so that both side parts of specimens that didn’t contain joints could be as control parts, and the test conditions were exactly the same, so this experiment didn’t design separate control specimens. The experimental parameters are described as follows:
1) Two marine environmental conditions (James et al., 2019) were selected, namely a chlorine salt solution immersion condition and a cyclic wet–dry condition. The former was used to simulate a seawater immersion environment, and the latter was used to simulate the tidal environment.
2) Two forms of construction joint were studied, the direct wet joint and roughened wet joint (Júlio et al., 2004). Direct wet joint refers to a joint formed by pouring fresh concrete directly without special treatment on the substrate surface, while roughened wet joint refers to a joint with a substrate surface roughened by jack hammers.
3) Four types of rebar were tested: mild steel bar, ferritic stainless-steel bar (named S11203 in GB/T 20878-2007, China), austenitic-ferritic (duplex) stainless-steel bar (named S23043 in GB/T 20878-2007, China), and epoxy-coated rebar. These are the main types of rebar commonly used in concrete structures in marine and coastal harsh environments (Lollini et al., 2019).
The experimental categories and specimen quantities are listed in Table 3.
TABLE 3 | Details of parameters and quantities.
[image: Table 3]2.3 Specimen fabrication
The design of specimens referred to the Standard for Testing the Long-Term Performance and Durability of Ordinary Concrete (GB/T 50082-2009, China). Thus, the dimensions 100 × 100 × 800 mm were selected for concrete prism specimens. A construction joint was located in the middle of each specimen as shown in Figure 1. The concrete cover thickness of the steel bar at the bottom was designed as 30 mm. The bottom surface of the specimen was set as the exposed face to experimental conditions, and the side and top surface were sealed with epoxy resin to avoid the intrusion of chloride ions.
[image: Figure 1]FIGURE 1 | Specimen dimensions.
The length of each rebar was 900 mm. First, all mild steel and stainless-steel bars were polished to remove the rust spots. For epoxy-coated rebars (Figure 2A), man-made scratches were added to the epoxy coating to simulate irregular damage in the transportation of epoxy rebars and concrete construction. The epoxy coating at scratches was completely damaged and the substrate was exposed. The size of a scratch was about equal to the rib spacing of rebar and the scratches was evenly distributed. The ratio of coating damage was about 5%. Then, all rebars were labeled and the length and weight were accurately measured.
[image: Figure 2]FIGURE 2 | Specimen preparation. (A) Epoxy-coated rebars. (B) Fabrication process. (C) Roughened interface at joint. (D) Specimen casting.
Each specimen was molded in two parts and the fabrication process is shown in Figure 2B. The part of old concrete was first casted. After 3 days, all partitions at joints were removed. In 2 days, the joint interface on old concrete of each specimen with roughened joint was artificially scabbled as shown in Figure 2C, and kept in a saturated surface dry state according to current construction practice in China. Then the part of new concrete was placed as shown in Figure 2D. After three more days, all formworks were removed, and all specimens were placed in a standard maintenance room with a temperature of 20°C ± 2°C and a relative humidity of 95% for 28 days.
2.4 Test method
The comparative experiments were carried out by the electrochemical acceleration corrosion method. Direct current in a parallel manner was used to accelerate corrosion, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Electrochemically accelerated corrosion. (A,B) Immersion condition. (C,D) Wet–dry cycle condition.
For Group IC in the immersion condition, all specimens directly and completely immersed in chlorine salt solution (Figures 3A, B). Given that the salinity of seawater is of 3.5% NaCl, a 3.5 wt% NaCl solution was used for corrosion experiments. As the water in the basin evaporated, the solution level in the basin was checked every 3 days and the water was supplemented in time. The steel bar was connected with the positive electrode of the steady voltage DC power supply as the anode of the electrochemical reaction; the graphite rod was directly placed in the solution as a cathode.
For Group WD in the dry-wet cycle condition, all specimens were supported by bolsters above the chloride solution (Figures 3C, D), and the same solution was sprayed periodically onto the specimens twice a day. Graphite rod as cathode, directly flat on the top of the specimen. In order to prevent the solution from evaporating too quickly and length of exposure to the humid environment being too short after spraying, a layer of gauze was spread on specimens, and a thick cotton sack covered the gauze for moisture storage.
Before the experiments were conducted, all specimens were placed in the experimental conditions for 1 week to ensure that the subsequent electrochemical reaction could formed an electrical circuit.
The initial current density was controlled at about 100 μA/cm2, which was checked periodically to ensure its stability. In the dry stage of dry-wet cycles, the current density was significantly reduced. In order to reflect the influence of dry-wet cycle conditions, only the current density in the wet stage was stably controlled during the test. The corrosion time was set at 60 days.
After corrosion experiments, the specimens were broken, and the steel bars were taken out. The concrete adhering to the steel bars was scraped off. Then, the steel bars were pickled with 12% hydrochloric acid solution, rinsed, and dried for weighing.
After each full steel bar was accurately weighed, the mild steel bars and two types of stainless-steel bars were cut into multiple sections and three of them were taken. The length and position of the cut sections are shown in Figure 4. The length and weight of each section were accurately measured.
[image: Figure 4]FIGURE 4 | Sections of rebar.
The weight loss rates of full rebars were calculated as follows:
[image: image]
In the equation above [image: image] is weight loss rate of the steel bar; [image: image] is the weight of the steel bar before corrosion (g); and [image: image] is the mass of the corroded steel bar after pickling (g).
Assuming that the initial mass of steel bar was uniformly distributed along the length, the initial mass of each section was determined proportionally, and then the rust amount of each section was calculated. An influence coefficient of construction joint on local weight loss of a rebar was defined and calculated as follows:
[image: image]
In the equation above [image: image] is the rust amount of the rebar in joint section 2 (g); [image: image] is the rust amount of the rebar in non-joint section 1 (g); and [image: image] is the rust amount of the rebar in non-joint section 3 (g).
3 TEST RESULTS AND DISCUSSION
3.1 Rust morphologies
Most of the specimens developed rust expansion cracks on the side of the concrete cover exposed to test conditions, as shown in Figure 5. All the cracks appeared along the direction of steel bars, and there were no cracks in the vertical direction of steel bars. No interface cracks developed at the joint, and the joint interface maintained good continuity before and after the test. Because the width of rust expansion cracks is affected by many factors such as the shape of bar and the presence of stirrups (Okazaki et al., 2020), the width of cracks in the experiments was not measured. However, by observing the cracks of all specimens, it was found that the crack widths of WD specimens (Figure 5A) were relatively larger than those of IC specimens (Figure 5B). In addition, the type of steel bar had a significant impact on the widths of the rust expansion cracks. The widths of cracks on mild steel specimens were obviously the largest, while those on stainless steel specimens were relatively small, and there were almost no visible cracks on specimens with epoxy-coated rebars.
[image: Figure 5]FIGURE 5 | Rust expansion cracks on specimens. (A) WD-RJ-MS. (B) IC-RJ-S11203.
The rust morphologies of rebars at different positions are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Rust morphologies of rebars. (A) Mild steel rebars. (B) S11203 rebars. (C) S23043 rebars. (D) Epoxy-coated steel rebars.
For mild steel bars (Figure 6A), the most severe corrosion of steel bars occurred at the joints. The corrosion developed from the joints to both sides. Most of mild steel bar surface was relatively smooth, some mild steel bars had longitudinal gullies, which was different from natural corrosion under pitting (Alonso et al., 2019). The corrosion of the non-joint section was more uniform along the surface of mild steel bar, and there was no obvious pitting corrosion. However, the concrete cover side of mild steel bar was more severely corroded than the backside, and the cross section of mild steel bar was elliptical after corrosion.
For S11203 stainless steel bars (Figure 6B), corrosion was mainly concentrated at the joints. The corrosion of the concrete cover side of S11203 bar was more severe, and no obvious corrosion was found on the side away from the cover. Moreover, the corrosion of S11203 bar at the joint was transversely fine and wavy, with less pit corrosion, which was quite different from that of mild steel bar. There were many corrosion pits and some corrosion spots on the surface of S11203 steel bar away from the joint.
The corrosion of S23043 stainless steel bar (Figure 6C) was similar to that of S11203. At the joints, the corrosion surface of S23043 bar was relatively smooth and the pitting corrosion was relatively less. However, far away from the joint, the corrosion pit of S23043 steel bar was larger and less intensive than that of S11203, which was probably because the composition of the two stainless steel bars was different. S23043 was a duplex stainless-steel bar, which was mainly composed of austenite and ferrite (Alonso et al., 2019), while S11203 was mainly composed of ferrite, and the chloride pitting resistance of ferrite was better than austenite (Chen 2020), so S23043 bar corrosion pit was generally larger.
The corrosion of epoxy-coated steel bars (Figure 6D) mainly occurred at the damage locations of epoxy coating (Sohail et al., 2019), not mainly at the joints. There were large corrosion pits at the damage locations, and brown rust adhered to the epoxy coating of the steel bars and the coating tended to peel off. When the epoxy coating at the joint was damaged and the damage was on the side of the concrete cover, the corrosion of the epoxy steel bar was the most severe, but there was no obvious corrosion on the backside.
Compared with mild steel bars, the rust of stainless-steel bars decreased from the joint to both sides more significantly and obviously. This phenomenon was due to the different content and form of iron in the two types of rebars. For mild steel bars with a high iron content, the electrolytic cells formed on the surface of rebars were more uniform, so the rust was more uniform. For stainless steel bars, because the iron was in the form of ferrite, austenite and other complexes, the large potential difference on the surface of rebars led to uneven distribution of the electrolytic cells. Therefore, the rust of the stainless-steel bars at the joints was relatively significant.
In general, except for epoxy-coated steel bars, the most severe corrosion of other steel bars all occurred at the joints, and the corrosion decreased from the joints to both sides, while the corrosion in non-joint sections was relatively uniform and less.
3.2 Weight loss rate of full bar
The box chart of the weight loss rate of all groups of full rebars is shown in Figure 7. There are no abnormal outliers in the figure. The average value of the weight loss rate of each group of specimens is shown in Table 4. The loss rate of specimens has the range of 1.18%–15.73% with an average value of 6.22%, which shows that there are big differences between different series.
[image: Figure 7]FIGURE 7 | Weight loss rates of rebars.
TABLE 4 | Weight loss and percentage.
[image: Table 4]3.3 Comparison of weight loss rate of full bar
In Figure 8, the box chart of the weight loss rate of rebars is shown by category. The figure shows that the average relationship of the weight loss rate of full rebars is mild steel bars > S11203 rebars > S23043 bars > epoxy-coated rebars. This means that the corrosion resistance of mild steel bars is the worst, and that of stainless-steel bars is better. Among them, the corrosion resistance of S23043 rebars is slightly better than that of S11203 rebars. The corrosion of epoxy-coated rebars is the smallest, and the fluctuation is also the smallest.
[image: Figure 8]FIGURE 8 | Weight loss rates of rebars by category.
From the perspective of joint type, the average rust amount of roughened wet joint (RJ) specimens is slightly greater than that of direct wet joint (DJ) specimens, and the fluctuations of the two categories are not much different. The ratio of the weight loss rate of RJ specimens to DJ specimens has an average value of 1.09. It is generally believed that the roughening is beneficial to the joint interface, which can make it better connect into a whole and conducive to load transfer (Santos and Julio 2011; Santos et al., 2012). However, experiments have shown that the interfacial scabbling deteriorates the compactness of the interface to a certain extent. The main reason may be that scabbling by a mechanism or high-pressure water flow causes certain damage to the concrete surface. This damage leads to micro-cracks on the surface of the concrete and makes it easier for chloride ions to pass through the concrete cover to the surface of the steel bars.
From the perspective of condition type, the rust amounts of rebars in the immersion environment are greater than that in the wet–dry cycle environment. The average ratio of weight loss rate is 1.71, but this does not mean that the immersion environment is more unfavorable than the wet–dry cycle environment. From the point of view of the test conditions, the energization time under the immersion environment was significantly longer, and the current in the dry environment stage under the wet–dry cycle environment was relatively small, which led to a slower electrochemical corrosion reaction.
3.4 Effect of joint on local weight loss
Considering that the corrosion resistance of epoxy steel bars was mainly determined by the quality of epoxy coating during the test time, the effect of concrete cover was less evident. Therefore, when the steel bars were cut off to compare the corrosion of joints and non-joints, the epoxy coated steel bars were excluded, and only the mild steel bars and two types of stainless steel bars were cut and weighed and analyzed.
The box diagram of the influence coefficient of construction joint on local weight loss ([image: image]) in 48 specimens is shown in Figure 9. The average rust amounts of rebars in the interception section and the average influence coefficient of construction joint on local weight loss are shown in Table 4. It can be seen that the rust amounts of steel sections at the joints of all concrete specimens are significantly greater than those of the non-joint sections. The influence coefficient of construction joint is in the range of 1.15–3.33, with an average value of 1.76. According to the experimental phenomena, the corrosion of each steel bar at the non-joint sections was relatively uniform, so the corrosion rate could be deduced by local weight loss in non-joint sections. But the corrosion of steel bars at the joint sections are significantly higher than those of non-joint sections, the corrosion rate of steel bars may not effectively reflect this uneven phenomenon. So the influence coefficient of construction joint on local weight loss ([image: image]) can negatively reflected the influence of joints on the rust uniformity of rebars in concrete specimens with joints to some extent, and the construction joints are indeed a weakness of concrete durability.
[image: Figure 9]FIGURE 9 | Influence coefficients of joints.
In Figure 10, the box chart of the influence coefficient of construction joint on local weight loss is shown by category. The average influence coefficients of construction joint of mild steel bars, S11203 stainless steel bars, and S23043 stainless steel bars are 1.38, 1.92, and 1.97, respectively. The influence coefficients of construction joint of mild steel bars have relatively small fluctuation. The amount of rust in mild steel sections at construction joints is higher than that of stainless-steel sections as shown in Table 4, which is consistent with the aforementioned rust distribution of mild steel and stainless-steel bars. However, it can be concluded that the rust uniformity of mild steel bars affected by construction joints is relatively better, and the two types of stainless-steel bars have worse uniformity. Therefore, in coastal concrete structures using stainless steel reinforcement, it is recommended to consider the concentrated corrosion of steel bars that may occur at the joints.
[image: Figure 10]FIGURE 10 | Influence coefficients of joints by category.
The average influence coefficients of RJ specimens and DJ specimens are 1.72 and 1.80, respectively, and DJ specimens have more fluctuation as shown in Figure 10. From the perspective of the relationship of joint section and non-joint section, the interfacial roughening has no significant effect on the corrosion uniformity of rebars. However, the rust amounts of joint sections in RJ specimens are significantly greater than in DJ specimens as shown in Table 4. The ratio of the two ranges from 1.07 to 1.24, with an average value of 1.13, which is slightly larger than the ratio of the overall weight loss rate (1.09). This shows that roughening does cause certain defects to the faces on old concrete and affects the density of the joints. That is, roughening is to a certain extent unfavorable to the resistance to the penetration of chloride ions at construction joints.
The average influence coefficients of IC specimens and WD specimens are 1.44 and 2.07, respectively, and WD specimens have more fluctuation as shown in Figure 10. This indicates that the rust uniformity of rebars in the immersion environment is significantly lower than in the wet–dry cycle environment. The ratio of the two ranges from 0.54 to 0.97, with an average value of 0.72. This shows that the corrosion of rebars at the joints is more severe in the wet–dry cycle environment; that is, to say, the rust amounts of rebars in the immersion environment may be higher than in the wet–dry cycle conditions, but the wet–dry cycle conditions are relatively more unfavorable for the joints.
The test results showed that the construction joint had become the weakness of durability in concrete. According to the analysis of joint details and concrete characteristics, there were three main reasons. First, because of the difference of concrete pouring sequence, the construction joint is different from the general continuous casting concrete, and there is no coarse aggregate crossing distribution on the construction joint interface. Without the block of coarse aggregate, the transmission capacity of harmful substances in cement mortar is stronger. Secondly, in the early stage of hydration heat, the water in the newly casted concrete will migrate to the concrete substrate, resulting in an increase in the water-cement ratio of the fresh concrete near the interface, thereby reducing the durability of the interface. Finally, there are shrinkage differences in different casting ages of concrete. The restrained shrinkage will produce tensile strain in fresh concrete, which further deteriorates the durability of the interface.
4 CONCLUSION
In most of the reinforcement concrete structures, construction joint is common and even inevitable. This study deals with the effect of construction joint on corrosion of reinforcement in concrete. Based on experimental studies conducted, the following conclusions have been drawn:
1) Corrosion morphologies of four kinds of experimental steel bars in concrete were different. Except for epoxy-coated steel bars, the most severe corrosion of experimental steel bars all occurred at the joints, while the corrosion in non-joint sections was relatively uniform and less. The rust amounts of rebars at the joint sections were significantly greater than those of the non-joint sections, and the influence coefficient of construction joint on local weight loss is 1.15–3.33, with an average value of 1.76. And meanwhile, the corrosion of epoxy-coated steel bars mainly occurred at the damage locations of epoxy coating, not mainly at the joints.
2) Under the same environmental conditions and joint types, the corrosion resistance of stainless-steel bars and epoxy-coated steel bars at the joint is significantly better than that of mild steel bars. The corrosion uniformity of mild steel bars affected by joints is better, and that of stainless-steel bars is poor. Therefore, it is still necessary to pay attention to the concentrated corrosion of stainless-steel bars that may occur at joints in coastal concrete structures. The corrosion resistance of epoxy coated steel bars at the joint depended on the coating state.
3) The influence coefficients of construction joint on local weight loss in the immersion environment are significantly lower than that of the wet–dry cycle environment. This indicated that the corrosion of rebars at the joints under the wet–dry cycle environment is more severe, and it is relatively unfavorable to the durability of the joints.
4) The interfacial roughening had no significant effect on the corrosion uniformity of rebars. However, roughening caused certain defects to the concrete at the joints, which was unfavorable for the resistance of the joints to the penetration of chloride ions.
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Steel is widely used as reinforcement for brittle structural materials such as concrete structure and unreinforced masonry structure (URM). However, the job wasted in steel reinforcement installation and the following corrosion hinder the development of construction industry. The emergence of strain-hardening cement composites (SHCC) provides an opportunity for steel-free construction. This paper provides a comprehensive review of the properties of SHCC and the corresponding practical exploration without reinforcement. The authors herein begin with a discussion on the superior properties of SHCC and its structural applications on the RC structure. Following this, the application of SHCC to retrofit URM is reviewed. Finally, we presents the advances of SHCC used in 3D concrete printing (3DCP) technology, and discuss the feasibility of SHCC structures without reinforcements in the future. When these explorations are coupled with appropriate theoretical models, true values for auto-construction without steel reinforcement will emerge.
Keywords: strain-hardening cementitious composites, strengthening masonry building, 3D concrete print, without reinforcement, automatic construction
INTRODUCTION
Mechanical behavior of structures depends on the mechanical properties of structural materials. In the past, unreinforced masonry (URM) buildings were widely used around the world, while it processed poor strength and low ductility. With the emergency of steel and concrete, reinforced concrete (RC) structures became the most popular forms for civil engineering constructions. Meantime, steel reinforcements were also used in retrofitting URM. However, due to some inherent defects of concrete, such as brittleness, concrete is prone to cracking under tensile and bending loads, which may lead to serious steel corrosion in service life. Various damages in infrastructures, i.e., roads, bridges and water conservancy, are closely related to the brittleness of concrete and steel corrosion (Herrmann, 2013). Moreover, insufficient ductility of concrete is also one of the major causes to the structural damages under natural disasters. Take earthquake for example, the previous earthquake disaster statistics indicated that RC structures widely suffered concrete crushing and steel bar buckling under major earthquakes.
More importantly, due to population aging nowadays, labor shortage hinders the development of construction construction industry. The main challenges of civil engineering are the high demand for labor, the high cost of form-work, and the poor environmental sustainability. In recent years, 3D concrete printing (3DCP) technology was widely studied. However, the requirement for steel reinforcement, whose location is incompatible with the 3DCP process, is a significant obstacle to 3DCP.
A lot of work has gone into enhancing the characteristics of concrete in order to address the aforementioned issues. Numerous studies on fiber reinforced concrete (FRC) have shown that the mechanical properties of concrete are significantly enhanced by discontinuous short fibers used in cementitious matrix. In particular, strain-hardening cement composites (SHCC) process excellent tensile properties (Jun and Mechtcherine, 2010). In accordance with the principle of micro-mechanics in design, SHCC has a tensile capacity of more than 3% while maintaining a fiber volume fraction of no more than 2%. About two orders of magnitude more ductility (tensile strain capacity) exists in SHCC than in conventional cement. Multiple cracking with the widths smaller than 100 μm provide SHCC remarkably resistant to a variety of environmental exposure conditions (Li, 2012).
Considering the special features and excellent properties, it is not surprising that SHCC is gaining interest as a material for existing building retrofitting and innovative concrete manufacturing methods. This paper provides a comprehensive review of the structural application of SHCC without reinforcement, as shown in Figure 1. The authors herein begin with a discussion on the superior properties of SHCC and its structural applications on the RC structure. Particularly, a type of SHCC reinforced by polyethylene (PE) fibers is introduced, which processes similar deformability level with steel used in engineering. Following this, the application of SHCC to retrofit URM is reviewed. Finally, we presents the advances in 3DCP SHCC, and discuss the feasibility of SHCC structures without reinforcements in the future. Based on these discussions, more explorations in the SHCC materials and 3DCP technology would be identified in the future.
[image: Figure 1]FIGURE 1 | Structural application of SHCC without reinforcements.
DEVELOPMENT OF SHCC
Design theory
SHCC is developed using fracture mechanics and micro-mechanics principles. The fiber, matrix and the interface between them might be tailored to gain the desired tensile strain-hardening properties, as shown in Figure 2A. First, particular types of fiber and the matrix’s compressive strength should be optimized. Following this, fiber-pullout test is designed to measure the fiber bridging strength (σ0) and the crack opening (δ), as illustrated in Figure 2B. The maximum complementary energy of fiber bridging (Jb’) could also be determined. Strength and energy criteria should be met simultaneously to achieve excellent tensile properties (Li VC and Leung, 1992). The tensile stress at first crack (σss) must be less than σ0, according to the strength criterion (Eq. 1). This could guarantee the steady state of cracking. Additionally, the crack tip toughness (Jtip) should be less than Jb’. It is the critical condition for multi-cracking feature of SHCC. Both of the aforementioned criteria must be met by adjusting the characteristics of the fiber, cementitious matrix, and their interface.
[image: image]
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[image: Figure 2]FIGURE 2 | (A) Excellent tensile features of SHCC designed by micro-mechanics (Yu et al., 2018a). (B) Fiber bridging stress (σ) and the crack opening (δ) curve obtained from fiber-pullout test (Ding et al., 2022).
Mechanical property
Due to the high modulus and ease of diffusion, PVA fiber has been the most often utilized material in the production of conventional SHCC. The chemical link between the fiber and the cementitious matrix is very powerful as a result of the hydrophilic quality of PVA fiber, which is not desirable and causes premature fiber rupture (Figure 3) before maximizing the fiber reinforcement capability (Yu et al., 2018b). And thus lowers the possibility for pseudo-strain-hardening behavior. As a result, various common treatments have been applied to weaken the strength of fiber/matrix interface and raise the tensile strain capacity of PVA-SHCC, including oil coating for PVA fiber and the supplement of an air-entraining agent. However, the normal-strength matrix can handle the PVA fiber’s comparatively modest tensile strength (i.e., 1,600 MPa). As a result, the compressive strength of PVA-SHCC is typically lower than 60 MPa. Additionally, the lower elastic modulus of PVA-SHCC is lower elastic modulus compared to regular concrete would result in greater deformation, particularly under compression stresses (Ding et al., 2020a).
[image: Figure 3]FIGURE 3 | Pullout lengths of PVA fibers (A,B) and typical shape of fibre fracture (C) (Mechtcherine et al., 2011).
Additionally, PE fibers with a higher molecular weight are employed to create SHCC. Due to its hydrophobic nature, PE fiber has lower chemical bonding strength but better tensile strength and elastic modulus as compared to the PVA fiber. PE fibers typically pull out rather than burst during the onset and spread of cracks (Figure 4) (Wang et al., 2020a). Based on these features of PE fiber, ultra-high ductile cementitious composites (UHDCC) was developed, which showed mean tensile strains of over 8%, with certain mixtures even exceeding 12% (Yu et al., 2017). It is demonstrated that the ultra-high fracture bridging capability is the reason for high ductility of PE-SHCC (Zhang et al., 2020; Zhang et al., 2021). As a result, PE-SHCC could exhibit excellent tensile behavior with the high fracture toughness matrix (Yu et al., 2018c). Other mechanical properties of PE-SHCC were also investigated, ranging from normal strength to high strength (Ding et al., 2018a; Wang et al., 2019).
[image: Figure 4]FIGURE 4 | PE fiber pulled out from high strength matrix in (A) quasi-static and (B) dynamic regimes (Curosu et al., 2016).
In order to increase the practical application of SHCC, a comprehensive examination of the tensile qualities of all-grade strength SHCC was carried out (Yu et al., 2021a). Through experimental research, the size effect (Yu et al., 2020a) and the rate-dependent tensile properties (Yu et al., 2018d) of SHCC were explored. Furthermore, a performance-based design concept for SHCC was given out based on the necessary mechanical and crack pattern qualities (Li et al., 2019).
Structural application on RC structures
Due to the exceptional mechanical properties of SHCC, it has already been applied into major places, including beam-column connection (Figure 5) and infill masonry in RC structures (Qudah and Maalej, 2014; Liao et al., 2022a). Test results have proven that SHCC can reduce the use of reinforcement and even eliminate it under certain conditions (Liao et al., 2022b). As a result, fewer steel reinforcements are needed for reinforced SHCC beams, which provides practical value in civil engineering (Ding et al., 2018b).
[image: Figure 5]FIGURE 5 | (A) Crushing of concrete in RC specimen (B) Crack patterns in SHCC enhanced specimen.
As illustrated in Figure 6, the mechanical properties of PE-SHCC were experimentally investigated at the various levels to confirm the viability of PE-SHCC structures without steel reinforcement (Yu et al., 2018e). The plain PE-SHCC beams exhibited mechanical properties that are comparable to those of RC beams with a steel reinforcement ratio of 0.5%–1.5%. The loading capacity of the plain PE-SHCC column was comparable to that of an RC column with a 0.8% steel ratio. Comparison between RC frame and PE-SHCC frame was conducted through shaking table tests (Yu et al., 2019). Under seismic action, PE-SHCC frame exhibited remarkable cracking control and complied with several seismic codes.
[image: Figure 6]FIGURE 6 | Muti-scale tests on the feasibility of PE-SHCC for construction without steel reinforcement.
APPLICATION OF SHCC TO RETROFIT URM
Failure modes of URM buildings under seismic action
URM structures have limited shear strength and ductility resulting in sudden calamitous failures in the process of earthquake. The failure modes of masonry wall mainly include two categories: in-plane cracking failure of walls and out-of-plane collapse of walls and roofing Figure 7. Depicts typical failure modes of URM structures.
[image: Figure 7]FIGURE 7 | Common failure modes of URM structures, extracted from CENAPRED.
Above all, the out-of-plane collapse of walls caused by junction failure is the prime way of failure as shown in Figure 8 (Papanicolaou et al., 2007). Well constructed connection between walls can effectively avoid this type of failure. However, the falling of floor slab caused by collapse of walls is a severe failure mechanism resulting in a high mount of the fatalities. It is therefore vitally important to improve connection between walls and floor slab. This can save hundreds of thousands of buildings and lives.
[image: Figure 8]FIGURE 8 | Out-of-plane collapse of walls caused by junction failure.
Only when the walls and floor slab are well connected, the shear capacity of the walls can be mobilized through the development of shear cracks. Figure 9 shows four typical in-plane failure modes of masonry walls in plane, mainly including shear failure, sliding failure, overturning failure and corner crushing (Macabuag et al., 2012). The shear-compression ratio and the connection between mortar and bricks are the vital factors to determine the in-plane failure mode of masonry walls. Therefore, high shear strength and better interconnects between masonry walls are remarkably significant for masonry buildings to resist seismic load and other serious secondary disasters.
[image: Figure 9]FIGURE 9 | The various in-plane failure modes of masonry walls: (A) shear failure (B) sliding failure (C) overturning failure (D) corner crushing.
Conventional strengthening and SHCC strengthening
Engineers keep learning a lesson from the tragic disasters happened on URM buildings. After the Tangshan earthquake happened in 1976, a great mount of researches were carried out on retrofitting URM with reinforced mortar layer. Through a great quantity experimental study, the anti-seismic reinforcement of masonry with reinforced mortar layer has been adopted in JGJ 116-98, which is the industry standard technical code for seismic reinforcement of buildings in China. Figure 10 shows the practice of strengthening brick wall with double-sided steel reinforced mortar layer in practice.
[image: Figure 10]FIGURE 10 | Strengthening brick wall with double-sided reinforced mortar layer: (A) installing steel mesh and (B) mortar spraying.
However, this traditional strengthening method has many shortcomings. For example, the reinforced layer is made of steel reinforcement and mortar, which is much stiffer than the original masonry wall. Under extremely seismic impact, the composites system is incompatibility with the masonry substrate, and the material utilization rate of reinforcement is low. The reinforced mortar layer is generally in the range of 30–50 mm, too thick as used for indoor strengthening. Therefore, an increasing number of explorations were conducted on how to apply high-performance material to strengthening URM structures with higher efficiency, lower cost and better seismic enhancement.
As early as 1994, Victor Li found that the shear performance of SHCC is better than that of traditional concrete. Moreover, after the shear cracking, the stress of traditional concrete decrease sharply with the strain, while SHCC shows the unique characteristics of strain-hardening. It is considered that SHCC can be used in structures requiring both strength and ductility (Li, 2012). In recent years, the seismic performance of masonry structures strengthened with SHCC has been systematically studied, mainly including in-plane shear capacity, out-of-plane bending capacity, energy dissipation capacity, and structural integrity (Maalej et al., 2010; Mosallam and Banerjee, 2011).
Most studies on the in-plane shear capacity of masonry walls were carried out through diagonal compression tests (Brignola et al., 2008). It is found that the shear strength of masonry structure strengthened by SHCC was increased by 1.8–5.7 times, and its energy dissipation capacity was increased by at least 35 times (Dong et al., 2022a). The brittle failure of masonry structure can be significantly improved by multiple cracks in SHCC surface layer, as shown in Figure 11 (Dehghani et al., 2013). The strength and ductility of masonry walls were improved more significantly by double-sided strengthening than that single-sided strengthened. In addition, the masonry structure without any interface treatment does not suffer from interface stripping failure prior to structural failure. This demonstrated that SHCC and masonry can work well together, which is the key to making full use of SHCC materials. It is due to the comparatively low elastic modulus and thickness (20–30 mm) of the SHCC used in strengthening.
[image: Figure 11]FIGURE 11 | Widening of surface cracks in the SHCC layer for specimen.
It is found that SHCC can greatly improve the out-of-plane strength and ductility of masonry structure through bending test, local-loading test, uniform-loading test and low-speed impact test (Singh and Munjal, 2020). This can effectively prevent masonry structure from collapse and destruction in earthquake and other sudden disasters. Moreover, parameter analysis was carried out in combination with ABAQUS simulation. Some better reinforcement details such as width to thickness ratio of SHCC surface layer is proposed.
Compared with the diagonal compression test, the stress state of the quasi-static test is closer to the engineering. The test results show that the strength, stiffness, ductility and energy dissipation capacity of masonry structure reinforced by SHCC can be improved by 56%–111% (Deng et al., 2020). In addition, SHCC can effectively restrain the cracking of masonry and improve its brittle failure (Lin et al., 2014; Choi et al., 2016). The in-plane shear strength of the reinforced masonry structure has been improved, while the bottom of the wall has become a relatively weak part. Therefore, the structure is prone to slip failure when the height to width ratio is small. If the connection between the wall and the beam or the floor is specially strengthened, the properties of the SHCC surface layer will be more fully utilized, thus further improving the seismic performance of the overall masonry structure (Esmaeeli et al., 2013; Dehghani et al., 2015). In addition, many scholars tried to spray SHCC surface layer for masonry strengthening, which further simplified the construction process without reducing the reinforcement quality (Kyriakides and Billington, 2014; Li et al., 2018).
Experimental studies were conducted on whole masonry buildings strengthened with SHCC material. As illustrated in Figure 12, the seismic performance of the masonry building before and after retrofitting were comparably observed by shaking table test. It is found that SHCC layer can significantly improves damage pattern, deformability and overall stiffness of structure, delays the degradation of structure stiffness. Meanwhile, the masonry building strengthened by SHCC outperformed the similar one strengthened with steel-grid-reinforced mortar layer (Deng et al., 2019).
[image: Figure 12]FIGURE 12 | Shaking table test of SHCC strengthened masonry building (A–C).
As plotted in Figure 13, an earthquake damaged Chuan-dou timber-framed masonry building was retrofitted by using UHDC (Dong et al., 2022b). Shaking table tests were carried out on the original and the retrofitted masonry building. Experimental results demonstrated that the seismic behavior and ductility of Chuan-dou timber-framed masonry building were improved obviously. The structural integrity of the strengthened building for earthquake resistance was also much better than that of the unreinforced building. The features of SHCC, such as high ductility, high toughness and ease of constructions, promote wide use in structural retrofitting (Zhu et al., 2021).
[image: Figure 13]FIGURE 13 | Chuan-dou timber-framed masonry building: (A) Earthquake damaged building, (B) Process of spraying UHDC layer and (C) Shaking table test of the strengthened masonry building.
Comparison between SHCC and reinforced mortar
Compared with the reinforced mortar, SHCC with the characteristics of multi-cracking and strain-hardening has its special advantage in strengthening masonry building. Meanwhile, the proper stiffness and good bond with the block make it work well with the original structure. Moreover, the SHCC material is easy to construction by either spraying or artificial plastering. Furthermore, by increasing the connection between walls and floors/roofing, SHCC layer can improve the integrity of masonry buildings and consequently avoid collapse of buildings under earthquake action. In addition, the original architectural features of ancient buildings can be preserved by single-sided strengthening. Table 1 compares the characteristics of several different reinforcement materials.
TABLE 1 | Comparison of different reinforcement materials.
[image: Table 1]3D CONCRETE PRINT OF SHCC
Extrusion-based 3DCP
Powder-based 3D printing technique (Yu et al., 2020b) and extrusion-based nozzle-printing technique (Buswell et al., 2018) are the two primary varieties of 3DCP. Extrusion-based concrete printing is currently the most widely utilized technique owing to its simplicity of use, speed of construction, and suitability with the creation of light weight structures (Wang et al., 2020b). As shown in Figure 14, the extrusion-based 3DCP process is popular and has a multi—stage process (Yu et al., 2021b). This method doesn’t need a framework or particles and might be utilized for printing with the proper cementitious material. For continuous construction, the fresh combinations must first be easily pumped from the mixer to the printing nozzle, i.e., pumpability. After that, the mixtures must have the ability to be continually extruded through the printing nozzle, i.e., extrudability. The extruded filaments must also be able to support the weight of upper layers, maintain their original shape without deforming, and firmly stack up layer after layer without showing any visible distortion, i.e., buildability (Ma et al., 2018; Panda et al., 2018).
[image: Figure 14]FIGURE 14 | Printing equipment (A) and process (B).
Fresh property of SHCC
Specific qualities of concrete materials, both in fresh and hardened state, are needed by 3DCP (Ma et al., 2018; Lu et al., 2019). Fresh property, such as pumpability, extrudability, and buildability, becomes more important (Wangler et al., 2019). Sometimes these properties are conflicting in nature, and achieving their coordination is an important challenge.
The mechanical behavior of 3DCP-SHCC as well as the fresh behavior were widely analyzed. The ideal open time range for continuous printing was established by various flowability studies, as depicted in Figure 15. Pumpability and buildability were tested using a 1.5 m high 3DP-SHCC twisted column with 150 printed layers that were each 10 mm thick (Li et al., 2020). It was discovered that fibers and nanoparticles will improve the rheological characteristics for form retention (Chu et al., 2021). The results demonstrate that SHCC exhibit respectable work-ability in 3D printing (Ye et al., 2021a).
[image: Figure 15]FIGURE 15 | Rheological properties of fresh SHCC: (A) printing process and (B, C) printed specimens.
Mechanical property of printed SHCC
The mechanical behavior of 3DCP-FRC with various types of fibers, including basalt, steel, and polypropylene, have all been studied on various scales. No strain hardening tendency has been observed, with the exception of mortars explicitly created as SHCC (Chu et al., 2021).
The in-plane properties of extruded SHCC tend to be better that of the cast SHCC, as seen in Figure 16 (Soltan and Li, 2018). The robotically printed specimens showed the typical numerous micro-cracking and strain-hardening characteristic (Ogura et al., 2018). The fiber alignment parallel to the printing direction was greatly improved by the reduced nozzle size and larger fiber volume percentage. As a result, the printed specimens surpassed the mold-cast specimens mechanically (Arunothayan et al., 2021). Due to the strong compressive and flexural strengths and deflection-hardening behavior of SHCC, it is possible to make thinner 3D-printed structures with a significant reduction in or elimination of conventional steel bars (Arunothayan et al., 2020). Additionally, the printed PE-SHCC has superior deformability and energy dissipation than mold-cast specimens in some loading directions (Ye et al., 2021b).
[image: Figure 16]FIGURE 16 | Tensile properties in the print direction are enhanced by 3DP process.
Special mechanical properties in printed SHCC
Model cast concrete is regarded as isotropic. However, the multi-layer structure might introduce anisotropy in terms of durability and strength. The issue is more complicated for SHCC. The fiber orientation in the manufactured filament itself is not random. As a result, it is reasonable to anticipate that ductility and strength will vary in different directions. Some primary explorations on 3D-SHCC anisotropy have been carried out. Differences in the mechanical properties of interlayer separation and compression have been identified (Ding et al., 2020b).
Moreover, some advantages were also found in this hierarchical structures (Ye et al., 2021c). Inspired by natural nacre, a type of novel 3DCP-PE-SHCC member was developed. It exhibited better mechanical behavior than model cast members, especially in ductility and toughness as shown in Figure 17. It was demonstrated that the interface between layers could release the stress concentration and induce the crack-deflection, which is similar to nacre toughing motifs. The results further verified the significant potential of the 3DCP-SHCC structures without reinforcements.
[image: Figure 17]FIGURE 17 | Mechanical behavior of nacre-inspired 3DCP-SHCC beams: (A–F) normal design beams and (G) nacre-inspired beam.
SUMMARY AND OUTLOOK
This review paper discusses the superior properties of the SHCC and its applications in a variety of types of structures. The high ductility and toughness of SHCC make it possible to release the concrete from the steel reinforcements. As a result, a serious of structural applications of SHCC have been developed, as shown in Figure 18.
[image: Figure 18]FIGURE 18 | Structural applications of SHCC in different types of structures.
For the URM structures, brittleness and poor shear performance should be reinforced to meet current structural requirements. Compared with steel reinforced method, SHCC layer has been proved to be a better method. For the concrete structures, the feasibility of using SHCC without steel reinforcement has been verified at material, structural member and structure levels.
In the future, 3DCP would become a reasonable technology to solve the labor shortage problem of construction industry. In this context, 3DCP-SHCC structures have been widely investigated. The printed SHCC exhibits a serious of features, such as high ductility, high toughness, and anisotropic properties. Additionally, a nacre-inspired 3DCP-SHCC with enhanced mechanical properties is developed. This is further demonstrating the potential of the 3DCP-SHCC structures without reinforcements.
There remain a number of areas of needed research in 3DCP-SHCC structures without reinforcement. These include for example the interface between layers, the full-scale structural behaviors, and response to seismic action. Moreover, the workability and shrinkage of 3DCP-SHCC should be noticed in the future, which provide necessary conditions for engineering applications. When these explorations are coupled with theoretical models, true values for 3DCP-SHCC without reinforcement will emerge.
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Surface crack detection is essential for evaluating the safety and performance of civil infrastructures, and automated inspections are beneficial in providing objective results. Deep neural network-based segmentation methods have demonstrated promising potential in this purpose. However, the majority of these methods are fully supervised, requiring extensive manual labeling at pixel level, which is a vital but time-consuming and expensive task. In this paper, we propose a novel semi-supervised learning model for crack detection. The proposed model employs a modified U-Net, which has half the parameters of the original U-Net network to detect surface cracks. Comparison using 20 epochs shows that the modified U-Net network requires only 15% training time of the traditional U-net, but improves the accuracy by 20% upwards. On this basis, the proposed model (modified U-Net) is trained based on an updated strategy. At each stage, the trained model predicts and segments the unlabeled data images. The new strategy for updating the training datasets allows the model to be trained with limited labeled image data. To evaluate the performance of the proposed method, comprehensive image datasets consisting of the DeepCrack, Crack500 datasets those open to public, and an expanded dataset containing 2068 images of concrete bridge surface crack with our independent manual labels, are used to train and test the proposed method. Results show that the proposed semi-supervised learning method achieved quite approaching accuracies to the established fully supervised models using multiple accuracy indexes, however, the requirement for the labeled data reduces to 40%.
Keywords: deep learning, crack detection, semi-supervisded, image segementation, infrastructure
1 INTRODUCTION
Existence of surface cracks has a significant impact on the safety and endurance of infrastructure such as roads and bridges Biondini and Frangopol. (2016) Rafiei and Adeli (2017). Cracking is an inevitable phenomenon indicating the degradation of infrastructure performance. It is getting common when infrastructure approaches their life expectancy. With an aging population and rising labor costs, the ability to inspect the structure continuously and automatically with a reduced workforce has become a critical research path Maeda et al. (2018) and Liu et al. (2019b). Manual visual inspection is a well-known technique for inspecting and evaluating the health of the civil infrastructure. This kind of solution is low efficiency, highly reliant on experts and time-consuming Nguyen et al. (2021). The accuracy of damage diagnosis is largely dependent on the inspectors’ skill level and experience. As a result, automatic crack detection is critical for achieving the objectivity and efficiency required for damage assessment Adhikari et al. (2014).
Numerous automatic or semi-automatic systems have been proposed, using advanced sensors for assessment, such as line scanning cameras Gavilán et al. (2011), accelerometers Radopoulou and Brilakis (2017), RGB-D sensors Tsang and Lo (2006), black-box cameras Kim and Ryu (2014), and 3D laser scanners Bursanescu et al. (2001) and Zhang et al. (2018b). The equipment with these sensors, as well as the relevant systems are usually costly. For instance, between the year of 2012 and 2013, the Ohio Department of Transportation (ODOT) was offered five choices for pavement inspections at the cost of $1.12 million, including a collection system, web hosting, workstations, and training. In general, the average cost for pavement inspections and monitoring is estimated as $48.75/km in Netherlands Seraj et al. (2017). It is comparable in United Kingdom, that the average cost is reported ranging from $27.89/km to $55.77/km in the previous studies Radopoulou and Brilakis (2017), Hadjidemetriou and Christodoulou (2019). Due to the high cost of vehicles equipped with sensors for road inspections, the relevant agencies and government departments cannot afford to spend a high price to inspect the entire road as much as possible Woo and Yeo (2016).
With the advances of computing power and the advent of artificial intelligence, image processing, and computer vision-based approaches became increasingly effective at analyzing and detecting surface cracks of infrastructures Cao et al. (2020). Many automated or semiautomated computer-aided crack detection methods have been proposed, including threshold segmentation Zhu et al. (2007) and Li et al. (2022), histogram transforms Patricio et al. (2005), region growing Zhou et al. (2016) and Li et al. (2011), edge detection Ayenu-Prah and Attoh-Okine (2008). Although these algorithms laid a solid foundation and inspired the automated crack detection, they require extensive manual feature engineering, while the detection results are likely to influenced by noise because of the crack images complexity. These limitations are debated up to date.
Recently, deep learning (DL)-based computer vision methods have achieved state-of-the-art performance in various computer vision-based tasks Krizhevsky et al. (2012), Ren et al. (2015), Long et al. (2015), Peng et al. (2020), and Han et al. (2021b). Various methods those based on convolutional neural network (CNN) have been applied to identify the crack detection of structures, including image classification Gopalakrishnan et al. (2017) and Mohammed et al. (2021), object detection Cheng and Wang (2018) and Xu et al. (2019), and semantic segmentation Tong et al. (2019), Zhou et al. (2019), and Al-Huda et al. (2021). Generally, these previous DL-based methods can be categorized into three major kinds, i.e., the binary classifier that distinguishes between crack and non-crack images for the input images Nhat-Duc et al. (2018), anchor boxes used to highlight cracks in images by the object detector Huyan et al. (2019), and pixel-level semantic segmentation that able to specific segment pixels of the crack from background pixels in images Huyan et al. (2020). Among these methods, pixel-level crack segmentation delineates the geometric features of the cracks, therefore, should be considered as a more effective solution in engineering practice, where the geometric features of the cracks are required to determine the type, length, width, and severity of the crack Dong et al. (2020).
However, comparing to the binary classifier and anchor boxes methods, the pixel-level semantic segmentation of CNNs often suffers from loss of information and an imbalance in the quantity of cracked and non-cracked pixels in their early versions. Downsampling methods (e.g., max-pooling) lose information from the feature map and obstruct the pursuit of pixel-perfect accuracy. Zhang et al. (2017) developed a method for segmenting cracks at the pixel level based on CNN called CrackNet. CrackNet does not contain pooling layers, and the feature map size is constant in all layers to prevent information loss. They also made progressive strengthening that the improved versions of CrackNet II and CrackNet V Zhang et al. (2018a) and Fei et al. (2018) were released, which are more accurate and faster. Cheng et al. (2018) and Jenkins et al. (2018) demonstrated high-precision segmentation of cracks at the pixel level using U-Net. A skip connection between the encoder and decoder can recover the information loss in the U-Net upsampling method for pixel-level image segmentation Ronneberger et al. (2015), Tang et al. (2021), and Karimpouli and Kadyrov (2022) proposed a Double-Unet to overcome inability to reconstruct HR features in the decoder part of the U-net. Results show that SRDUN performs more realistic than conventional networks. Liu et al. (2020) proposed a detection and segmentation method for road cracks, and the YOLOv3 model was used to determine the kind and crack position of the input image, which was then used as an input to the U-Net segmentation. Zhu et al. (2022) used an unmanned aerial vehicle (UAV) to collect pavement images and then used deep learning to detect six types of distress, including four crack types (e.g., fatigue crack). Han et al. (2021a) proposed a sampling block with a convolutional neural network implementation called CrackW-Net, thereby developing a novel pixel-level semantic segmentation network for pavement crack segmentation.
As can be seen from the abovementioned studies, the semantic segmentation methods have been extensively used in crack detection and can be used as the basis for crack morphological feature measurement. However, the majority of the current crack detection semantic segmentation methods are fully supervised learning-based Liu et al. (2019b) and Xu et al. (2019), which require supervising the model’s training process using amount of the labeled image data. In these labeled image data, the cracks of the infrastructure surface are commonly manual delineated and separated from the non-crack area. The quality of these manual labeled image data significantly influences the detection accuracy of the model. In this sense, the application of DL-based semantic segmentation methods to crack detection is limited owing to that the labeling work is time-consuming. For instance, pixel-wise labeling spends about 15 times longer to complete than bounding anchor box labeling, and even 60 times longer than image-level classification Dong et al. (2020). To this end, different kinds of weak annotations were used in many methods, such as bounding box Dai et al. (2015), and scribble Lin et al. (2016) to annotation at pixel-wise. Despite the fact that there is no difficulty because a massive dataset is not required, but the cracks can have complex topological structures and can span the entire image. As a result, scribble or bounding box annotation is an ineffective technique for crack detection Al-Huda and Li (2022). With image-wise label, annotation time and workload can be significantly reduced, allowing this task to be applied more effectively to pavement crack segmentation task.
To overcome the issue of insufficient data, the semi-supervised learning method is an alternative solution, which fully utilize unlabeled data, reducing labeling workload while maintaining accuracy. Some current studies, Li et al. (2020) and Shim et al. (2020) have begun to use this kind of method, and proposed an adversarial learning-based semi-supervised crack segmentation method. The model consists of a segmentation network and a discrimination network. Given an input crack image, the segmentation network generates a prediction map, and the discriminator network separates the prediction map from the ground truth label map. Wang and Su (2021) proposed a semi-supervised semantic segmentation network for crack detection. The proposed method consists of a student model and a teacher model. The two models use the EfficientUNet to extract multi-scale crack feature information, which reduces image information loss. However, most of the previous semi-supervised learning-based studies for crack segmentation majorly use adversarial learning or similar networks, therefore, it is difficult to achieve good training results unless the training process ensures synchronization and balance between the two adversarial networks Wang et al. (2017) and Goodfellow et al.(2016).
In order to address these issues, in this paper we propose a novel semi-supervised method for crack image segmentation. The modified U-Net is applied in the proposed method. Then, to minimize the requirement for the labeled image data, a novel dataset update strategy that updates the given training dataset are proposed. The modified U-Net-based convolutional neural network was used to avoid the difficulties associated with manually extracting features. A open-source, however, unlabeled GitHub dataset for bridge crack images Li et al. (2019) is used. The images in this dataset are independently labeled. To evaluate the performance of the proposed method, the labeled bridge crack dataset, and two other open-source dataset, i.e., DeepCrack and Crack500, are used to train and test the proposed method. The proposed method was compared to the fully supervised methods by conducting experiments on two public datasets. The following are main contributions:
• A novel semi-supervised learning-based semantic segmentation framework for crack images, which significantly reduces the workload associated with data annotation, is proposed.
• The improved U-Net-based convolutional neural network was used to avoid the difficulties associated with manually extracting features.
• The new bridge crack image dataset was carefully labeled and used to train and test the model based on unlabeled GitHub bridge crack open-source dataset Li et al. (2019). This manual labeled dataset will be available and released to public along with this paper.
• The proposed method was compared to the fully supervised methods by conducting experiments on two public datasets. The results demonstrate that the proposed method achieves comparable results to fully supervised methods while reducing human labeling efforts.
The remaining of this paper is organized as follows. Section 2 presents the research methodology; Section 3 presents the datasets and evaluation metrics; Section 4 presents the experimental results; Section 5 presents discussions and comparative study to verify the segmentation performance; finally, the study’s conclusions are presented in Section 6.
2 METHODOLOGIES
2.1 Overview of the proposed method
The fully supervised deep learning methods depends on the quality and amount of the labeled crack images dataset, which is commonly manual labeled, time-consuming, and costly. The main goal of this method is to use a limited number of labeled crack images to achieve satisfactory results. For this purpose, a new method for crack image segmentation based on semi-supervised learning is proposed to address this issue.
This section details our semi-supervised framework for crack segmentation using image-level labels as semi supervision annotations. It aims to bridge the gap between the fully and the weakly supervised semantic segmentation methods for pavement crack segmentation, while reducing human labeling efforts. The proposed framework has four main steps: 1) Contrast Limited Adaptive Histogram Equalization (CLAHE) Reza (2004) is adapted to mitigate the detrimental effects of uneven illumination on input images via contrast limited adaptation; 2) the Supervised model is trained on labeled data images; 3) an initial pixel-level annotation is obtained by using the trained model (supervised) to predict and segment unlabeled data images; 3) the semi-supervised model is trained on labeled data and high-confidence predictions; 4) update the training dataset by combining labeled data and high confident predictions to train the semi-supervised model. 5) steps 3,4 are repeated until all images in the data set required to train the model are used, and 6) use the final model to predict the label of the test set and evaluate.
As shown in Figure 1, the input image is enhanced by CLAHE, as a preprocessing step. Then, trained the modified U-Net deep neural network on a small amount of labeled crack data and then predict and segment the unlabeled data image. Next, the previously used dataset is updated and combined with the highly confident predictions to train the semi-supervised model. The specifics of the proposed methodology are discussed in more detail in the following Section 2.3.
[image: Figure 1]FIGURE 1 | The schematic representation of the proposed semi-supervised method. 1) The Supervised model is trained on labeled data images, then 2) uses the trained model (supervised) to predict and segment unlabeled data images. Then 3) the semi-supervised model is trained on labeled data and high-confidence predictions. 4) This semi-supervised trained model re-labeling unlabeled images. The above steps (3, 4) are repeated until all images in the data set required to train the model are used.
2.2 The modified U-Net model
In order to implement an automated crack image analysis system, it is necessary first to segment the cracks. Complex feature engineering and selecting the most suitable classifier are essential to achieve satisfactory segmentation results, and this task is time-consuming and labor-intensive. A modified U-Net-based Convolutional Neural Network is used to avoid difficulties with manually extracting features.
U-Net Ronneberger et al. (2015) is a fully convolutional neural network-based model for solving the issue of biomedical image semantic segmentation. The model consists of a contraction path and an expansion path, and the input image is compressed into a multichannel feature map passing through the feature extraction path. The encoder uses max-pooling (strides = 2) and convolutional layers with an increasing number of filters to continuously reduce image size, followed by activation (ReLU). The number of filters in the convolutional layers decreases during decoding, followed by gradual upsampling in the subsequent layers to the top. The contracting and expansive paths in a traditional UNet network are nearly symmetrical. However, due to downsampling methods (e.g., maximum pooling), information from the feature map is lost, and the pursuit of pixel-perfect accuracy is hampered. In addition, traditional UNet networks contain many parameters that hinder network speed.
In this paper, in order to address the above issues, a modified U-Net-based crack segmentation method is proposed in this study. Figure 2 shows the modified UNet network. The basic of the U-Net method has been illustrated in detail in previous studies Ronneberger et al. (2015) and Tang et al. (2021). The modified U-Net focuses on the following aspects.
To reduce the number of network parameters and increase the speed of network training, the modified U-Net network has half the parameters of the original UNet network, which is capable of accurately and automatically detecting cracks with a high level of spatial precision. Additionally, Same padding was added in the modified UNet network to achieve the size of the output feature map is similar to the input feature map size. Table 1 shows the comparison of network architecture performance results, the DeepCrack dataset was used for the experiment, and it seems clear that Modified U-Net has the best performance across all metrics and requires the least amount of training time.
The ith input crack image is represented by x (i). The standard binary cross-entropy loss is the loss function used to train the U-Net. The formula is as in Eq. 1.
[image: image]
[image: Figure 2]FIGURE 2 | The architecture of the modified U-Net model.
TABLE 1 | Comparison of network architecture performance results on DeepCrack dataset for 20 epochs.
[image: Table 1]where yi represents the ground-truth and [image: image] represents the predicted label for the ith input image. The parameters θ of the U-Net model optimization issue can be estimated as shown in Eq. 2.
[image: image]
This optimization problem was solved using the Adaptive Moment Estimation (Adam) algorithm Kingma and Ba (2014).
2.3 Dataset updating method
The proposed semi-supervised method aims to obtain satisfactory crack segmentation with a limited amount of labeled data. In practice, obtaining a large number of unlabeled crack images is relatively easy. The dataset updating strategy used to utilize these images, as shown in Figure 3. The goal of the dataset update strategy is to label unlabeled images automatically, therefore, increasing the total amount of the labeled images data, which helps to estimate the network parameters. The following is a detailed description of the implementation procedure.
[image: Figure 3]FIGURE 3 | The main framework of the proposed dataset updating strategy.
Assume that the training dataset is [image: image], where n = ni: N, 1: M and S1 ∪ S2. The subset S1 = xn, yn; n = ni: N represents the labeled dataset, while the subset [image: image] represents the unlabeled dataset. The xn denotes the n−th crack image and the yn represents the n−th ground-truth label. The [image: image] represents the m−th crack image without ground truth. The output of the U-Net model is denoted by the symbol [image: image] and Eq. 2 is used to estimate the parameter θ. Let [image: image] denote the predicted label of [image: image]. After that, we can get [image: image] by Eq. 3.
[image: image]
The training dataset Sn can then be updated as follows:
[image: image]
The parameters θ of the U-Net model will be recalculated with the updated dataset S* as input, during training and validation of the semi-supervised model, the loss is primarily used to assess the discrepancy between the predicted and actual values, the dice coefficient is selected as monitoring criteria to guide hyper-parameter learning. The whole process of the proposed semi-supervised learning method for the crack image segmentation is shown in Algorithm 1.
Algorithm 1. Semi-supervised learning method for the crack images segmentation.
Input: Training dataset [image: image]
Output: Label predicted [image: image] for unlabeled data [image: image]
STEP 1: Initialization
• Learning method: learning rate, batch size, epoch
• Choose labeled data S for training the modified U-Net model
STEP 2:
• Update the modified U-Net model parameters θ by solving Eq. 2
• Calculate Binary cross-entropy loss for the labeled data S
• Calculate Dice coefficient loss for the labeled data S
STEP 3:
• Predict the pseudo-label [image: image] using Eq. 3
STEP 4:
• Using pseudo-label probability that have greater than a threshold value
- Update the training dataset S* by combining labeled data and pseudo-labels using Eq. 4
• Training the modified U-Net model on the updated training dataset S*
• Calculate Binary cross-entropy loss for the labeled data S*
• Calculate Dice coefficient loss for the labeled data S*
STEP 5:
• while the stop criteria are not met, do
- Return to STEP 3
• end while
STEP 6: Use the final model to predict the label of the test set and evaluate
3 EVALUATION
3.1 Datasets
The performance evaluation was done by performing experiments using two publicly available crack datasets, i.e., DeepCrack and Crack500 dataset, with the embedded ground truth labels.
1) DeepCrack dataset Liu et al. (2019a). There are 537 images with a resolution of 544 × 384 pixels. Ground truth images at the pixel level are available. This dataset was used to evaluate the proposed method. Figure 4 shows some images of the DeepCrack dataset.
[image: Figure 4]FIGURE 4 | Samples of source images and crack labels in DeepCrack dataset Liu et al. (2019a).
2) Crack500 dataset Yang et al. (2019). There are 3,792 training images, 696 validation images, and 2,246 test images, all with a fixed size of 640 × 360 pixels and a variety of crack types. This dataset presents a challenge due to the complex inference factors such as uneven lighting conditions and shadows. Some samples are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Samples of source images and crack labels in Crack500 dataset Yang et al. (2019).
To guarantee the robustness of the proposed method, we also expand the dataset upon on DeepCrack and Crack500 dataset. Li et al. (2019) released a bridge crack image data in 2019. However, this dataset does not contain ground truth labels, therefore, cannot be directly used for training. We independently made manual pixel-level labels for the contained bridge crack images, generating a new expanded dataset for crack semantic segmentation.
3) Bridge cracks dataset with independent manual labels. The images are from a realistic crack dataset available to the public. This dataset includes 2068 crack images with a resolution of 1,024 × 1,042. These images were taken on a real bridge using the CMOS camera built into the DJI Phantom4 Pro drone. Pixel-level ground truth for this dataset was carefully manually created using the Labelme tool to train and test the proposed model. Some samples are shown in Figure 6. This manual labeled dataset will be available and released to public along with this paper.
[image: Figure 6]FIGURE 6 | Samples of source images in Li et al. (2019), and our manual crack labels in Bridge cracks dataset.
3.2 Evaluation metrics
This study used six metrics to evaluate fully supervised and semi-supervised models. The relationship between the ground truth and the predicted result for each pixel can be divided into True Positive (TP), False Positive (FP), False Negative (FN), and True Negative (TN) for the binary pixel-level classification task. For crack detection, TP denotes the number of pixels correctly predicted as cracks which the ground truth is also a crack; FP denotes the number of pixels illogically predicted as cracks but are non-cracks in the ground truth; FN denotes the number of pixels predicted as non-cracks, but are the ground truth is a crack, and TN denotes the number of pixels predicted as non-cracks for which the ground truth is also a non-crack. To evaluate the performance of a model, many indexes describing the result accuracy have been proposed, including precision, recall, F1-score, and IoU. Precision represents the fraction of relevant instances among the retrieved ones. Recall is the fraction of all relevant instances that are actually retrieved, the F-score, which can balance precision and recall effects and provide a more comprehensive assessment of the performance of a classifier and Intersection of union (IoU) is the overlap area of the predicted segmentation and the ground truth divided by the union area of the predicted segmentation and the ground truth. Equations 5–8 presents precision, recall, F1-score, and Intersection of union (IoU). The precision, recall, and F-score metrics did not consider TN. In contrast, the area under the ROC curve (AUC) metric considers the TN and provides a more comprehensive evaluation of the method performance. In addition, the ROC curves can be plotted by thresholding the anomaly scores, and the Area Under the ROC Curve (AUC) can be calculated to quantify anomaly detection performance. AUC is also used to evaluate performance compared to unsupervised anomaly detection methods. Furthermore, pixel accuracy is the most basic metric for indicating the proportion of correctly predicted pixels.
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4 RESULTS
4.1 Training implementation
The models were trained with a fixed learning rate of 0.001 for 100 epochs. The loss and optimization functions were binary cross-entropy and Adam, respectively. Batch sizes of 24 were used to train the models. When the validation loss function is reduced, the models’ weights are preserved to reduce overfitting. The models were trained using the Keras, Tensorflow and Python libraries on the Google Colaboratory virtual environment. During training and validation, the loss is primarily used to assess the discrepancy between the predicted and actual values, the dice coefficient is selected as monitoring criteria to guide hyper-parameter learning. Figure 7 shows the loss curve and the dice curve during validation. It observes that network performance differs across datasets, which is not surprising given the fact that different datasets have cracks of varying shapes and sizes, complex backgrounds, and varied surface conditions. In DeepCrack images, background intensity and crack intensity are with high contrast. Therefore, most cracks can be accurately extracted from pavement images. While Crack500 makes crack segmentation challenging due to its diverse widths and shapes. The background textures of most crack images are complex. The same problem exists in the Bridge cracks dataset. It also observes that the loss value of the 80% Crack500 dataset is higher than that of the other dataset because the proposed method added pseudo labels to the previous dataset to update it and train the proposed model (80% pseudo labels added to 80% labeled data). The more pseudo labels there are, the greater the loss because the accuracy of those labels is insufficient due to the variety of widths and shapes and the fact that the background textures of most crack images in the Ckack500 dataset are complex.
[image: Figure 7]FIGURE 7 | The loss curve and the dice curve during validation. (A) DeepCrack dataset; (B) Crack500 dataset; (C) The bridge crack dataset.
4.2 Experiment configuration
The proposed semi-supervised method was trained on the bridge crack dataset (Our labeled dataset). 20%, 40%, 60%, and 80% of the labeled data were used to train and test the semi-supervised crack segmentation method. When trained with 20% of the labeled data, the semi-supervised model automatically generates labels for 80% of unlabeled data by dataset updating strategy. When trained with 40%, 60%, and 80% of the labeled data, the semi-supervised model automatically generates labels twice or three times as much as the number of the training labeled data. Data augmentation was used to generate sufficient training data to ensure the generalization ability of the semi-supervised model. The quantitative results of the semi-supervised method on the bridge crack dataset are shown in Table 2. The results of the semi-supervised method were better in terms of recall, F1-Score, AUC, and IOU when only 60% of the labeled data was used. In addition, the model automatically generated labels for the unlabeled data that were twice as large as the labeled quantity. It is demonstrated that the semi-supervised method achieved good crack segmentation results. The results of the semi-supervised method on the test sets for bridge crack segmentation are shown in Figure 8. Dashed red dashed rectangle denote FP error. The DeepCrack and Crack500 datasets were used to train and test the proposed model in order to comprehensively evaluate its performance. As in previous experiments, the training was performed on 20%, 40%, 60%, and 80% of the labeled data, respectively. The experimental results of the two datasets show that semi-supervised learning-based crack segmentation is effective. The quantitative results of the semi-supervised method are shown in Tables 3, 4. When only 60% of DeepCrack’s labeled data is used, the semi-supervised model outperforms the others in terms of F1-Score, AUC, and IOU. Additionally, the model automatically generated labels twice as large as the labeled quantity for the unlabeled data. While outperformed the others in terms of recall, AUC, and IOU when trained on the Crack500 dataset with 80% labeled data. The semi-supervised learning strategy employs both unlabeled and labeled data to obtain rich data and optimize the segmentation model’s performance. Figures 9, 10 show samples of segmentation results of the semi-supervised model on the test set of the DeepCrack and Crack500 datasets, respectively. Although the semi-supervised method achieves good crack segmentation results, some FN and FP errors cannot be completely avoided. Dashed red rectangles indicate FP errors. The experimental results of the two datasets show that semi-supervised learning-based crack segmentation is effective.
TABLE 2 | The bridge crack dataset: Comparison of crack segmentation performance between fully supervised learning (FSL) and semi-supervised learning (SSL).
[image: Table 2][image: Figure 8]FIGURE 8 | The bridge crack: Semi-supervised pixel-level segmentation results on the test set. Areas denoted by dashed red rectangles indicate FP errors.
[image: Figure 9]FIGURE 9 | The DeepCrack: Semi-supervised pixel-level segmentation results on the test set. Areas denoted by dashed red rectangles indicate FP errors.
[image: Figure 10]FIGURE 10 | The Crack500: Semi-supervised pixel-level segmentation results on the test set. Areas denoted by dashed red rectangles indicate FP errors.
5 DISCUSSION
5.1 Comparison with fully supervised learning
The proposed semi-supervised segmentation method and the fully supervised segmentation method are trained with the same training parameters to achieve convergence.
First, the performance of the fully supervised method and semi-supervised method were compared on the bridge crack dataset (Our labeled dataset). 20%, 40%, 60%, and 80% of the labeled data were used to train and test the semi-supervised crack segmentation method. The quantitative comparison results between the fully supervised and semi-supervised methods are shown in Table 2. Comparing the semi and fully supervised methods and training on a bridge crack dataset with 20% labeled data, the proposed semi-supervised produced the same or improved performance metrics of accuracy, recall, F1 score, AUC, and IOU results. A similar trend of improvement of accuracy, precision, recall, F1-score, AUC, and IOU was observed when training on bridge crack dataset with 40%, 60%, and 80% labeled data. When 20% and 80% of the labeled data were used for training, the results were still acceptable compared to the fully supervised approach. Although there was a 0.08% difference in precision and a 0.79% difference in AUC, it significantly reduced the workload of data labeling.
Furthermore, the semi-supervised segmentation approach produces better results than the fully supervised approach in most metrics, proving the proposed model’s efficacy.
Secondly, compared the performance of the fully supervised method and semi-supervised method was on the DeepCrack and Crack500 datasets in order to comprehensively evaluate its performance. As in previous experiments, the training was performed on 20%, 40%, 60%, and 80% of the labeled data, respectively. From the results shown in Tables 3, 4. It is obvious that the proposed model has clear advantages. The semi-supervised approach provided better results than the fully supervised approach in most metrics. As shown in the tables, the segmentation results of the fully supervised and semi-supervised methods also improve as the number of labeled data increases; this is in line with the fact that increasing the number of labeled images in a deep neural network model improves parameter estimation accuracy.
TABLE 3 | The DeepCrack dataset: Comparison of crack segmentation performance between supervised learning (FSL) and semi-supervised learning (SSL).
[image: Table 3]TABLE 4 | The Crack500 dataset: Comparison of crack segmentation performance between fully supervised learning (FSL) and semi-supervised learning (SSL).
[image: Table 4]The semi-supervised method is superior to the fully supervised method for crack segmentation because the workload associated with labeled data is significantly reduced while ensuring accuracy. The experimental results of the two datasets show that semi-supervised learning-based crack segmentation is effective.
5.2 Comparison with Pix2Pix cGAN method
The Pix2Pix method Isola et al. (2017) and Kyslytsyna et al. (2021) is a well-known strategy for image-to-image translation. It is based on a conditional generative adversarial network, in which a target image is generated and conditioned on an input image. The generator of the Pix2Pix model uses a U-Net based architecture Ronneberger et al. (2015) and the discriminator of the model uses a convolutional “PatchGAN” classifier that only penalizes the structure at the scale of image patches. In order to verify the effectiveness of the proposed method, the results were compared with Pix2Pix method on the bridge crack, DeepCrack and Crack500 datasets. Three metrics were considered for performance comparison which include precision, recall, and F1-Score. The quantitative comparison results between Pix2Pix cGAN and semi-supervised methods are shown in Tables 5–Tables 7. The proposed method outperforms Pix2Pix cGAN in all metrics when 40% of the labeled data is used on a bridge crack dataset, but for Pix2Pix cGAN using 20%, 40%, and 60% of the labeled data. The proposed method outperforms Pix2Pix cGAN in all metrics when 20% of the labeled data is used on a DeepCrack dataset, but for Pix2Pix cGAN using 20%, 40%, and 60% of the labeled data. The proposed method outperforms Pix2Pix cGAN in terms of recall and F1-Score when 40% of labeled data is used on the Crack500 dataset, but for the Pix2Pix cGAN method 20%, 40% and 60% of labeled data are used.
TABLE 5 | The bridge crack dataset: Comparison of crack segmentation performance between Pix2Pix cGAN method and ours method.
[image: Table 5]TABLE 6 | The DeepCrack dataset: Comparison of crack segmentation performance between Pix2Pix cGAN method and ours method.
[image: Table 6]TABLE 7 | The Crack500 dataset: Comparison of crack segmentation performance between Pix2Pix cGAN method and ours method.
[image: Table 7]5.3 Comparison with the existing fully supervised methods
In order to verify the effectiveness of the proposed method, the results were compared with current state-of-the-art methods on DeepCrack and Crack500 datasets. Four metrics were considered for performance comparison which include accuracy, precision, recall, and F1-Score.
5.3.1 Comparison on DeepCrack dataset
Table 8 shows the comparison of crack segmentation performance results on DeepCrack dataset. The deeply supervised network outperforms the others in terms of accuracy, recall, and F1-Score. When the semi-supervised method was compared to the deeply supervised network, the proposed method results were still acceptable despite 0.2%, 0.4%, 1.7%, and 1% gaps in accuracy, precision, recall, and F1-Score respectively. In addition, method significantly reduced the workload associated with data labeling. Furthermore, when 40% of the labeled data was only used, the proposed method was second best by outperforming HED, SegNet, RCE, DeepCrack Liu et al. (2019a), and Crackseg in all metrics. Figure 11A shows a comparison between precision, recall and F1-Score of all fully supervised and the proposed semi-supervised methods on DeepCrack dataset.
TABLE 8 | Comparison of crack segmentation performance results on DeepCrack.
[image: Table 8][image: Figure 11]FIGURE 11 | Comparison between precision, recall and F1-Score of all fully supervised and the proposed semi-supervised methods on DeepCrack and Crack500 datasets.
5.3.2 Comparison on Crack500 dataset
As shown in Table 9, the proposed method outperformed competitive methods in terms of precision, and the deeply supervised network outperformed the others in terms of accuracy and F1-Score. At the same time, the Crackseg outperformed the other methods in terms of recall. When 20% of the labeled data was only used, the proposed method outperformed HED, SegNet, and RCE in all metrics. Furthermore, when 80% of the labeled data was used, the proposed method outperformed HED, SegNet, RCE, DeepCrack Liu et al. (2019a), and DeepCrack in all metrics. Figure 11B shows a comparison between precision, recall and F1-Score of all fully supervised and the proposed semi-supervised methods on Crack500 dataset.
TABLE 9 | Comparison of crack segmentation performance results on DeepCrack.
[image: Table 9]The experimental results of the Deepcrack and Crack500 datasets demonstrate that the proposed method is effective. Compared to the fully supervised segmentation method, the semi-supervised method significantly reduced the workload associated with the data labeling while ensuring accuracy. In addition, recent studies have shown that the semi-supervised method for crack detection is effective Wang and Su (2021) Li et al. (2020) and Shim et al. (2020).
5.4 Limitations
Although the semi-supervised approach outperforms the fully supervised methods, and the results show that the proposed method is capable of avoiding the issue of insufficient manual labeling while ensuring accuracy, the proposed method has some limitations worth discussing. A major limitation is with the network type used. The network type is critical in achieving a satisfactory result for image segmentation. We used a modified U-Net deep learning network in this paper; we will experiment with another network using the same semi-supervised approach in the future. In addition, no research has been conducted on quantifying geometric features such as crack depth, width, and length to assess civil structures’ health.
6 CONCLUSION
This paper proposes a novel semi-supervised learning method for crack segmentation based on deep learning. The proposed approach combines deep neural networks and a semi-supervised learning strategy to address the issue of labeling cracked images, which is expensive in terms of both finance and human resources. The semi-supervised learning approach combines labeled and unlabeled data to obtain and optimize the performance of the segmentation model. The experimental results of the DeepCrack and Crack500 datasets demonstrate that the proposed method is effective. Compared to the fully supervised segmentation method, the semi-supervised method significantly reduced the workload associated with the data labeling while ensuring accuracy. Moreover, results show that the proposed semi-supervised learning method achieved quite approaching accuracies to the established fully supervised models using multiple accuracy indexes, however, the requirement for the labeled data reduces to 40%.In future research, the results of crack image segmentation will be used to calculate the quantification of geometric features such as crack depth, width, and length to assess civil structures’ health. Crack segmentation research will also be applied in engineering.
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In view of the limitations of the current code based on the equivalent beam-column method with the “rod mode” instead of the “arch mode” for the calculation of concrete-filled steel tube arch bridges, this paper takes the real bearing mechanism of the arch as the starting point and analyzes the different bearing mechanisms of the arch and eccentric pressurized column. The concrete-filled steel tube arch model test was carried out to analyze the deformation state and damage mode, and the geometric non-linear bending moment of the measured arch was compared with the bending moment value calculated by the eccentricity increase coefficient of the “rod mode.” The results showed that the transfer of internal force is from the axial force to the arch axis, causing the vertical reaction force and horizontal thrust. However, the eccentric compression column only produced the vertical force at the bottom and combines with the lateral deformation indirectly generated by the eccentric distance. In addition, the deformation stage of the arch is basically the same as that of the eccentric compression column. The final failure mode of the arch is 4-hinge damage, and the final failure mode of the eccentric compression column is single-hinge damage. The preliminary geometric non-linear bending moment value obtained by the two modes accords well. Therefore, the main factors for the difference in the bearing mechanism between the two modes are different force structures, force transmission routes, and sources of deformation. Due to the difference in the bearing mechanism, the final failure mode is different, and the deformation ability of the arch is weakened by using the “rod mode” instead of the “arch mode.” The geometric non-linear bending moment of the control section calculated by the eccentricity increase coefficient is conservative, but the influence of the geometric non-linearity of other sections is not considered enough.
Keywords: concrete-filled steel tube arch, arch mode, geometric non-linearity, coefficient of eccentricity increase, equivalent beam and column method, eccentric compression column
1 INTRODUCTION
The concrete-filled steel tube (CFST) arch bridge having good span performance, superior bearing capacity, and graceful shape has been widely used. The CFST arch is restrained by the steel tube which significantly improves the compression resistance and spanning ability of the arch ribs, and the current braceless construction method of the arch bridge has matured, so the strong spanning ability, convenient construction method, and the ultra-high requirements for the foundation make the CFST arch bridge especially suitable for mountain and river canyons with treacherous terrain. However, large-span arch bridges are often affected by geometric non-linearity, and the damage rules are similar to those of eccentrically stressed columns (beam columns) due to the presence of both bending moments and axial forces in the arch cross-section. Therefore, the current specification (Ministry of Transport of the People’s Republic of China, 2015) usually equates the arch to a straight beam and column under eccentric compression for relevant calculation and takes the second-order effect of the arch into account by introducing the coefficient of the eccentricity increase coefficient to simplify the calculation. Although the eccentric compression column can basically reflect the failure law of the arch, the transverse deformation of the eccentric straight beam and column is produced by bending moment or transverse force. In contrast, the deformation of the arch is directly produced by the vertical load on the arch. The two deformation sources are different. In addition, the arch axis will generate additional internal forces including additional bending moments after compression. Also, the real internal forces of the arch are difficult to calculate, which is also different from the eccentrically compressed straight rod beam column (Chen, 2016). Therefore, several scholars have conducted the following relevant studies for the CFST arch structure with a special combination of forces:
Liu and Sun (2021) carried out six uniform load tests on CFST arches and studied the ultimate bearing capacity and deformation and failure characteristics of CFST round arch specimens. The results showed that the circular arch yields first at the inside of the arch foot, and the curvature at different positions of the specimen is no longer consistent. The steel tube at the arch foot will uplift obviously and the hoop action of the steel pipe on the concrete will fail when the CFST arches reach the ultimate bearing capacity. Li and Lei (2022) studied the influencing factors of the bearing capacity of CFST arches by numerical simulation and found that the arch had a great limitation on displacement in the elastic stage, and the ultimate bearing capacity was relatively high. The bearing capacity decreases obviously after reaching the peak value, but it showed good elongation performance. Zhao et al. (2021) used the fiber model technology to define the element bearing ratio by homogeneous generalized yield function and proposed the elastic modulus reduction method to evaluate the stable bearing capacity of the dumbbell-type CFST arch by strategically reducing the elastic modulus of the high-stress element. The results showed that stability had a significant impact on the CFST arch. The elastic modulus adjustment method has higher accuracy and efficiency than the incremental non-linear finite element method. Zhang et al. (2022) designed some concrete-filled steel tubular CFST columns and studied the influence of constraint effect coefficient and eccentricity on their mechanical properties. The results showed that the ultimate bearing capacity increases approximately linearly, and the ultimate deflection slightly decreases with the increase in the CFRP constraint effect coefficient. The ultimate bearing capacity of the specimen with large eccentricity decreases obviously, and the deflection corresponding to the ultimate bearing capacity is lower. Huo and Han (2014) compiled a program to analyze the non-linear behavior rules of five special-shaped arch bridges with their characteristics and revealed that the beam-column effect was the most critical factor affecting the essence of the arch and beam composite butterfly arch bridge. The non-linear method was used to calculate the tensile force of the cable by considering the vertical effect of the cable. Zou et al. (2023a) and Zou et al. (2023b) investigated composite and lattice web-concrete combination structures with hollow steel pipes and UHPC combinations and carried out load bearing tests on both combinations, and the results showed good load bearing performance, which can be used in pre-buried sections of CFST arch bridges to improve the load bearing capacity. Bradford and Pi (2014) investigated the effects of geometric non-linearity on the long-term in-plane performance of crown-pin CFST arches under the sustained central concentrated loading, and the analytical solutions for their non-linear response and buckling loads were derived, and the results showed that the long-term deformation predicted by the non-linear analysis resulted in a significant reduction in the serviceability limit state reserve of crown-pin CFST arches. Guo et al. (2022) deduced the calculation formula of the eccentricity increase coefficient based on the basic principle of the variational method and the interaction characteristics of the tie arch structure after deformation. The calculation results were compared with the finite element and the standard, and the results showed that the standard calculation results were large. The finite element calculation results were small, and the method calculation results adopted were moderate. Wang (2009) used the theory of the Updated Lagrangian (U.L.) finite element formulation, and the incremental equation of the virtual work of a three-dimensional (3D) beam for a geometric non-linear analysis of the space structure is established. The eccentric bearing capacity of CFST members is studied, and the results show that the larger the eccentric distance is, the lower the ultimate bearing capacity is, but with better ductility. Liu et al. (2011) and Wang and Guo (2020) studied the load carrying capacity and stability of a CFST arch bridge with fly-bird-type, calculated linear and non-linear stability coefficients, and analyzed the damage modes and load–displacement curves, and the results showed that the linear elastic buckling method does not reflect the true damage mode of this structure, and the effects of both geometric and material non-linearity cannot be ignored. Yang et al. (2020) proposed an adaptive strategy of the elastic modulus adjustment for the ultimate bearing capacity of the CFST arch, and the effectiveness of the method was proven by a large number of tests. Ye (2013) and Wu et al. (2015) studied the effects of length-to-slenderness ratio and sagittal-to-span ratio on the bearing capacity and suggested the essential difference between the arch and column. Wei et al. (2010), Wei et al. (2009), and Chen et al. (2004) used the equivalent beam-column method to calculate the ultimate bearing capacity of the CFST parabolic arch, and the comparison results with finite elements showed that this method is more accurate. Yuan et al. (2020), Jiang et al. (2018), and Zhang and Yu (2013) studied the out-of-plane stability of CFST arches, explored the effect of non-linearity on the stability coefficients, and proposed a method for calculating the correlation coefficients for stability calculations. Bradford and Pi (2014) investigated the effects of geometric non-linearity on the long-term in-plane behavior of crown-pinned circular CFST arches under a continuous central concentrated load and showed that geometric non-linearity has a significant effect on the long-term behavior of crown-pinned CFST arches.
The research on the ultimate bearing capacity and the eccentricity increase coefficient of the CFST arch is abundant, but the research foundation is still built based on the ideas of the “rod mode.” The research on the calculation pattern of the CFST arch based on the “arch effect” is deficient. In view of this, this paper discussed the differences between the bearing mechanism of the “arch mode” and the “rod mode” and proposed a new calculation model for the real geometric non-linear internal forces of the arch after force deformation. In this paper, we carried out model tests on the single-pipe arch of steel pipe concrete; analyzed the load–displacement curves, strains, and damage modes of the whole process damage of two single-point loading conditions; and verified the difference between the “arch mode” and “rod mode” damage modes. The comparison of model test and regulation was based on the equivalent beam-column method for non-linear bending moments in arch geometry, and the analysis of the differences between the two calculation results and the advantages of the calculation mode was carried out based on the arch effect. The regulation of using the “rod mode” instead of the “arch mode” in the calculation of CFST arch bridges is discussed. Based on the differences of the two modes in the bearing mechanism, this paper proposes the real internal force calculation mode of each section after the deformation of the arch. The mode provided new ideas for the future calculation mode of the bearing capacity and stability of large-span arch bridges. Also, it can help optimize the arch axis, arch rib section form, and structure.
2 THE BEARING MECHANISM OF THE “ARCH MODE”
If the branch buckling mode of the unhinged arch is anti-symmetric, as shown in Figure 1A, the horizontal thrust will be generated at the support, and the axial pressure will be generated in the section under the vertical load of the arch. Therefore, the actual internal force of any section can be calculated as Formula 1, after the arch deformation reaches a new equilibrium state.
[image: image]
[image: Figure 1]FIGURE 1 | Stress characteristics of the “arch mode” and “rod mode”: (A) Forces in “arch mode”; (B) Force in “rod mode“.
According to the theory of deflection, the calculation of the axial force in the arch section can be expressed approximately as
[image: image]
Type: [image: image]—real bending moment of any section of the arch; [image: image]—arch section axial force; [image: image]—angle between the tangent line and horizontal direction at any position of the arch axis; [image: image]—arch foot bending moment; [image: image]—vertical reaction of the arch foot; [image: image]—horizontal reaction of the arch foot; [image: image]—x coordinate of section; [image: image]—y coordinate of the section; [image: image]—horizontal displacement of the section; [image: image]—vertical displacement of the section; [image: image]—acting external load on the arch; [image: image]—x coordinate of the external load [image: image].
It is not difficult to see that the presence of the horizontal thrust reduces the bending moment in the arch, and the arch axis will produce additional internal forces including the additional bending moment after compression under the action of pressure, which is [image: image].Therefore, the bearing mechanism of the unhinged arch can be summarized as follows: under the action of external load, the axial force in the arch is transferred to the arch foot through the arch axis, generating horizontal thrust and vertical reaction force at the arch foot, and the external load directly produces deformation. In the new equilibrium state after deformation, the section bending moment is mainly composed of the linear bending moment, which is [image: image] and the non-linear bending moment, which is [image: image]. The axial force is not affected by non-linearity. Therefore, the failure of the bearing capacity of the arch mainly comes from the linear bending moment generated by the internal force of the arch foot and the external load and the non-linear bending moment directly generated by the external load.
However, based on the principle of the equivalent beam-column method, the current domestic standard equates the arch ring to a simply supported eccentric compression column with a length of .36 S (S is the arc length of the arch axis), as shown in Figure 1B (Lin and Chen, 2016). The internal force of the section is as follows:
[image: image]
[image: image]
Type: [image: image]—real bending moment of the eccentric compression column section; [image: image]—eccentric compression column axial force [image: image]—eccentric force; e—Eccentricity, and [image: image]—transverse deformation of the cross section.
It can be found from the analysis of the real internal force of the eccentric compression column that the eccentric force transfer to the fixed end along the axis directly forms the vertical reaction force. The axial force is equal to the eccentric force. The cross-section bending moment is produced by the eccentricity, and thus it indirectly leads to lateral deformation. So, the bearing capacity of eccentric compression column destruction mainly comes from the vertical force produced by the linear bending moment and transverse deformation and eccentricity of the additional bending moment.
In view of the differences in the bearing mechanisms of the “arch mode” and “rod mode,” the load-bearing capacity model test of the CFST single-pipe arch was carried out from the real force mode of the arch. By analyzing the load–displacement state, the damage mode and the real internal force in the arch in the geometrically non-linear stage, the difference between the “arch mode” and “rod mode” is verified, and a new calculation model of the CFST arch bridge based on the arch effect is proposed.
3 SINGLE-TUBE MODEL TEST OF THE “ARCH MODE”
3.1 Model design and production
A catenary steel tube single-tube arch bridge with a calculated span of 95 m was used as the prototype. The ratio of the sagittal span was 1/3.5, the calculated sagittal height was 27.143 m, the arch axis coefficient was 1.5, the diameter of the steel tube was 1.55 m, the wall thickness of the arch foot was 26 mm, and the rest was 22 mm, and C60 concrete was poured into the tube.
The test arch was scaled down at 1:16, with a reduced span of 5.938 m and a calculated height of 1.696 m. Due to the limitation of market steel pipe specifications, the pipe wall was too thin according to the actual scale ratio, so the full-span diameter and wall thickness of the steel pipe were set at 89 mm and 4 mm, respectively, according to the existing market specifications, as shown in Figure 2. Scale parameters and scale deviation values are shown in Tables 1, 2.
[image: Figure 2]FIGURE 2 | Cross-section of the arch rib.
TABLE 1 | Parameters of the scaled section.
[image: Table 1]TABLE 2 | Scale size deviation.
[image: Table 2]The steel pipe material was Q345, and the arch was perfused with C80 fine-grain concrete. After curing for 28 days, the compressive strength of six concrete blocks was tested. The compressive strength of the cube was 51.85 MPa, the compressive strength of the prismatic core was 32.4 MPa, and the elastic modulus was 3.4834 × 104 MPa. Steel tube yield strength was 361 MPa, tensile strength was 540 MPa, and the elastic modulus was 2.1 × 105 MPa.
The vault and L/4 loading conditions were designed to test the in-plane deformation state, strain distribution, and failure mode of the whole process of the arch. The overall design is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Overall diagram of the model.
3.2 Designs of the test device and measuring point
A 50-t hydraulic jack was adopted. The top of the jack was a pressure sensor, and the bottom design disk was in contact with the arch rib loading block to ensure uniform force. The skewback reaction device was a triangular steel structure. The test was mainly conducted to study the load bearing capacity of the arch under vertical load in-plane deformation. In order to avoid out-of-plane deformation causing out-of-plane instability damage to the structure, the whole arch set five transverse limits to ensure that the arch was only in-plane free deformation during the loading process. The contact surface between the limit and the arch was coated with a tetrafluoro plate to reduce friction. The main device configuration is shown in Figure 3 and Figure 4A. Percentage gauges and strain gauges were used to test the displacement and strain in the whole process. Two percentage gauges were set at each L/8 to measure the horizontal and vertical displacement, and four percentage gauges were set at each skewback to monitor whether deflection occurred, as shown in Figure 4B. Strain gauges are set at the L/8 and the section of the two arch feet. The upper and lower edges of the section are arranged in annular and longitudinal directions, respectively, while only longitudinal directions are arranged on the side. Fifty-four strain gauges are arranged in the whole arch, as shown in Figure 5.
[image: Figure 4]FIGURE 4 | Real diagram of local construction: (A) Main test equipment; (B) Structural diagram of the skewback.
[image: Figure 5]FIGURE 5 | Placement of displacement and strain measurement points.
3.3 Measurement method for internal force
According to Eq. 1, the real internal forces of any section can be calculated if the internal forces of the arch foot, section displacement, and external load are known, based on the calculation principle of the real internal forces in the arch. The section displacement and external load can be directly measured by the test, while the actual measurement of the internal forces of the arch foot is difficult to measure. In this paper, the separation skewback method in Li (2012) was used to measure the internal force of the arch foot. Four sensors were installed on the back and bottom of the skewback to measure the horizontal thrust and vertical reaction force, as shown in Figure 8. Due to the effect of the arch foot bending moment, the skewback will have a trend of in-plane rotation. It was found in finite element analysis that the arch foot at both ends of the vault loading has a negative bending moment, and the skewback rotates clockwise. In four-point loading, there is a negative bending moment at the arch foot close to the loading point, and the skewback rotates clockwise, while there is a positive bending moment at the arch foot far away from the loading point, and the skewback rotates counterclockwise. To accurately measure the horizontal thrust of the arch foot and limit the rotation of the skewback, two sensors are set at the front of the top of the vault loading base (Figure 4B). Two sensors are set at the front of the top and the front of the bottom of the skewback near and far from the loading point of the four-point loading (Figure 6; Figure 4B). Then, the bending moment, horizontal reaction force, and vertical reaction force of the arch foot are calculated according to the static equivalence principle. The calculation principle is shown in Figure 7.
[image: Figure 6]FIGURE 6 | Four-point loading skewback.
[image: Figure 7]FIGURE 7 | Schematic diagram of calculation of the internal force of the arch foot.
Through force analysis, the actual calculation formula of the arch foot bending moment, horizontal reaction force, and vertical reaction force can be obtained as follows:
[image: image]
Type: [image: image]—horizontal reaction force; [image: image]—net force value of each drainage smooth reaction force sensor; [image: image]—vertical distance from each drainage reaction sensor to the center of the arch foot; [image: image]—net force value of each row of the vertical reaction sensor; [image: image]—horizontal distance from each row of vertical reaction sensors to the center of the arch foot.
3.4 Test steps
First, the reaction tower and skewback should be precisely positioned. It was necessary to pre-push it to eliminate the anchor hole clearance after the reaction tower was installed. Then, the arch ribs were erected and the hanging hammer was used to ensure that the arch was in a vertical state without initial transverse deviation. Finally, the loading device and test device are installed. The initial state after the preparation is shown in Figure 8. Formal loading needs to be graded according to the results of finite element ultimate bearing capacity analysis, that is, the ultimate force of 0%–3% or so average .5 kN/level, 3%–5% or so average 1 kN/level, 5%–10% or so average 2 kN/level, and 10% after the average 5 kN/level until failure, with each static loading level of 2 min after the stability of the reading. Full-arch graded loading values are shown in Table 3. The test designed two loading conditions. The arch top loading arch rib was named A-1 and 4-point loading condition arch rib was named A-2. The description of the conditions is given in Table 4 and the actual loading figure is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Initial state: (A) A-1 arch; (B) A-2 arch.
TABLE 3 | Hierarchical loading value (Unit: kN).
[image: Table 3]TABLE 4 | Description of working conditions.
[image: Table 4]3.5 Analysis of test results
3.5.1 Load–displacement curve
According to Table 3, the load–displacement curves of each section of the A-1 arch and A-2 arch are shown in Figures 9, 10 (vertical displacement is “+” downward and horizontal displacement direction of shear wall side arch is “+”). The whole deformation process of the arch can be roughly divided into three stages:
(1) Elastic deformation stage. When the A-1 arch was loaded to 4.563 kN (.07 Pu) and the A-2 arch was loaded to 3.65 kN (.073 Pu), the load–displacement curves of each section basically changed linearly, and the arch was in the stage of linear elastic change, almost unaffected by non-linear influence.
(2) Elastic–plastic deformation stage. With the increase in the load, the slope of the curve gradually decreases, and the arch enters the stage of elastic–plastic deformation. The sections, especially the sections at loading points, are gradually affected by geometric non-linearity. At this stage, the upper critical load limit for arch A-1 was about 45.891 kN (.71 Pu), and the upper critical load limit for arch A-2 was about 40.713 kN (.81 Pu).
(3) Plastic deformation stage. With the increase in the load, the deflection of the loading point increases continuously, the slope of the curve increases faster, and the curve gradually tends to be horizontal. Under the double non-linear action, the arch has a slight change in load, a sharp increase in displacement, and a reduction in load value. The load could not be increased continuously when the A-1 and A-2 arches were added to 65.012 kN and 50.275 kN, respectively.
[image: Figure 9]FIGURE 9 | A-1 arch of the load–displacement curve: (A) Vertical displacement; (B) Horizontal displacement.
[image: Figure 10]FIGURE 10 | A-2 arch of the load–displacement curve: (A) Vertical displacement; (B) Horizontal displacement.
The results of failure load–displacement curves under two working conditions showed that the ultimate bearing capacity of the A-1 arch was Pu = 65.012 kN, the maximum vertical displacement of the loading point was 76.31 mm, and the maximum horizontal displacement of the L/4 section was 20.53 mm. The ultimate bearing capacity of the A-2 arch was Pu = 50.275 kN, and the maximum vertical displacement and horizontal displacement of the loading point are 108.96 mm and 84.96 mm, respectively. The comparison between the test results under the ultimate load and the preliminary FEM calculation is shown in Table 5. The comparison results showed that the difference between the test ultimate bearing capacity value and the preliminary calculation was less than 2%, and the displacement difference was about 10%. It indicated that the ultimate bearing capacity test values of the two working conditions are accurate. The real CFST arch shows superior deformation capacity compared with the theoretical calculation.
TABLE 5 | Comparison between the test value and preliminary calculated value of the ultimate load.
[image: Table 5]3.5.2 The strain state under ultimate load
All steel tube surfaces in L/8 and two arch feet were decorated with a strain gauge, as shown in Figure 5. As the deformation of the test arch was mainly in-plane deformation, only the edge of the steel tube on the longitudinal strain under the ultimate load was analyzed. It is given in Section 3.1 that the measured yield strength of the steel pipe was 361 MPa, the modulus of elasticity was 2.1 × 105 MPa, and the steel pipe yield strain was [image: image]. The whole arch strain and tube concrete crack distribution are shown in Figure 11. The positive direction of the transverse coordinate axis indicates gate side arch seat to shear wall side arch seat. The specific analysis of concrete cracks will be shown in the next section. The strain distribution results showed that the steel pipe at the location where the concrete cracks appear had yielded. The tensile and compressive strain values of the upper and lower edges of the steel pipe were basically symmetric, and the strain at the upper and lower edges of the loading site reached the peak. The strain distribution and the location of cracks corresponded with each other.
[image: Figure 11]FIGURE 11 | Strain and crack distribution of concrete in the tube under ultimate load: (A) A-1 arch; (B) A-2 arch.
3.5.3 Damage state
The initial state of two loading conditions and the overall deformation state under the ultimate load are shown in Figure 12. The concrete in the tube after destruction is shown in Figure 13.
[image: Figure 12]FIGURE 12 | State after destruction: (A) A-1 arch; (B) A-2 arch.
[image: Figure 13]FIGURE 13 | Failure state of concrete in the pipe after failure: (A) A-1 arch; (B) A-2 arch.
It can be seen that the vault has obvious vertical sag in the ultimate state of the bearing capacity of the A-1 arch. There are several small vertical micro-cracks perpendicular to the arch axis extending upward to the lower edge of the concrete in a certain area at both ends of the loading point. There was an obvious bulge near the L/4 section, and a macroscopic crack on the upper edge of the concrete extends downward perpendicular to the axis of the arch. There was a slight depression near the cross-section of the two arch feet, and a macroscopic crack on the lower edge of the concrete extends upward perpendicular to the axis of the arch.
In the ultimate state of the bearing capacity of the A-2 arch, the L/4 section was inclined to sag, and there was a macroscopic crack at the lower edge of the concrete perpendicular to the arch axis extending upward. The arch foot section of the gate side was slightly raised, and there was a macroscopic crack on the upper edge of the concrete that was perpendicular to the arch axis extending downward. There was an obvious bulge near the 3L/4 section, and a macroscopic crack on the upper edge of the concrete extends downward perpendicular to the axis of the arch. There was a slight depression near the section of the arch foot on the shear wall side, and a macroscopic crack at the lower edge of the concrete extends upward perpendicular to the arch axis.
Combined with Figure 10 and the aforementioned failure states, it can be seen that the four crack positions of the concrete in the tube after failure under the two working conditions all appear near the extreme point of the tensile strain of the steel tube, which was a tensile failure. At this time, the concrete at the crack stops working, indicating that plastic hinges are formed at the four positions in the arch and that the structure cannot continue to bear. Therefore, the failure mode of the arch was the 4-hinge failure, and the structure forms a geometrically variable system and loses the bearing capacity.
4 COMPARATIVE ANALYSIS OF THE “ARCH MODE” AND “ROD MODE”
In Section 3.5.1, the loading interval of the A-1 arch with obvious geometric non-linearity is given as 4.563 kN–45.891 kN, and that of the A-2 arch is 3.65 kN–40.713 kN. The calculation section of the A-1 and A-2 arches and the selection of loads outside the geometric non-linear loading interval are listed in Table 6. The geometric non-linear bending moment values of the two calculation modes are compared under the corresponding external load.
TABLE 6 | Selection of calculation parameters.
[image: Table 6]4.1 Calculated geometric non-linear bending moment values for the regulation
In the current JTG/TD65-06-2015 code (concrete-filled steel tube arch bridge design code) (Ministry of Transport of the People’s Republic of China, 2015), the eccentricity increasing coefficient [image: image] is introduced into the calculation formula of the ultimate bearing capacity of the CFST arch to consider the geometric non-linearity of the arch. The main parameters of the formula are the Euler critical force formula and first-order linear axial force, as shown in Eq. 6. It can be seen that the arch is equivalent to an eccentric compression column for calculation based on the equivalent beam-column method in the arch bridge specification. Its essence is that the first-order bending moment obtained by elastic calculation is enlarged by the eccentricity increasing coefficient, which is equal to the moment existing in the control section of the actual component. Then, the geometric non-linear bending moment is calculated, as shown in Eq. 7.
[image: image]
[image: image]
Type: [image: image]—eccentricity increase coefficient; Euler critical force [image: image], of which, [image: image]—combined the elastic modulus of CFST, [image: image]—combined the cross-sectional area of CFST; N—first-order linear axial force, [image: image]—geometric non-linear bending moment, and M—linear bending moment.
According to the section-related parameters of the test arch provided in Section 3.1, the Eulerian critical force NE = 304.3 kN can be calculated. The first-order linear axial force and bending moment can be calculated by finite elements as recommended in the regulation. So, the first-order linear axial force and bending moment of the test arch were calculated by Midas/civil, as shown in Table 7.
TABLE 7 | First-order linear axial forces (N) and bending moments (M) calculated by finite elements.
[image: Table 7]The Eulerian critical force and the first-order axial force and bending moment values corresponding to the external loads P1∼P4 in Table 7 are substituted into Eqs 6, 7, obtaining the eccentricity increasing coefficient [image: image] and geometric non-linear bending moment values [image: image] of the corresponding sections, as shown in Table 8.
TABLE 8 | Geometric non-linear bending moment values calculated by the regulation (unit: kN).
[image: Table 8]4.2 Measured geometric non-linear bending moment values based on the arch effect calculation model
According to the geometric non-linear internal force calculation model based on the arch effect proposed in this paper according to Eq. (1), the real geometric non-linear bending moment in the arch can be calculated by substituting the measured load–displacement results and the coordinate position of the cross-section. The cross-section positions and the measured external loads P1∼P4 correspond to the horizontal displacement δ and vertical displacement ω (arch foot displacement is 0), as shown in Tables 9, 10.
TABLE 9 | A-1 arch P1∼P4 measured displacement (unit: mm).
[image: Table 9]TABLE 10 | A-2 arch P1∼P4 measured displacement (unit: mm).
[image: Table 10]The measured values of horizontal thrust HA, vertical reaction VA, bending moment MA, and other cross-section geometric non-linear bending moment values Mg in the arch foot of the gate side are shown in Table 11.
TABLE 11 | Measured values of geometric non-linear internal forces (unit: kN m).
[image: Table 11]4.3 Comparative analysis
The geometric non-linear moment values calculated by the regulation in Table 8 are compared with the real geometric non-linear moment values of the CFST arch measured in Table 11, as shown in Table 12 and Figure 14.
TABLE 12 | Comparison of regulation values and measured values (unit: kN m).
[image: Table 12][image: Figure 14]FIGURE 14 | Comparison of geometric non-linear bending moment values between the “arch mode” and “rod mode”: (A) A-1 arch;(B) A-2 arch.
The comparison results show that the results of the two modes at the beginning of the geometric non-linearity of the A-1 and A-2 arches are in good agreement. As the load was increased, the geometric non-linearity has the greatest effect under the critical external load P4 at the end of the elasto-plastic phase. At this time, the measured value of the arch foot section of the A-1 arch is 2.04% larger than the regulation calculation value, the measured value of the L/4 section is about 6.81% larger than the regulation calculation value, and the measured value of the arch top section is about 3.38% smaller than the regulation calculation value. The measured value of the arch foot section of the A-2 arch is about 5.31% larger than the regulation calculated value, the measured value of the L/4 section is about .73% smaller than the regulation calculated value, and the measured value of the 3L/4 section is about 15.73% larger than the regulation calculated value. It shows that the geometric non-linear moment value of the control section of the CFST arch calculated by the eccentricity increase coefficient in the regulation is conservative, but the influence of geometric non-linearity of other sections is not considered enough, and the local damage of other sections may occur before the control section under the action of the large vertical load, which also shows that the calculation mode of the regulation, considering the whole arch affected by geometric non-linearity due to the eccentricity increase coefficient, is not reasonable.
5 CONCLUSION
The specific results of the analysis are as follows:
(1) The failure of the arch mainly comes from the linear bending moment generated by the internal force of the arch foot and the external load and the non-linear bending moment directly generated by the external load after deformation. In contrast, the eccentric compression column mainly comes from the linear bending moment generated by the eccentric force and the non-linear bending moment generated by the transverse deformation or transverse force. These two modes have different force structures, force transmission routes, and deformation sources, which lead to different bearing mechanisms.
(2) The deformation state of the arch in the whole process is divided into three stages: elastic deformation, elastic–plastic deformation, and plastic deformation. Similar to the eccentric compression column, its failure mode is also a hinge failure. However, the experimental phenomenon showed that due to different bearing mechanisms of the two modes, the final failure state of the arch exhibits 4-hinge failure and has strong plastic deformation ability. In contrast, the eccentric compression column exhibits single-hinge failure, which indicates that the deformation ability of the arch is inevitably reduced after the arch is equivalent to a column of considerable length.
(3) The initial geometric non-linear moments measured based on the “arch mode” are in good agreement with the calculated results of the “rod mode.” However, the increase in load increased the proportion of geometric non-linear effects, and the geometric non-linear moments calculated by the eccentricity increase coefficient are conservative. In the complex force environment, there is a high possibility of local damage of other sections before the control section, which indicates that the calculation mode of the regulation considering the full arch affected by geometric non-linearity through the eccentricity increase coefficient is not good.
(4) This paper proposes a new calculation model for CFST arch bridges considering geometric non-linear internal forces, which can provide a new idea for the future large-span arch bridge bearing capacity and stability and other verification models. It can help optimize the arch axis and arch rib section form and structure and enhance the arch bridge span.
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The shear behavior of concrete beams is highly affected by the implementation of better performance concrete. Hybrid fibers addition to concrete mixture has proven to improve the performance compared to just using single type of fiber. Thus, in this current study, the shear behavior of hybrid-fiber-reinforced-high-strength-concrete beams was investigated experimentally. In addition, the effect of the span-to-depth ratio and the transverse reinforcement ratio were examined. Results showed that, when .45% of the cement weight is replaced with polypropylene fiber and 7% of the cement weight is replaced with steel fibers, the shear strength of the beam was enhanced by 18% in comparison to the control beam. The Formation and progression of cracks were also better controlled. The behavior of hybrid-polypropylene-steel-fibers-high-strength-concrete beams was observed to be comparable to that of conventional concrete ones as the shear strength increased with the decrease in span to depth ratio or the increase in transverse reinforcing ratio. A non-linear numerical model was developed and validated using the experimental results. The shear capacities of beams were calculated using ACI, which was compared to experimental and numerical results. The ACI’s calculations were conservative when compared with the experimental or numerical results. The coefficient of variance between the ACI and experimental shear capacity results was 4.8%, while it was 9.2% between the ACI and numerical shear capacity results.
Keywords: shear, fiber, steel, polyproplene, beams
1 INTRODUCTION
The reinforced concrete (RC) evolution have been an ongoing process with so many advancements (Ahmad et al., 2022; Ahmed et al., 2022; Ali et al., 2022; Ashraf et al., 2022; Ghareeb et al., 2022; Huang et al., 2022; Khan et al., 2022; Li et al., 2022; Mohammed et al., 2022; Shen et al., 2022; Zou et al., 2023a; Zou et al., 2023b). High-strength concrete (HSC), especially that with fiber-RC (FRC) is a versatile form of a concrete mixture with superior performance compared to that of normal RC without fiber reinforcement (Deifalla, 2021a; Deifalla et al., 2021). Higher cement demand during the production of HSC resulted in the consumption of resources and environmental issues (Juenger et al., 2019; Naqi and Jang, 2019). Researchers turned to add single or hybrid fibers to the concrete mixture as an alternative to cement to limit environmental destruction. Additionally for the significance of these fibers in enhancing concrete’s behavior in resisting tensile stresses and minimizing the formation and propagation of cracks. The findings of earlier studies demonstrated that utilizing hybrid fibers enhanced concrete strength and durability as well as minimized cracks compared to using a single type of fiber (Hoang and Fehling, 2017; Li et al., 2018; Zhang et al., 2018; Ali et al., 2020; Sivakumar et al., 2020; Zhong et al., 2020; Tawfik et al., 2022). Tawfik et al. (2022) observed that using hybrid fibers rather than only one kind of fiber increased the strength of the composite in terms of compressive, flexural, and tensile stresses by 50%, 46%, and 53%, respectively. This improvement in strength is caused by the incorporation of hybrid fibers with various characteristics, which stop the development of multiscale crack formation at various levels of stress. When incorporated into cementitious materials, fibers with such a greater young’s modulus enhance the compressive behavior of concrete by suppressing the growth of macro-cracks at high-stress levels. Additionally, fibers with a minimal young’s modulus massively increase concrete compressive behavior by restricting the forming of micro-cracks at small levels of stress.
Prior studies proved that the shear behavior of RC beams significantly enriched due to the steel fibers inclusion. Yavaş et al. (2019) concluded that the use of different volume content (1.5%, 1%, and .5%) of steel fibers, various lengths (6 mm, 13 mm, 30 mm, and 60 mm) of steel fibers, and several shapes (straight, double hooked, and hooked) of steel fibers. These additions enhanced the shear strength of ultrahigh strength FRC (UHSFRC) beams more than the control beam. Furthermore, using 1.5% straight steel fiber as a partial substitute for cement and with a length of 13 mm had the best impact on shear strength and cracking pattern for UHSFRC beams. Similar findings were produced by Lim and Hong (2017), who found that adding steel fiber with a volume content of 1.5% into UHSFRC beams resulted in a significant increase in shear strength. Shear reinforcement additionally improved the ductility of concrete beams. According to earlier research, steel fibers can be used instead of the transverse reinforcement in concrete beams while sustaining ductility and shear strength, or even perform a little bit better. Tahenni et al. (2016) explored that high-strength concrete beams without transverse reinforcing and having steel fibers with volume content up to 3% displayed slightly better shear behavior than high-strength concrete beams with transverse reinforcing and without steel fibers. The FRC beams showed improved shear strength and relatively minimal diagonal cracks, especially for steel fiber volume content from 1% to 3%. Also, Torres and Lantsoght (2019) revealed that the minimum transverse reinforcement required by ACI318 can be replaced by steel fibers in the amount of 1.2%, whereas the minimum transverse reinforcement required by Eurocode two can be replaced by steel fibers in the amount of .6%.
Even though the use of polypropylene fibers in concrete did not provide that resistance to shear stresses as steel fibers, it was demonstrated that it would be possible to slightly improve the behavior of the concrete beams in terms of cracking load, crack bridging, and shear capacity. Yang et al. (2021) showed that the inclusion of polypropylene fiber could further enhance the shear strength of concrete beams by up to 17% when compared to reinforced-concrete beams without fibers. Additionally, the presence of polypropylene fiber improved the initial crack shear load, prevented crack progression, maximized the number of cracks, and decreased crack width, thereby helping to increase beam ductility and improve strength properties. Ortiz Navas et al. (2018) demonstrated that the shear strength of FRC beams with or without stirrups increased noticeably when 10 kg/m3 of polypropylene fibers were added, compared to the control specimens. The failure modes of fiber concrete beams with stirrups and those without stirrups were comparable.
Few studies have focused on the impact of applying hybrid fibers rather than a single type on the shear behavior of concrete beams since, as was earlier mentioned, hybrid fibers provide improved mechanical properties and can control cracks at various stress levels. Shaaban et al. (2021) evaluated the effect of various shapes of silica fume, polyvinyl alcohol, polypropylene, or hybrid fibers on the shear behavior of reinforced concrete beams experimentally and numerically. When comparing the control beam which contains transverse reinforcement and no fibers, introducing hybrid fibers, increased shear strength and ductility. Hybrid fibers with .75% polyvinyl alcohol and .75% polypropylene and transverse reinforcement produced greater shear capacity and ductility when compared to beams without transverse reinforcement and containing hybrid fibers with 1.5% polyvinyl alcohol and .375% polypropylene. Depending upon these findings, it was suggested that hybrid fibers with .75% polyvinyl alcohol and .75% polypropylene, as well as stirrup reinforcement (7.5 Ø 6/m), be employed to accomplish high shear strength for hybrid FRC beams. The finite element predictions for the tested beams exhibited a strong agreement with the experimental observations regarding the shear capacity, maximum deflection, and failure pattern. Ismail and Hassan. (2021) explored the shear performance of FRC using various fiber kinds. Polyvinyl alcohol fiber lengths of 8 and 12 mm, polypropylene fibers length of 19 mm, and steel fibers length of 13 mm were the four different kinds of fiber employed. According to the findings, all FRC beams outperformed the control beam on basis of cracking behavior, shear strength, ductility, and energy absorption. The FRC beam containing polyvinyl alcohol fibers with 8 mm length showed higher shear strength and ductility than the FRC beam containing polyvinyl alcohol fibers with 12 mm length. Polypropylene FRC beams performed the least, whereas steel FRC beams performed the best in terms of first crack load, maximum strength, ductility, and ability to absorb energy. According to Alrefaei et al. (2018), inserting hybrid polypropylene-steel fibers up to a volume of 2% was significant in improving the shear capacity by approximately eight times compared to the concrete beams without fibers. Furthermore, the beams’ ductility, multi-cracking behavior, and concrete strain capability were all significantly enhanced. It is demonstrated that, regardless of the hybridized ratio, a hybrid fiber volume content of 1% is a sufficient minimum transverse reinforcement for concrete beams having compression strength varying between 40 and 65 MPa.
The majority of previous work focused on the physical and mechanical characteristics of using single or hybrid fibers in cementitious materials (Tahenni et al., 2016; Lim and Hong, 2017; Alrefaei et al., 2018; Ortiz Navas et al., 2018; Zhang et al., 2018; Ayub et al., 2019; Koniki and Prasad, 2019; Torres and Lantsoght, 2019; Xu et al., 2019; Yavaş et al., 2019; Ali et al., 2020; Ismail and Hassan, 2021; Shaaban et al., 2021; Yang et al., 2021), and there have been fewer studies on the shear behavior of FRC elements that used a single type of fiber, whereas there is a lack of research into the effect of hybrid fibers on the shear behavior of high-strength concrete elements although the use of hybrid fibers had been shown to significantly improve the properties of concrete over the use of a single type of fiber (Alrefaei et al., 2018; Navas et al., 2018; Khan et al., 2020). Additionally, the previous studies that used hybrid fibers varied in terms of the type, proportion, characteristics, and shape of the fibers (Kumar et al., 2017; Fadil et al., 2018; Smarzewski, 2018; Wang et al., 2019; Zhang et al., 2019; Shi et al., 2020; Tran et al., 2020). As a result, prospective studies in this area are required to produce meaningful results. From this viewpoint, the current research was conducted to study experimentally and numerically the shear behavior of HFRHSC beams. The main parameters were concrete type, span to depth ratio, and transverse reinforcement ratio.
2 EXPERIMENTAL PROGRAM
2.1 Materials and mix proportions
HSC was produced using cement, pure water, fine aggregate, coarse aggregate, silica fume, superplasticizer, and hybrid polypropylene-steel fibers. The cement used was ordinary Portland cement. The coarse aggregate was formed of crushed dolomite with a particle size of 10 mm and an apparent specific gravity of 2.6, while the fine aggregate was a siliceous natural with a fineness modulus of 3.35. Silica fume was added to the concrete mixture to fill the voids and thus improve the strength, while a superplasticizer was added to improve the workability of the concrete. The forms of the fibers are shown in Figure 1 and Table 1 displays the steel and polyethylene fiber characteristics as reported by the suppliers. The binder component was dry-mixed for about 3 min in a mechanical mixer before adding the full quantity of water and superplasticizer to the concrete mixture. Polypropylene and steel fibers were added to the mixture after the wet mixing process and mixed for around 5 min. The transverse reinforcement showed a tensile yield strength of 240 MPa and ultimate strength of 385 MPa, compared to the longitudinal reinforcement’s tensile yield strength of 520 MPa and ultimate strength of 690 MPa. The mix quantities, which are based on Tawfik et al. (2022) are shown in Table 2. For the best mechanical characteristics in terms of compressive, tensile, flexural strength, and cracking control, the concrete mixture contains .45% of polypropylene fiber and 7% of steel fiber as a replacement ratio for the cement weight.
[image: Figure 1]FIGURE 1 | Shape of (A) steel fiber and (B) polypropylene fiber.
TABLE 1 | Properties of steel fibers and polypropylene fibers.
[image: Table 1]TABLE 2 | Mix properties.
[image: Table 2]2.2 Description and preparation of beam specimens
Five hybrid-polypropylene-steel-fiber-reinforced-high-strength-concrete (HFRHSC) beams and one control high-strength reinforced concrete beam are included in the experimental program. The beams are labeled according to the shown in Figure 2. The control beam (CB0-2.8) was 120 mm and 250 mm in width and depth, respectively, while being 2,100 mm long, with no stirrups or fibers, and the flexure longitudinal reinforcement used was 4Ø25. All HFRHSC beams contain 7.45% hybrid fibers as a substitute for the weight of cement, which was divided into 7% steel fibers and .45% polypropylene fibers. The first hybrid FRC beam (HFCB0-2.8), was similar to the control beam in dimensions and proportion of longitudinal steel reinforcement, but the difference was the presence of a hybrid of polypropylene-steel fibers. The second hybrid FRC beam (HFCB0.24-2.8), was similar to the concrete beam (HFCB0-2.8) in dimensions, concrete type, and proportion of longitudinal steel reinforcement, except for the presence of 5Ø6/m transverse reinforcement. The transverse reinforcement ratio of the hybrid FRC beam (HFCB0.42-2.8) was higher than that of the concrete beam (HFCB0.24-2.8), while the dimensions, concrete type, and longitudinal reinforcement ratio were the same in both concrete beams. The hybrid FRC beams (HFCB0.42-2.3) and (HFCB0.42-1.75) differed from the concrete beam (HFCB0.42-2.8) in depth, which was 300 mm and 400 mm, respectively, however, they were similar in terms of width, length, concrete type, and proportion of longitudinal and transverse steel reinforcement. Figure 3 and Table 3 show the details for all concrete beams. To evaluate the mechanical characteristics, including compressive strength, tensile strength, and modulus of elasticity, six concrete cubes (150 × 150 × 150 mm) and 12 concrete cylinders (150 × 300 mm for diameter and height, respectively) were taken from that concrete mixture of each beam. The samples were prepared and examined as per the Egyptian code of concrete specifications.
[image: Figure 2]FIGURE 2 | Designation for all concrete beams.
[image: Figure 3]FIGURE 3 | Typical dimensions, reinforcement, and instruments for all concrete beams.
TABLE 3 | Details of all concrete beams.
[image: Table 3]The transverse reinforcement ratio (ρ) can be calculated using Eq. 1 as the area of transverse reinforcement (Av) multiplied by the spacing between stirrups (s) and the width of the beam (b).
[image: image]
The wooden forms of all concrete beams were prepared and thoroughly sprayed with water before the pouring process to maintain the water in the mixture and not being absorbed by the wood. Electrical strain gauges with a length of 10 mm and a resistance of 120.3 ± .5 Ω were attached to the longitudinal and transverse reinforcement bars in the location as seen in Figure 3, which is responsible for monitoring the strain in the reinforcements along the loading history. The reinforcement was then positioned in the forms as illustrated in Figure 4. The casting process then began, with a vibrator used during the casting to prevent separation between the concrete mortar and the coarse aggregate and to ensure regular fibers distribution. Following 24 h of casting, the forms were withdrawn, and the concrete beams were continually moistened with water for 28 days before being examined.
[image: Figure 4]FIGURE 4 | Preparation of concrete beams.
2.3 Test setup of beam specimens
Figure 5 illustrates the testing procedure used to examine the shear behavior of HFRHSC beams. The beams were supported by two supports (hinged and roller), with a distance of 2,000 mm between them. The load was applied using a hydraulic jack positioned in the middle of the beam. The hydraulic jack’s load was transmitted through an I-steel beam so that it concentrated symmetrically in two points, provided that the distance between the concentrated load and the support was 700 mm on either side. Three LVDTs were installed in the critical sections as shown in Figure 5 to monitor the displacement values during loading. The deflection of concrete beams and reinforcement strain were measured every 10 kN of loading, as well as cracks, were marked. The load steadily increased until the concrete beam collapsed.
[image: Figure 5]FIGURE 5 | Test setup for all concrete beams.
3 RESULTS
3.1 Mechanical properties
Table 4 displays the mechanical properties of the concrete mix implemented for the casting of the specimens, which are represented in tensile and compressive strength as well as modulus of elasticity. The results were calculated as the average of three samples tested under the same conditions. For each mix, six cube specimens with a cross-section of 15 cm × 15 cm, and a height of 15 cm were implemented to measure the compressive strength. Three cube specimens were tested at 7-day, and three as well at 28-day. Furthermore, the elastic modulus was determined for each cementitious material by examining concrete cylinder specimens at 7-day as well as another three at 28-day. The cylinder specimens have a diameter of 15 cm and a height of 30 cm. Whereas the flexural strength of each cementitious material is evaluated by examining three concrete beam specimens at 7-day as well as three more at 28-day. The concrete beams have all been 70 cm long, 15 cm × 15 cm in cross-section.
TABLE 4 | Density, flexural, compressive strength, and modulus of elasticity results for control and hybrid FRC specimens.
[image: Table 4]3.2 Shear behavior of concrete beam specimens
This section displays the results of (shear load, mid-span deflection, and ductility) at the failure and cracking stages for every concrete beam specimen. Furthermore, relationships between load and various parameters such as mid-span deflection, stirrup strain, and longitudinal bar strain were studied. The strain in the stirrup was calculated by taking the average of the two strain gauges installed in the stirrup’s vertical legs in the critical shear zone. While the longitudinal reinforcement strain was measured at the maximum flexure stress, which is at mid-span. Table 5 represents the experimental results for all concrete beams.
TABLE 5 | Experimental results for all concrete beams.
[image: Table 5]3.2.1 Load versus deflection for all concrete beams
The relationship between load and mid-span deflection for all concrete beams is illustrated in Figure 6. According to the findings, the mid-span deformation values at the first shear crack for concrete beams CB0-2.8, HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75 were 1.56, 1.1, 1.21, 1.09, 1.8, and 1.74 mm, respectively. Additionally, the concrete beams CB0-2.8, HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75 had maximum mid-span deformation values of 2.84, 3.19, 3.89, 4.11, 4.8, and 4.04 mm, respectively. It was noticeable that hybrid FRC beams with or without transverse steel reinforcement showed lower deformation values than the control beams CB0-2.8 at the same load, demonstrating the ability of fibers and transverse steel reinforcement to delay the cracking process, improve stiffness and strength, and reduce deformation values at the same load. Adding hybrid fibers, increasing the transverse reinforcement ratio, as well as decreasing the span to depth ratio resulted in a decrease in the deflection values at the same load, due to the delay in the cracking process, which improved stiffness and strength and ultimately showed lower deformation values. However, the decrease in span to depth ratio reduced the ductility of the beam to the point where it could not be inelastically deformed without failure. The highest maximum deformation was reported in the hybrid FRC beam HFCB0.42-2.8, which contains transverse steel reinforcement and hybrid fibers. This demonstrates the significance of both hybrid fibers and transverse reinforcement in lowering the brittleness of concrete and enhancing its ability for plastic deformation without fracture (Khan et al., 2021a; Khan et al., 2021b; Abbas et al., 2022; Abbas and Khan, 2022).
[image: Figure 6]FIGURE 6 | The relation between load and mid-span deflection for all concrete beams.
3.2.2 Load versus strain of transverse reinforcement all concrete beams
The relationship between load and strain values in transverse steel reinforcement for hybrid FRC beams that contain transverse reinforcement is illustrated in Figure 7. The strain values in the transverse reinforcement at the crack load were .003%, .0012%, .002%, and .0017% For the concrete beams HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75 respectively. While the strain values at failure load for the concrete beams HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75 were .13%, .14%, .13%, and .16%, respectively. The findings demonstrate that the strain values in the transverse reinforcement were insignificant at the initial shear crack but significantly increased with increasing loading until they reached yield for all concrete beams that contain transverse reinforcement, explaining the occurrence of severe diagonal shear cracks at collapse.
[image: Figure 7]FIGURE 7 | The relation between load and strain at transverse reinforcement for concrete beams HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75.
3.2.3 Load versus strain of longitudinal reinforcement all concrete beams
Figure 8 shows the relationship between load and strain values in longitudinal steel reinforcement for all concrete beams. For the concrete beams CB0-2.8, HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75, the strain values in the longitudinal reinforcement at the crack load were .017%, .018%, .034%, .045%, .047%, and .054%, respectively. Whereas for the concrete beams CB0-2.8, HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75, the longitudinal reinforcement strain values at failure load were .06%, .07%, .09%, .1%, .1%, and .11%, respectively. The results show that the longitudinal reinforcement strain did not reach yield for all concrete specimens, indicating that flexure stresses were insufficient to affect the failure mode, which was controlled by shear stresses.
[image: Figure 8]FIGURE 8 | The relation between load and strain at longitudinal reinforcement for all concrete beams.
4 DISCUSSION
4.1 Cracking pattern and failure mode
Figure 9 shows the failure mode for all concrete beam specimens. Vertical cracks appeared in the flexure region for control beam CB0-2.8 which does not contain fibers, and then a single diagonal tension crack due to shear appeared in the shear region at the bottom and spread upwards with the increase in loading until it reached the location of the load’s impact, and then a brittle collapse occurred as a result of a widening diagonal shear crack, recognizing that the beam collapsed shortly after the initiation of diagonal shear cracks, indicating low ductility. Also, just before failure, spalling was observed on the external surface of the concrete beam at the compression zone and extended along with the diagonal crack, indicating that the applied stresses exceeded the compressive strength of the concrete. The hybrid FRC beam HFCB0-2.8 failed due to the widening of a diagonal shear crack. The first diagonal shear crack for hybrid FRC beam HFCB0-2.8 appeared at a load of 20 kN while it appeared at a load of 12 kN for the control beam, demonstrating the significance of fibers in preventing crack initiation and propagation. More shear and flexure cracks appeared for the hybrid FRC beam HFCB0-2.8 than in the control beam due to the presence of fibers which prevents cracks from widening and spreading, causing high tensile stresses to be transmitted from the location of the existing cracks to the region between them. This leads to the development of new cracks, increasing the total number of cracks (Tahenni et al., 2016; Alrefaei et al., 2018; Shaaban et al., 2021). Hybrid FRC beam HFCB0-2.8 did not experience significant concrete spalling because the fibers improved the stiffness and strength. When transverse reinforcement was added to the prior hybrid FRC beam, the failure mechanism remained the same as the diagonal shear crack caused the collapse of the hybrid FRC beams HFCB0.24-2.8 and HFCB0.42-2.8. However, increasing the transverse reinforcement ratio resulted in higher shear strength, a slower rate of shear cracking, and more cracks, demonstrating the effectiveness of adding transverse reinforcement in delaying the cracking process and enhancing concrete’s ductility, stiffness, and shear strength. The failure for both hybrid FRC beams HFCB0.42-2.3 and HFCB0.42-1.75 occurred due to diagonal shear cracks and was followed by crushing of concrete in the compression zone. However the shear crack width decreased, and the shear strength was noticeably improved for concrete beam HFCB0.42-1.75 more than the concrete beam HFCB0.42-2.3. This is due to a substantial proportion of the shear being immediately transferred to the support via an inclined strut. The direct load transfer’s magnitude develops with a lowering span to depth ratio and has been known as the arch action mechanism (Ali et al., 2021; Ebid and Deifalla, 2021; Deifalla, 2021b; Li et al., 2021; Deifalla and Mukhtar, 2022a; Deifalla and Mukhtar, 2022b; Zhou and Wan, 2022). This mechanism inhibits cracks from growing larger and delays stirrup yielding. Additionally, it was observed that flexural cracks began growing larger and deeper as the span-to-depth ratio decreased. This refers to an increase in the tensile stresses caused by flexure in addition to the strain of the longitudinal reinforcement, however, the failure mode remained diagonal shear failure and did not transform for being combined shear-flexure or flexure failure since the longitudinal steel bars had not yet reached yielding.
[image: Figure 9]FIGURE 9 | Failure modes for all concrete beams. (A) The failure mode for control beam CB0-2.8. (B) The failure mode for concrete beam HFCB0-2.8. (C) The failure mode for concrete beam HFCB0.24-2.8. (D) The failure mode for concrete beam HFCB0.42-2.8. (E) The failure mode for concrete beam HFCB0.42-2.3. (F) The failure mode for concrete beam HFCB0.42-1.75.
4.2 Effect of using hybrid polypropylene-steel fibers
The use of hybrid polypropylene-steel fibers improved ultimate and cracking shear strength, as well as ductility, in concrete beams. As shown in Figure 10, the values of ultimate shear load, cracking shear load, maximum deformation, and ductility for hybrid FRC beam HFCB0-2.8 increased by 18%, 66%, 13%, and 60%, respectively, over the control beam CB0-2.8. Ductility is the ability of concrete to plastically deform without fracturing when subjected to tensile stress greater than its strength. It can be computed by dividing the ultimate deformation that occurs at the ultimate shear force by the cracking deformation that occurs at the cracking shear force (Pakravan et al., 2016; Yan et al., 2021). The fact that when the hybrid fibers were added, the cracking and ultimate shear strengths increased supports their ability to withstand macro and micro cracks at different stress levels, delaying the cracking process and improving stiffness and strength (Tahenni et al., 2016; Sivakumar et al., 2020; Ismail and Hassan, 2021; Shaaban et al., 2021; Yang et al., 2021; Tawfik et al., 2022). The increase in ultimate deformation and ductility values is a further indication of the efficacy of hybrid fibers in reducing concrete’s brittleness and improving its capability for plastic deformation without fracture. Table 6 illustrates the analysis of shear failure load, shear cracking load, maximum deformation, and ductility results for all concrete beams.
[image: Figure 10]FIGURE 10 | Effect of using hybrid polypropylene-steel fibers.
TABLE 6 | Analysis of all concrete beams.
[image: Table 6]4.3 Effect of using transverse reinforcement
Transverse reinforcement improved ultimate shear strength, cracking behavior, and ductility in concrete beams as shown in Figure 11. In comparison to the hybrid FRC beam HFCB0-2.8, the values of ultimate shear load, cracking shear load, maximum deformation, and ductility for hybrid FRC beam HFCB0.42-2.8 improved by 35%, 55%, 22%, and 11%, respectively. Additionally, the values of the ultimate shear load, cracking shear load, maximum deformation, and ductility increased by 12%, 19%, 6%, and 17%, respectively, as the transverse reinforcement ratio increased from .24% to .42%. Transverse steel reinforcement, which is similar to hybrid fibers, could postpone shear cracking while simultaneously enhancing shear strength and ductility (Alrefaei et al., 2018; Torres and Lantsoght, 2019; Yang et al., 2021).
[image: Figure 11]FIGURE 11 | Effect of using transverse reinforcement.
4.4 Effect of span to depth ratio
As shown in Figure 12, the ultimate shear load and cracking shear load for hybrid FRC beam HFCB0.42-1.75, which has a span to depth ratio of 1.75 improved by 23% and 15%, respectively, more than for hybrid FRC beam HFCB0.42-2.3, which has a span to depth ratio of 2.3, and by 71% and 62%, respectively, more than for hybrid FRC beam HFCB0.42-2.8, which has a span to depth ratio of 2.8. These findings support the fact that lowering the span-to-depth ratio greatly improves shear strength because a considerable percentage of the shear force is transferred directly to the support by an inclined strut (arch action mechanism). This mechanism slows down the cracking process while enhancing stiffness and shear strength, which results in minor deformation occurring under the same load. In contrast, the hybrid FRC beam HFCB0.42-1.75, which has a span to depth ratio of 1.75, displayed the lowest deformation values at the same load and ductility, where they decreased by 16% and 13%, respectively, more than for the hybrid FRC beam HFCB0.42-2.3, which has a span to depth ratio of 2.3, and by 2% and 38%, respectively, more than for the hybrid FRC beam HFCB0.42-2.8, which has a span to depth ratio of 2.8. This indicates that although lowering the span to depth ratio increases the concrete’s shear strength, it has a detrimental effect on the ductility because the concrete beam was unable to withstand inelastic deformation and collapsed suddenly once the first diagonal shear crack appeared.
[image: Figure 12]FIGURE 12 | Effect of span to depth ratio.
5 FINITE ELEMENT MODEL
ANSYS 15 software is used to produce a numerical model, which is then validated with experimental results. A total of five finite element models that accurately represent the experimental HPSFRC beams HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75 were created.
5.1 Materials, loads, and boundary conditions modelling
The defined parameters of the concrete are shown in Table 7 and include the elastic modulus, Poisson’s ratio, uniaxial crushing, uniaxial cracking, open shear, and close shear coefficient. The non-linear behavior of hybrid FRC beams was modeled using the stress-strain relationship shown in Figure 13, which was derived from the result of the uniaxial confined compressive strength test. Shear transfer coefficients are typically measured in the range of .0–1.0, with .0 denoting a smooth crack (total loss of shear transfer) and 1.0 denoting a rough crack (no loss of shear transfer). According to (Tahenni et al., 2021), the shear transfer coefficient for open and closed fractures was estimated, and the results were reasonably close to the experimental results. The longitudinal and transverse reinforcements were modeled using the Link 180 element. Table 8 represents the inserted properties of the transverse and longitudinal reinforcements including modulus of elasticity, Poisson’s ratio, and yield stress. The non-linear behaviors of transverse and longitudinal reinforcements were modeled based on the tensile test results. At a distance of 700 mm from the support on either side, double lines of nodes on the upper steel plates are where the force is acting. Two lines of nodes on the bottom end of the beam represent the hinged and roller supports. The roller support was restricted from moving in Y-direction, while the hinged support was restricted from moving in both X, Y, and Z-directions. The steel plates were represented by Link185 element.
TABLE 7 | Hybrid FRC properties.
[image: Table 7][image: Figure 13]FIGURE 13 | Stress-strain curve for hybrid fiber concrete.
TABLE 8 | Transverse and longitudinal steel properties.
[image: Table 8]5.2 Numerical analysis procedure
The software performs a linear solution for the numerical simulations, gradually increasing the load value, and analyzing convergence. When the requirements are not met, various solution is developed by modifying the stiffness matrix. Collapse can be recognized by cracking patterns, concrete compressive strain approaching maximum, steel reinforcing strain reaching yield, or non-convergence resulting from a total loss of load-bearing capacity. The convergence criteria throughout the current investigation were dependent on force and displacement.
5.3 Validation of the numerical models
The finite element and experimental outputs were compared to validate the experimental findings. This was accomplished to guarantee that the concrete beam’s convergence conditions are suitable. Figure 14 illustrates the crack patterns and failure modes of hybrid FRC beams based on finite element models. All finite element models cracked similarly to all concrete beams in the experimental program. Where flexural cracks first appeared at the flexure region, followed by shear-flexure cracks, and finally diagonal shear cracks initiated and propagated upward at a 45-degree angle towards the applied load until the beams failed. The failure mode of the finite element model HFCB0-2.8 was similar to that of its experimental equivalent, where diagonal shear cracks occurred, followed by stirrup yielding, which caused the collapse. The finite element model differs in that the diagonal shear crack did not extend to the point where the load was impacting. This is likely because the stirrup reached yield stress before the diagonal shear crack was fully completed. This shows that the finite element model did not exhibit the same level of ductility as in the experimental beam sample to allow for the formation of a full diagonal crack before the collapse, but the failure mode is still the same for both as a diagonal shear crack followed by stirrup yielding. Regarding the finite element model HFCB0.24-2.8, the shown failure mode demonstrated that the addition of stirrups improved its ductility in such a way that it resulted in the formation of a full diagonal shear crack from the support up to the upper edge, followed by the stirrup yielding, which was very similar failure behavior to that experimental equivalent. The failure mode for finite element model HFCB0.42-2.8 did not differ significantly from finite element model HFCB0.24-2.8, as the collapse occurred as a result of a full diagonal shear crack occurring and the stirrups reached yield except with clearer shear-flexure cracks, because the beam could bear higher loads and thus the flexure stresses increased, and consequently, the flexure cracks increased, however, this was ineffective in changing the failure mode. The failure mode and crack pattern for finite element model HFCB0.42-2.8 were very similar to the corresponding experimental sample. The failure mode of finite element model HFCB0.24-2.3 was very similar to that of finite element model HFCB0.24-2.8, but with more and clearer flexural cracks since the strength of the beam increased as the span to depth ratio decreased, and thus the flexure stresses and flexure cracks increased. This failure and crack pattern were quite similar to the equivalent experimental beam. The failure mode of finite element model HFCB0.42-1.75 was comparable to that of the corresponding experimental beam model, except that the diagonal shear crack did not reach the top edge. This confirms that decreasing the span to depth ratio reduced the ductility of the beam, and thus the stirrup reached yield before a complete diagonal shear crack occurred. Additionally, the experimental one had more concrete crushing at the compression zone although this had no effect on the collapse because it was governed by the diagonal shear crack followed by stirrup yielding. Figure 15 shows a comparison between the finite element and experimental load versus deflection curves for all concrete beams. The finite element failure load was higher than the experimental failure load by 29%, 19%, 18%, 13%, and 6% for hybrid reinforced concrete beams HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75, respectively. The coefficient of variance between the finite element and the experimental results of failure load was 6.5%. The deflection values of all finite element and experimental samples appeared to be nearly equal as shown in the figure, and the relationship between load and deflection seemed to be linear until the crack occurs. Following the occurrence of the crack, the relationship became non-linear with an increase in the experimental sample’s deflection values compared to the finite element model at the same load. The finite element maximum deflection was 2%, 10%, 16%, 22%, and 23% less than the experimental maximum deflection for hybrid reinforced concrete beams HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75, respectively. The maximum deflection experimental results and the finite element results have a 9% coefficient of variation. Figure 16 compares the finite element and experimental load-transverse strain curves for all concrete beams. The strain values in stirrups for all finite element and experimental samples were insignificant until the cracking load. Following that, the strain in the stirrups increased dramatically until it reached yield stress. The figure shows that the strain values for the experimental samples after the cracking load were greater than the strain values for the finite element models under the same load. For all experimental and finite element models, the strain in the stirrups reached yield. The finite element transverse reinforcement strain values at failure were 15%, 6%, 12%, 1%, and 2% lower for the hybrid reinforced concrete beams HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75, respectively compared to the experimental transverse reinforcement strain values at failure. Transverse reinforcement strain experimental results and the results from the finite element had a 7.3% coefficient of variation. The comparison revealed that the experimental and finite element results were perfectly correlated.
[image: Figure 14]FIGURE 14 | Failure modes for all hybrid FRC beam models. (A) The failure mode for concrete beam model HFCB0-2.8. (B) The failure mode for concrete beam model HFCB0.24-2.8. (C) The failure mode for concrete beam model HFCB0.42-2.8. (D) The failure mode for concrete beam model HFCB0.42-2.3. (E) The failure mode for concrete beam model HFCB0.42-1.75.
[image: Figure 15]FIGURE 15 | Experimental and numerical load-deflection curves for all hybrid FRC beams: (A) HFCB0-2.8, (B) HFCB0.24-2.8, (C) HFCB0.42-2.8, (D) HFCB0.42-2.3, and (E) HFCB0.42-1.75.
[image: Figure 16]FIGURE 16 | Experimental and numerical load-transverse reinforcement strain curves for all hybrid FRC beams: (A) HFCB0-2.8, (B) HFCB0.24-2.8, (C) HFCB0.42-2.8, (D) HFCB0.42-2.3, and (E) HFCB0.42-1.75.
6 COMPARISON WITH ACI
The shear strength for hybrid polypropylene-steel fibers reinforced concrete beams was calculated in this section using ACI provisions. The validation of the finite element and experimental results are demonstrated by comparing them to the ACI equations. As illustrated in Figure 17, the nominal shear strength Vn can be calculated as the summation of the nominal shear strength due to concrete Vc, and the nominal shear strength due to transverse reinforcement Vs. According to ACI318 (ACI 318-19, 2019), the nominal shear strength due to concrete can be calculated as the least of the followings:
[image: image]
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[image: image] is the reduction factor equal to one for normal weight concrete as well as high strength concrete.[image: image] is the cylindrical compressive strength of concrete.[image: image] is the ratio of the area of longitudinal reinforcement to the cross-section of the concrete area [image: image]
[image: Figure 17]FIGURE 17 | Flow chart for shear strength calculation using ACI.
The correction factor for obtaining the equivalent compressive strength of the standard cube is given by ECP203 (ECP 203-18, 2018) as follows:
[image: image]
Where [image: image] is the cubic ultimate compressive strength of concrete.
The nominal shear strength due to transverse reinforcement is calculated as the following:
[image: image]
[image: image] is the area of transverse reinforcement.[image: image] is the yield strength of transverse reinforcement.[image: image] is the spacing between the transverse reinforcement.
Table 9 shows a comparison between the numerical, experimental, and ACI predicted values of shear strength for hybrid polypropylene-steel fibers reinforced concrete beams. ACI results exhibited the lowest values of shear capacity for all hybrid FRC beams while the numerical exhibited the largest values. As shown in Figure 18, the ACI results for shear capacity were less than the experimental results by 23%, 21%, 15%, 25%, and 18% for concrete beams HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75, respectively. On the other hand, the ACI results for shear capacity were less than the numerical results by 41%, 33%, 27%, 34%, and 22% for concrete beams HFCB0-2.8, HFCB0.24-2.8, HFCB0.42-2.8, HFCB0.42-2.3, and HFCB0.42-1.75, respectively. The coefficient of variance between the ACI and experimental shear capacity results was 4.8%, while it was 9.2% between the ACI and numerical shear capacity results. This indicates that the shear capacity of hybrid polypropylene-steel fibers reinforced concrete beams predicted by ACI is appropriate, However, the ACI underestimated shear strength. The ACI’s calculations were conservative when compared with the experimental or numerical results, particularly for hybrid FRC beams with a lower transverse reinforcement ratio or a lower span-to-depth ratio (equal or less than 2.3).
TABLE 9 | Experimental, numerical, and ACI, results of shear failure load for all beams.
[image: Table 9][image: Figure 18]FIGURE 18 | Comparison between the experimental, numerical, and ACI results of shear failure load for all concrete beams.
7 CONCLUSION
The shear behavior of concrete elements is a dilemma. This study examined the shear behavior of high-strength concrete beams reinforced with hybrid polypropylene-steel fibers. Concrete type, transverse reinforcement ratio, and span to depth ratio were the investigated parameters that influenced the shear behavior. The following crucial findings were condensed from the theoretical and practical study:
1. Experimental HFRHSC beams with a span-to-depth ratio larger than 2.3 failed due to a significant diagonal shear crack, whereas concrete beams with a span-to-depth ratio equal to or less than 2.3 failed due to a diagonal shear crack followed by crushing of concrete. This is because decreasing the span-to-depth ratio changed the shear resistance behavior from truss to arch action, and thus the failure was controlled more by the compressive strength of inclined struts.
2. Adding hybrid polypropylene-steel fibers to high-strength concrete beams improved shear capacity, maximum deformation, and ductility, as well as delayed crack initiation by approximately 18%, 66%, 60%, and 13%, respectively. This is due to the capability of hybrid polypropylene-steel fibers to withstand macro and micro cracks at different stress levels, thus delaying the cracking process, improving stiffness and strength, reducing brittleness, and increasing plastic deformation without fracture.
3. Adding transverse reinforcement to high-strength concrete beams alongside hybrid polypropylene-steel fibers and longitudinal reinforcement at the compression zone improved the ability to prevent crack initiation and propagation, as well as increased the shear strength and ductility more than adding hybrid fibers alone, where the shear capacity, the cracking load, maximum deformation, and ductility for hybrid fiber reinforced high-strength concrete beams that had transverse reinforcement, were 35%, 55%, 22%, and 11% higher, respectively than those for hybrid fiber reinforced high-strength concrete beam without transverse reinforcement.
4. Reducing the span-to-depth ratio for HFRHSC beams from 2.8 to 1.75 increased shear capacity and cracking load by about 22% and 11%, respectively, however, decreased maximum deformation and ductility by about 2% and 38%, respectively. This is because the load was transmitted directly to the support with a decrease in the span-to-depth ratio, which delayed the occurrence of cracking and improved shear strength while negatively affecting the ability to plastically deform and ductility, making concrete behave more brittle.
5. The numerical results for HFRHSC beams modeled with ANSYS 15 software showed a good correlation with the experimental results; however, the numerical solution overestimated the shear capacity. The average and coefficient of variance between the experimental and numerical results for shear capacity were .86% and 6.5%, respectively.
6. The ACI’s calculations were conservative when compared with the experimental or numerical results, particularly for hybrid fiber-reinforced high-strength concrete beams with a lower transverse reinforcement ratio or a lower span-to-depth ratio. The coefficient of variance between the ACI and experimental shear capacity results was 4.8%, while it was 9.2% between the ACI and numerical shear capacity results.
8 FUTURE STUDIES

1. Studying the effect of different span-to-depth ratios (1, 1.5, 3, 4) on the shear behavior of HFRHSC beams.
2. Studying the effect of different proportions of hybrid polypropylene-steel fibers (10%, 15%, 20%, 25%) on the shear behavior of high-strength concrete beams.
3. Studying the effect of flange width for L-section and T-section on the shear behavior of HFRHSC beams.
4. Studying the flexural behavior of HFRHSC beams.
5. Studying the torsional behavior of HFRHSC beams.
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This study examines the physical, mechanical, microstructural, and attenuation properties of high-density concrete exposed to temperatures ranging from 200°C to 1200°C. For this purpose, heavy-density concrete containing 25%, 50%, 75%, and 100% dolerite aggregates was developed and compared with three ordinary concrete mixes. Pre- and post-heated concrete specimens were evaluated for mass and density loss, compressive strength, rebound hammer, X-ray and gamma-ray attenuation, Half Value Layer (HVL), and Ten Value Layer (TVL) along with microstructural properties determined by scanning electron microscopy and Energy Dispersive X-ray. The results showed that the incorporation of 75% dolerite aggregate during pre- and post-heating yielded high compressive strength whereas low mass and density loss. The same mixture showed significant improvement in gamma ray shielding at all temperatures. The Half Value Layer and Ten Value Layer values showed a reduction in the thickness of concrete as a shield. It is recommended that dolerite heavy-density concrete is a potential radiation shield at high temperatures ranging from 200°C–1200°C in fourth-generation nuclear power plants.
Keywords: compressive strength, heavy-density concrete, x-ray, gamma ray, nuclear power plants, half value layer (HVL), temperature, attenuation
1 INTRODUCTION
Due to the increasing application of gamma rays in studying the biologically harmful effects, several studies have already been performed on the shielding properties of various materials (Mollah et al., 1992; Gökçe et al., 2018; Moharram et al., 2020). Among all materials, concrete is widely accepted as a shield against gamma radiation due to its high strength, acceptable density, and inexpensive design flexibility (Tekin et al., 2018). However, the properties of concrete as a radiation shield, for instance, density, depend upon the composition of materials in concrete. Therefore, in the recent past, many studies have been devoted to developing concrete shields by introducing various types of special aggregates i e., natural such as magnetite (Thomas et al., 2019), barite (Almeida et al., 2017), serpentine (Kansouh 2012) as well synthetic aggregate like steel shots (Maslehuddin et al., 2013), steel furnace slag (Khalaf et al., 2019) Heavyweight concrete has a density greater than 2600 kg/m3 (Lotfi-omran et al., 2019). The recent developments in heavyweight concrete have been explained in detail by (Malik et al., 2022).
Heavyweight aggregates are used to fabricate heavy-density concrete for the construction of radiation shielding (Horszczaruk, 2019). developed magnetite concrete as a radiation shield showed 11.7% higher attenuation of gamma rays than barite concrete and 44.8% than ordinary concrete (El-Samrah et al., 2018). fabricated barite-limonite concrete and concluded that the linear attenuation coefficient rises with increasing temperature up to 450°C. A prior study on barite concrete suggested that approximately 40% of wall thickness could be decreased compared to walls fabricated with ordinary concrete (Akkurt and El-Khayatt 2013). However, iron ores are expensive and difficult to work with (Gencel et al., 2012). Before utilization, these ores pass through many complex processes compared to traditional aggregates, such as mining, transportation from mines, screening, and cleaning. The other main problem is the diversity of aggregates in properties due to excavation location. Barite, for instance, may contain 90% BaSO4 as well as 65% BaSO4. Thus, concretes fabricated due to different properties in aggregates behave differently (Sikora et al., 2019). For these reasons, there is a clear need to develop heavy-density concrete utilizing other materials, preferably waste materials that are less expensive and serve as decent radiation shields with good mechanical properties (Gencel et al., 2012).
On the one hand, careful selection should be made while fabricating heavyweight concrete, as fabrication is a more critical process than conventional concrete. Each constituent, such as water, cement, and coarse aggregate, must be evaluated, whereas type and amount are the key consideration in the mixes (Khalaf et al., 2021). Water cement ratio is an important parameter in high-strength and high-density concrete preparation. However, the literature on improving concrete density by decreasing the water-cement ratio is scarce. Nevertheless, the water-cement ratios in heavyweight concrete range between 35% and 50% (Facure and Silva, 2007). A study concluded that the optimum water-cement ratio for barite concrete is 0.40 (Topçu, 2003). At the same time, the quality and type of cement also matter in the fabrication of heavyweight concrete because the cement content in heavyweight concrete is that it must be high enough to prevent any radiation seepage while low enough to affect shrinkage. For such reasons, 350 kg/m3 is the recommended cement content for heavyweight concrete (Celik et al., 2015). However, barite and magnetite concrete required high cement content between 400 and 490 kg/m3 to reach the desired strength (Ouda 2015; Yao et al., 2016). Moreover, heavyweight concrete can be developed using any Portland cement; however, cement produced from coarsely ground clinker should be avoided (Horszczaruk, 2019). Concretes fabricated with a cement content of 350–400 kg/m3, the typical values of densities for some concretes are.
• steel scrap - 6–6.500 g/cm3 (ƒϲ = 75 MPa, w/c = 0.29) (González-Ortega et al., 2014)
• barite + steel scrap—4.50–5.0 g/cm3 (ƒϲ = 35–50 MPa, w/c = 0.3–0.4) (Kilincarslan et al., 2006)
• iron ore—4.0 g/cm3 (ƒϲ = 75–80 MPa, w/c = 0.40) (Shirayama, 1963)
• magnetite - >3.50 g/cm3 (ƒϲ = 75–80 MPa, w/c = 0.30) (Ouda 2015)
• limonite + steel shot - >3.50 g/cm3 (ƒϲ = 60 MPa, w/c = 0.40) (lo Monte et al., 2014)
• barite or magnetite—3.50 g/cm3 (ƒϲ = 35–45 MPa, w/c = 0.37–0.60) (lo Monte et al., 2014)
• copper slag aggregate—2.80–3.0 g/cm3 (ƒϲ = 70–95 MPa, w/c = 0.33–0.45) (Behnood 2014)
Nuclear power plants (NPPs) are subjected to high temperatures during their entire operating life. High temperatures induce complex changes such as mass and strength loss in concrete due to loss of bound and unbound water from the hydrated products of cement. Exposure to high temperatures, calcination of calcareous aggregates, and volumetric instability of quartz aggregates are necessary changes that trigger mass and strength loss phenomena (Fillmore 2004). The more the loss in mass and strength, the more the density reduction, ultimately reducing the radiation shield’s attenuation capability (Nikbin, 2020). Most NPPs operate at a temperature of 65°C; this situation could be worsened in case of any emergency or fire. The thermal properties of concrete get importance in the case of high-temperature reactors where temperature can reach 400°C in thick pre-stressed concrete shields in nuclear reactors (Sakr and El-Hakim 2005). Whereas the thermal properties of ordinary concrete have been the subject of investigation in the past, their parameters are well known. Increasing temperatures more than 100°C, the vapor pressure developed due to water inside the concrete increasing internal pressure, leading to cracking in concrete and sometimes spalling at high temperatures. Increasing temperature above 300°C leads to some severe changes inbound and unbound water to concrete. In contrast, considerable deterioration and degradation in strength have been reported in concrete exposed to a temperature above 600°C. The elastic modulus and compressive strength drop to half by increasing temperature beyond 700°C (Mehdipour et al., 2020). Likewise, in recent times, exposure of heavyweight concrete to high temperatures has been a subject of interest for many. For instance (Thomas et al., 2019), developed magnetite concrete and subjected it to high temperatures to measure its physical and mechanical properties. Up to 300°C, the temperature had no influence on concrete’s physical and mechanical qualities, but at 500°C, 80% of its initial compressive strength was lost. The breakdown of portlandite (CaOH)2 into carbon dioxide (CO2) and calcium oxide caused a considerable loss of strength and structural deterioration between 500°C and 700°C (CaO). At 800°C, C-S-H gel decomposes while maintaining 50% of its initial strength. A recent study (Horszczaruk and Brzozowski 2019) found that magnetite concrete maintained its phase stability up to 570°C without losing strength. Magnetite concrete loses 20% of its strength at 800°C (Kodur and Agrawal 2016). There is still a knowledge gap in heavyweight concretes exposed to temperatures above 800°C (Demir, Gümüş, and Gökçe 2020; lo Monte et al., 2014).
Artificial aggregates, such as steel shots and iron pellets, do, in fact, increase the density of concrete more than natural aggregates. However, there are certain limitations to using artificial aggregates, such as the compaction of fresh concrete due to gap-graded aggregates, and iron and steel must be rusted before use in order to form strong bonds with other concrete ingredients (Lerman et al., 2020). Another factor is magnetic attraction, which interferes with the interlocking effect of steel or iron with other particles (Rohrig, 2016). As a result, natural aggregates can be utilized as heavy-density aggregates in concrete as gamma ray shields.
Based on the authors’ knowledge, it can be concluded that waste or by-product aggregates with sufficient density could be used in gamma radiation shields to overcome the limitations explained in the literature. Utilization of waste and by-products is sustainable, environmentally friendly, and cost-effective approach. For this reason, Dolerite Heavyweight Aggregates (DHA) with a density of 3.12 g/cm3 is utilized in concrete. The concrete is subjected to high temperatures from 200°C to 1200°C. The physio-mechanical properties (compressive strength, rebound hammer, mass, and density loss), as well as their ability to absorb harmful radiation (linear and mass attenuation coefficients, Half Value Layer (HVL), and 10th Value Layer (TVL)) for pre- and post-heated, concretes were analysed. Apart from that, to evaluate the chemical changes at a micro level, Scanning Electron Microscope (SEM) and X-ray radiography for studying voids and cracks due to thermal changes are also part of this study. The evaluation of concrete shields at such high temperatures will help fulfill the current demand for the knowledge of fourth-generation nuclear power plants where temperatures can reach more than 1000°C (Thomas et al., 2019).
2 MATERIALS AND TESTING METHODOLOGY
2.1 Materials
Ordinary Portland cement (OPC) ASTM Type 1, fouji brand, Pakistan, was used in the present study. The physical and chemical properties of the cement are given in Table 1, which shows the specific gravity value of 3.12 gm/cm3.
TABLE 1 | Physical and chemical properties of cement.
[image: Table 1]Normal-weight limestone aggregate obtained from Margalla hills and fine aggregates from Lawarancepur, Pakistan were used in this research. The gradation curve of fine aggregates is shown in Figure 1. The gradation of fine aggregates is within the upper and lower limits defined by ASTM C33. Also, the fineness modulus calculated for fine aggregates is 2.7 which is also within limits.
[image: Figure 1]FIGURE 1 | Gradation curves of fine aggregate.
To avoid harsh mixes and to achieve satisfactory consistency, Chemrite-SP 303 superplastisizer, Emporient Chemicals, was used.
Dolerite heavyweight aggregates (DHA) were obtained from two sources; one from the parent source (place of mining, located in Mansehra, KPK, Pakistan, situated (34° 25’ 27″N, 72° 58’ 05″E), while the other from a factory where these stones are cut and polished. So, there were two types of aggregates; one with a polished surface and the other with a coarse and rough surface. Trial mixes were prepared using both types of aggregates; however, concrete mixes prepared with polished surface aggregate tend to settle down in fresh mix due to no or very little inter-particles friction, resulting in mixes with no adhesion. Therefore, based on trials, a mixture of both types of aggregates was used to cast concrete. The density and other physical characteristics of DHA are shown in Table 2.
TABLE 2 | Physical and chemical properties of DHA.
[image: Table 2]To study the phase identification of the crystalline nature of DHA, X-Ray diffraction (XRD) analysis was carried out in Centralized Resourced Laboratory (CRL), UoP, Pakistan, through JDX-3535 JOEL diffractometer. The peak positions of crystalline at 2-Alpha are plotted against the X-Ray counts (intensity) as shown in Figure 2. The figure shows that dolerite aggregates are rich in silica (Si) and Oxygen (O) contents. There are small traces of Magnesium (Mg), Aluminum (Al), Titanium (Ti), and Phosphorous (K). The element that contributes to the high density of dolerite aggregate is Iron (Fe) which could be found in abundance with various peaks.
[image: Figure 2]FIGURE 2 | XRD analysis of DHA.
2.2 Mixing details
In this study, seven mixes were considered to understand better the effect of high temperature on the mechanical properties of heavyweight concrete made with dolerite aggregates. The ratio of aggregates varied among the mixes. For instance, DC1 concrete indicates “dolerite concrete mix with 25% dolerite aggregate and 75% limestone aggregates. The other mixes designation is; DC2 (50% dolerite and 50% limestone), DC3 (75% dolerite and 25% limestone aggregate), and DC4 (100% replacement of limestone aggregates with dolerite aggregates). Control mix CM1 (5–9 mm limestone), CM2 (5–16 mm limestone), and CM3 (5–25 mm limestone) were also part of this study for comparison purposes.
The water-cement ratio w/c = 0.45 was kept constant for all mixes. The cement quantity (less than 400 kg/m3) was the same for all the mixes. Chemrite SP-303 superplasticizer was introduced to get the acceptable consistency used for specimen preparation as per supplier recommendation (0.4%–1.5% by weight of cement). The mix design adopted in this study is shown in Table 3.
TABLE 3 | Mix design of control and DC mixes.
[image: Table 3]2.3 Specimen preparation
In this study, a total of 210 specimens were prepared for compressive testing for pre and post-heating in a furnace. The cylindrical specimens cast were 150 mm in diameter and 300 mm in length. Three specimens were poured for each mix and temperature, and the average value was taken at the end of each mix testing. Three specimens in each mix were exposed to 200°C, 400°C, 600°C, 800°C, 1000°C, and 1200°C.
For gamma-ray and X-ray attenuation, cubic specimens with dimensions 150 mm × 150 mm x 150 mm were poured. These specimens were then cut mechanically for 20 ± 2 mm thickness. This way, three specimens per mix per temperature with dimensions (150 mm × 150 mm x 20 ± 2 mm) were prepared. So, a total of 105 specimens were prepared for both gamma and X-ray attenuation. Specimens of each mix were exposed to 200°C, 400°C, 600°C, 800°C, 1000°C, and 1200°C temperatures. It may be noted that the same specimens were tested first for X-ray and then gamma rays attenuation. Before testing, all the specimens (315 No’s) for mechanical and attenuation properties were cured in a water tank under controlled laboratory conditions.
2.4 Heating procedure for concrete specimens
The heating process was carried out in a trolley-operated electric furnace having dimensions of 500 mm × 600 mm × 1200 mm. Before heating, the specimens were oven-dried at 110°C for 24 h to remove any free water. This is to prevent the concrete specimens from exploding during the heating process in the furnace. The furnace is installed with a ventilator to circulate air from the atmosphere into the furnace. The door and outside walls of the furnace were installed with water-cooling pipes that constantly circulate to keep the doors and outside walls cooled and exploded due to overheating. Before heating, specimens were assessed for mass and density at room temperature. This was done after heating specimens in an oven at 110°C for 24 h to obtain constant mass by eliminating any free water. The specimens were then loaded from the front on the machine-operated trolley, and the furnace doors were sealed. The specimens were heated to the desired temperature of 200°C, 400°C, 600°C, 800°C, 1000°C, and 1200°C with a 3°C–5°C/min loading temperature. Afterward, reaching the desired temperature, the furnace temperature was held constant for 120 min. After heating, the doors were shut to bring the temperature of the furnace to room temperature, and the specimens were then unloaded. The concrete mixes were measured again for mass and density loss after they were cooled to room temperature. The specimens were measured for weight loss and visual observation after removal from the furnace. Compressive strength test (ASTM C39/C39M − 17b), rebound hammer (ASTM, C 805–02), and mass and density loss were conducted immediately.
2.5 X-ray radiography and gamma-ray attenuation coefficient
X-ray computed radiography of concrete to measure the three-dimensional dispersal of pores, air voids, and air pockets in solid materials is a non-destructive technique that has proven to be effective in pore characterization of porous materials. For the same reason, this study presents the x-ray imaging of heavyweight concrete subjected to high temperatures. So, the concrete specimens with 150 mm × 150 mm × 20 mm of ambient and high temperatures have been shifted to Metallographic Testing Lab (MTL), Non-destructive Testing (NTD) in Heavy Mechanical Complex (HMC) Taxila, Pakistan. The specimens covered in D7 film were put on a lead table with minimum noise to get a better and more concise image. The exposure time of X-ray radiation for this setup was 1 min. The scheme of the experimental setup is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of the X-ray test setup.
Concrete specimens’ gamma rays’ characteristics were tested in the Nuclear Engineering and Radiation Measurement Laboratory (NERML), Pakistan Institute of Engineering and Applied Sciences (PIEAS), Islamabad, Pakistan. The schematic procedure of gamma irradiation through a 137Cs source with 0.622 MeV energy enclosed in the lead shield is shown in Figure 4. To avoid stray radiation from reaching the detector and making good geometry, two lead collimators were introduced in front of the source and the other in front of the detector. Both collimators were aligned using laser points. Before un-shielding the source, concrete specimens were placed vertically with 20 ± 2 mm thickness in front of the source. The un-collided gamma rays were detected by NaI (Ti) detector. The detector counted the emitted rays from the source passing through the collimators and penetrating through the specimen. The weak detector signals are required to be amplified by an amplifier (PMT) prior to shaping. Before that, aluminum and copper samples with known parameters were tested before actual concrete testing for the calibration of the experimental setup. For the accuracy of results, the selection of window channel on Single Channel Analyzer (SCA) played a valuable role. So, a pulse of height representing full energy peak is selected on SCA, which is counted by the counter-timer. A similar experimental setup has been published previously by (Ouda and Abdel-Gawwad, 2017; Khan et al., 2022).
[image: Figure 4]FIGURE 4 | Systematic setup of gamma ray test.
The variations in the radiation intensity are measured through Lamber-Beer law given in Equation 1. To measure the gamma rays shielding effectiveness of concrete, the half-value layer (HVL) and 10th Value Layer (TVL) were measured through Eqs 2, 3 and respectively (Lamarsh et al., 2014; Singh and Singh, 2021)
[image: image]
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Given that
I = intensity of radiation, I0 = intensity of radiation without thickness, x = Thickness of shield, µ = Linear attenuation coefficient of the specimen.
3 RESULT AND DISCUSSION
3.1 Physical observations
The pre and post-heated concrete specimens were physically observed for color changes, cracks, aggregate expansion, and voids. DC3 Specimen exposed to temperatures from 600°C to 1200°C is shown in Figure 5.
[image: Figure 5]FIGURE 5 | DC 3 mixes exposed to temperatures from 600°C to 1200°C.
It was observed that up to 400°C, no physical changes were noticed except for slight color variations. No surface cracks could be observed in this temperature range as only free water tends to evaporate.
However, exposing specimens to a temperature of 600°C, few hair lines cracks were observed for control mixes as well as dolerite concrete. This is because chemically bound water tends to evaporate, which triggers chemical reactions and, in turn, leads to physical changes such as cracks (Koťátková et al., 2016). The control mixes suffered more than dolerite mixes against thermal stresses. The breakage in the cement matrix and decomposition of C-S-H and CaCO3 to CO2 and CaO occurs at 800°C and above (Naus, 2010). These breakages and chemical changes alter the specimen color to a large extent. Also, the cracks were more visible and could be measured with ordinary measuring tools. However, the width of the cracks were pronounced for control mixes compared to dolerite concrete. Complete decomposition of concrete specimens was noticed for control mixes when exposed to moisture, and their strength could not be assessed. In contrast, dolerite concrete showed some strength which was 12% of its original strength. At 1200°C, both control and dolerite mixes were completely decomposed. A large amount of aggregate expansion, internal core degradation, and cracks were observed in mixes.
Figure 6 shows the D3 mix having 75% dolerite aggregates before and after heating to a temperature of 1200°C. The cross-section of the mix shows that dolerite aggregates have made a good bonding with the cement matrix. They are firmly attached and adhered to the rest of the concrete constituents. The magnified part of the specimen shows a dolerite aggregate well embedded in a cement matrix, which provided extra resistance against external loads at ambient temperature. The same mix, when heated at a temperature of 1200°C, showed a different scenario: a complete degradation of cement matrix with large and wide cracks. The delamination of dolerite aggregates from the cement matrix could also be observed in the magnified part. However, the dolerite aggregates could be seen unharmed during heating up to 1200°C because the melting temperature of dolerite is above 1200°C (Ingham, 2013).
[image: Figure 6]FIGURE 6 | Delamination of DHA aggregates in Dolerite mix (D3) after exposed to 1200°C.
3.2 Mass and density loss
The mass and density loss of concretes were meaured before and after heating. The impacts of heating on mass and density loss of concrete were measured from 200°C to 1200°C is shown in Figures 7, 8, respectively. The mass and density loss followed a linear decrease with the variations in temperature. For instance, the density loss for CM1, CM2, and CM3 at 200°C showed a loss of −2%−1.5%, and−1.2%, respectively. No major loss in density has been observed at 400°C since only unbound or free water tends to evaporate from the mixes. Density loss has been increased to −12.4%−12.8% and−12.1% at 1000°C. Further heating of the specimens showed a major loss in density for CM1, CM2, and CM3 concrete, which was−16.6%−15.7%, and −14.9%. The high temperature has induced complex changes in concrete. The decomposition of C-S-H gel is one major reason for its loss of the chemically bound water, which decomposes the complex bonding of the cement matrix (Mohammed Haneefa et al., 2013).
[image: Figure 7]FIGURE 7 | Mass loss of control and dolerite mixes as a function of temperature. (A) Mass loss (B) Mean and error as a function of temperature.
[image: Figure 8]FIGURE 8 | Density loss of control and dolerite mixes as function of temperature. (A) Density loss (B) mean and error bar as a function of temperature.
On the other hand, due to the hard in nature and compact, dense structure of dolerite aggregates, the mixes sustain the elevated temperature as shown. For instance, compared to control mixes, the D1, D2, D3, and D4 showed a density loss of −0.5%−0.8%−0.3%, and −0.9%, respectively. The density loss was not pronounced up to 600°C, maintaining its residual density up to 97%. Beyond 600°C, the D1, D2, D3 and D4 showed density losses of −11.6% −10.6% −9.6% and −10.6%, respectively. More severe changes have been observed at 1200°C, where the mixes retained 85.5%, 86.2%, 89.7%, and 86.8% of their initial density. It may be noted that the lowest density loss was observed for the D3 (having 75% dolerite aggregates) mix at low and high temperatures. The dolerite aggregates possess a rough and angular structure, providing extra resistance against thermal loads. Due to angular, they make a strong bond with the cement matrix and prevent the loss of hydrating water (Sloane, 1991).
3.3 Compressive strength
The compressive strength of control mixes and dolerite concrete as a function of temperature is shown in Figure 9 and mean values are depicted in Figure 10. At room temperature, dolerite concrete having 75% dolerite aggregates (D3) showed maximum strength among the specimens. The D3 mix showed a compressive strength of 57.6 MPa, more than the CM1, CM2, and CM3 mix by 31.9%, 29.3%, and 24.8%, respectively. The strength drops up to 400°C were not pronounced and showed a linear decrease in compressive strength. The strength values noted for D1, D2, D3, and D4 mixes were 40.94 MPa, 45.51 MPa, 52.704 MPa, and 48.42 MPa, respectively. Because, in this temperature range, the evaporation of free water, a rise in porosity, and dehydration of the C-S-H phase in the cement paste reduced the resistance (Shumuye et al., 2019) (Table 4).
[image: Figure 9]FIGURE 9 | Compressive strength of control and dolerite mixes as function of temperature.
[image: Figure 10]FIGURE 10 | Mean and standard deviation of compressive strength against temperature.
TABLE 4 | Summary of test results with standard deviation.
[image: Table 4]Upon further heating, the mixes showed a rapid decrease in strength, which continued till 1200°C. The α-β-SiO2- inversion occurs in the quartz crystals that make up the aggregate when the temperature reaches approximately 600°C. There is a 0.85%-point rise in the specific volume. The calcium hydroxide and other products of cement hydration start to dehydrate, which is one factor that contributes to the concrete structure’s deterioration (Chang et al., 1994).
At 800°C, the strength loss for D1, D2, D3, and D4 concrete was found to be 53.0%, 50%, 55%, and 60% compared to ambient temperature strength. A 60% and 86% decrease was noted for D4 concrete at 800°C and 1000°C, respectively. As depicted in section 4.1, the delamination of dolerite aggregates occurs due to extreme degradation in the cement core. Also, the calcium carbonate decomposes into CO2, leading to further expansion of the specimen due to expansion in aggregates (Powe et al., 2020).
It may be shown that increasing the size of coarse aggregate tends to increase the compressive strength. For instance, CM1, CM2, and CM3 concrete showed a compressive strength of 39.2°MPa, 40.7°MPa, and 43.3 MPa at room temperature. The significant degradation in concrete was noted beyond the temperature at 400°C. Below 400°C, the residual strength of concrete specimens was found to be between 5%–7.1%. For instance, at 400°C, CM1, CM2, and CM3 concrete showed a loss in strength of 7.14%, 6.8%, and 6.9%, respectively of their initial values. However, at 600°C and beyond, the compressive strength decreased drastically, especially for CM1 mixes. At 600°C, 800°C, and 1000°C, the CM1 mixed showed a loss in compressive strength of 24.8%, 74.9%, and 100%, respectively. Where the highest compressive strength was noted for CM3 in this temperature range. At 600°C, 800°C, and 1000°C, a loss in compressive strength of 25%, 56%, and 73%, respectively, for CM3 mixes.
The strength could not be measured for the same mix at 1200°C due to complete decomposition of concrete. In addition, the gel has disintegrated, the structure of the cement paste has been damaged, as well as the structure is loose and slack in appearance (Hager 2013). At this temperature, the morphological behavior of the specimen is characterized by whitening of the specimen and appearance of fissures on the surface. At temperatures between 800°C and 1000°C, further disintegration and the formation of free and permeable material result in the creation of a significant number of long and wide fractures on the surface of the samples. With further exposure to moisture, the specimens are damaged and peeled off, a significant quantity of coarse aggregate is stripped off the cement paste, and the interfacial adhesion force is reduced or even gone (Burrow et al., 1979; Naus, 2010).
3.4 Rebound hammer
The results of rebound hammer in correlation with compressive strength for CM1 mix are shown in Figure 11. The rebound hammer for the CM1 mix was determined for temperatures between 28°C and 1000°C. The cumulative relation between compressive strength and rebound hammer yields an R-squared value of 0.787. The R-squared value is less than the DC3 mix, which is 0.93; this is because, beyond 600°C, a drastic decrease in compressive strength has been observed. The rebound values seem to follow the compressive trend. Increasing the temperature tends to decrease the rebound numbers. Up to 400°C, the values of the rebound hammer could be turned as a “good layer” beyond this temperature; all the values were termed as “fair,” “poor,” and “delaminated” at temperatures 600°C, 800°C, and 1000°C, respectively.
[image: Figure 11]FIGURE 11 | Correlation curve between compressive strength and rebound hammer for CM1 mix.
Figure 12 shows the variations of rebound hammer against temperatures for DC3 mix. Recalling the previous sections, this mix was qualified as the highest compressive strength mix with low mass and density loss. The rebound hammer and compressive strength R-squared were obtained as 0.930, which shows a good agreement between compressive and rebound values.
[image: Figure 12]FIGURE 12 | Correlation curve between compressive strength and rebound hammer for DC3 mix.
3.5 X-ray radiography
X-ray radiography is a conventional and highly effective non-destructive test (NDT) for measuring concrete defects such as air pockets, air voids, matrix, and bond cracks. Concrete underwent X-ray radiography to verify the qualities of the CM1 and DC3 mixes specified in sections 4.1, 4.3, and 4.4.
Figure 13A depicts a compact, dense construction with no gas pores and voids at a minimum. In the dark, the dolerite aggregates could be observed. No bonds or matrix cracks could be identified at this stage. Figure 13B displays a considerable number of cracks (shown in red), but no matrix cracks have yet emerged as a result of intense heating at 1000°C. The size of the gas pores (indicated in black) increases. At 1000°C, two types of cracks were seen in the CM1 mixture: matrix cracks and core cracks. The matrix cracks are marked in red. Due to intense heating, the border layer of concrete in the concrete disintegrated. In addition, many core fractures (marked in black) may be noticed in the concrete along with pores and voids (Hernandez-Murillo et al., 2020) as shown in Figure 13C.
[image: Figure 13]FIGURE 13 | X-ray radiography (A) DC3 mix at ambient temperature, (B) Control mix at 1000°C and (C) DC3 mix at 1000°C.
3.6 Scanning electron microscopy (SEM)
The SEM analysis for the DC3 mix at ambient temperature is shown in Figure 14A. It could be shown that particles are induced into each other and make a strong bond against external resistance. It was discovered that the transition zone exhibited an entire matrix composed of ettringite, portlandite, and calcium silicate hydrate at ambient temperature. The white clouds are evidence of S-C-H gel formation in mixes. This concrete demonstrated the highest compressive strength at ambient temperature, which was 57.6 MPa. The EDX analysis was also taken of the same mix where traces of Fe, Si, Ca, Ti, and some minor traces of K and Al were found, as shown in Figure 15.
[image: Figure 14]FIGURE 14 | SEM analysis (A) DC3 mix at ambient temperature, (B) control mix at ambient temperature, (C) control mix at 1200°C, (D) DC3 mix at 1200°C.
[image: Figure 15]FIGURE 15 | EDX analysis of DC3 mix at ambient temperature.
When the temperature reaches 1200°C, a significant proportion of water is evaporated, and many holes develop on the gelled layer in DC3 mix. In addition, the gel has disintegrated, the structure of the cement paste has been damaged, and the structure is loose and slack in appearance. In such temperatures, the macroscopic performance of the specimen exhibits whitening the specimen and the appearance of cracks on the surface of the specimen (Sivathanu Pillai et al., 2016), as shown in Figure 14D.
The CM1 mix at ambient temperature is shown in Figure 14B, where white clouds of C-S-H could be observed. Additionally, there are black holes identified in the mixes, which could be voids which depicts porous structure that results in low compressive strength compared to other mixes. The SEM analysis of the control mix (CM1) at 1200°C is shown in Figure 14C. At this stage, it is possible to identify the lack of cohesion and the friable, porous appearance of the C-S-H matrix and to identify some altered portions of the samples. As shown, there is no cohesion left between the particles, and complete degradation has been noticed.
High temperatures also affect the non-hydrated cement particles in the hydrated cement paste, causing them to expand more rapidly. Together with shrinkage in cement paste produced by variations in C-S-H and CH, this process promotes differential thermal expansion among the ingredients, resulting in microcracking and an increase in the porosity of the concrete mix (Diamond and Huang 2001). The cement mixture begins to melt at such high temperatures. Moreover, concrete specimens develop significant microstructure gaps and an interfacial transition zone between the aggregate and the cementitious matrix (Sadrmomtazi et al., 2012).
3.7 Gamma-ray attenuation
The gamma-ray attenuation was measured only for mixes that exhibited high and low compressive strength among all mixes at various temperatures. For this reason, DC3, DC4 and CM1concrete specimens were measured for gamma ray attenuation.
3.7.1 Linear attenuation coefficient (LAC)
The linear attenuation coefficient of CM1, DC3, and DC4 concrete is shown in Figure 16. The lowest linear attenuation is measured for DC3 concrete, whereas the highest was measured for DC4 concrete. Linear attenuation depends upon the density of the material. Since DC4 concrete exhibit more density among all mixes, therefore, linear attenuation was measured highest for this mix. It may also be noted that a sharp decrease in attenuation properties for all mixes was noted at 600°C since the compressive strength drastically decreased in mixes due to chemical and physical changes that occurred at this stage of heating. As shown in the figure, the control mix (CM1) decreases from room temperature to 400°C and then increases to 600°C. This is because gamma ray exhibits a shorter wavelength, less than 100 pm. It may be possible that the gamma-ray strike with heavy aggregate or cement particles at this temperature range tends to attenuate more compared to mixes at different temperatures (Khan et al., 2022). The attenuation of CM1 mix at 1000°C could not be measured due to complete disintegration and decomposition.
[image: Figure 16]FIGURE 16 | Linear Attenuation Coefficient (LAC) as function of temperature.
3.7.2 Mass attenuation coefficient (MAC)
Mass attenuation is the function of linear attenuation with respect to density of the material. The mass attenuation of CM3, DC3 and DC4 at various temperatures is shown in Figure 17. Since the DC4 exhibit the highest density among all the mixes, the mass attenuation was measured maximum for this mix. Additionally, DC4 concrete attenuation increased at 200°C, which may be evident of reverse hydration of un-hydrated cement. These values then tend to decrease at all temperatures. The DC3 mix showed more attenuation at room temperature than the CM3 mix. However, this value decreased at all temperatures later. There may be a few reasons that could explain this phenomenon such as bad mix where the aggregates were clustered at once and not mixed thoroughly or due to the bad geometry of the gamma-ray setup (Lee et al., 2007; Kumar et al., 2021; Ouda, 2021).
[image: Figure 17]FIGURE 17 | Mass Attenuation Coefficient as function of temperature.
3.7.3 Half Value Layer (HVL) and 10th Value Layer (TVL)
The HVL and TVL values of the control mix and dolerite mixes are shown in Figure 18 and Figure 19, respectively.
[image: Figure 18]FIGURE 18 | Half Value Layer (HVL) as function of temperature.
[image: Figure 19]FIGURE 19 | Tenth Value Layer (TVL) as a function of temperature.
Both attenuation properties tend to rise by increasing the temperature. For instance, the HVL value of DC3 mix was found to be 4.1 Cm at ambient temperature where it was noted 4.8 cm at 800°C. Figure 18 also show that dolerite mixes (DC3 and DC4) exhibit lowest HVL values compared to control mix up to 600°C. However, beyond this temperature, the HVL values tends to increase by increasing temperature.
The same trend could be noted in TVL values. At ambient temperature, the TVL was found to be maximum for DC4 concrete and minimum for DC3 concrete. This trend was followed until the temperature reached 600°C, where the TVL increased linearly for DC4 mixes. The phenomena of increase and decrease have already been explained in sections 4.3, 4.4, and 4.6.1.
4 CONCLUSION
This paper investigates the physical, mechanical, and microstructural properties as well as X-ray and gamma rays attenuation measured for heavy-density dolerite concrete at temperatures of 200°C–1200°C. The study provides comprehensive experimental results which will be helpful in assessing the various properties of concrete as gamma ray shield at high temperatures. The following concluding remarks are drawn.
1) At all temperatures, the mass, and density loss were more pronounced in control mixes compared to dolerite mixes. The lowest density loss was observed for mixes with 75% dolerite aggregate.
2) Specimens with 75% dolerite aggregate mix showed a compressive strength of 57.6 MPa, more than the control mix1, control mix2, and control mix 3 by 31.9%, 29.3%, and 24.8%, respectively, at room temperature. The concrete with 75% dolerite aggregates showed a loss in compressive strength of 4.50%, 8.50%, 27.0%, 55.0%, 80.0%, and 65.0% at 200°C, 400°C, 600°C, 800°C, and 1000°C, respectively compared to room temperature.
3) The rebound hammer followed the same pattern of compressive strength for control and dolerite mixes at all temperatures. The X-ray radiography showed gas pores, bond, and matrix cracks as well as voids in post-heated specimens whereas showed a compact structure in pre-heated specimens.
4) Linear attenuation coefficient (LAC) values were found more for control mixes whereas less for mix incorporated with 100% dolerite aggregate. The linear attenuation coefficient is a function of thickness thus increasing the thickness tends to increase LAC.
5) Mass attenuation coefficient (MAC) is a function of the density of material therefore the specimen with 100% dolerite aggregates exhibited the lowest MAC because of the higher density among other mixes. The Half Value Layer (HVL) and Tenth Value Layer (TVL) followed the pattern of LAC and MAC at all temperatures. The specimen with 100% dolerite aggregates showed the highest attenuation of gamma rays to one-fifth and one-tenth levels.
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The shear behavior of shear connectors in steel-concrete composite structures mainly depends on its load-slip relationship. The load-slip relationship not only reflects the shear capacity and slip capacity of the shear connectors, but also the degradation of shear stiffness during loading. In this study, fifteen push-out tests were carried out to investigate the load-slip relationship of the novel bearing-shear (B-S) connectors, which consist of pressuring-bearing plates and shear plates. Based on push-out tests, the influence of the shape and height of the pressure-bearing plate, and the shear plate shape on the load-slip relationship of the B-S connectors was analyzed. Then, an effective finite element model, validated by push-out tests, was used to study the influence of the concrete strength, and the thickness and tensile strength of the shear plate on the load-slip relationship of B-S connectors. Finally, based on the push-out tests, numerical analysis and theoretical analysis, an analytical model expressing the load-slip relationship of the B-S connectors was proposed.
Keywords: push-out test, numerical analysis, load-slip relationship, stiffness evolution, analytical model
1 INTRODUCTION
Prefabricated steel-concrete composite beams have been widely applied to the new construction of composite bridges and the replacement of deteriorated bridges decks due to their advantages of improving the construction quality, speeding up the construction and reducing the impact on the surrounding environment during construction (Shim et al., 2000; Shim et al., 2001). For prefabricated composite beams, shear connectors are usually installed in the shear pockets of the precast concrete decks. To ensure the integrity of the precast concrete decks and to avoid the intersection between the shear connectors and reinforcing bars in the shear pockets, the shear pockets should be as small as possible (Yu, 2020). For prefabricated composite beams with a large shear force at the steel beam-concrete slab interface, the grouped stud connectors need to be densely arranged in the shear pockets, resulting in the spacing between the studs is less than the specification requirements, which would reduce the shear capacity and shear stiffness per stud connector (Yu, 2020). In response to the above problems, Zou et al. (2021) proposed a novel bearing-shear (B-S) connectors to replace the grouped stud connectors in fabricated composite bridges. Figure 1 shows the structure of the B-S connectors and their application in prefabricated composite beams.
[image: Figure 1]FIGURE 1 | Steel-precast concrete slab composite beam structural system (Zou et al., 2021). (A) B-S connector. (B) Composite beam with B-S connectors.
According to the theory of partial shear connection, the load of steel-concrete composite beams is redistributed among the concrete slabs, steel beams and shear connectors in the plastic stage (Ranzi et al., 2004; Xue et al., 2008). The composite action of the steel beam and concrete slab in composite structures is directly influenced by the mechanical properties of the shear connectors (Zou et al., 2023; Zou et al., 2023). The shear behavior of shear connectors in composite structures mainly depends on their load-slip relationship. To accurately analyze the ultimate flexural performance of the composite beams, it is necessary to derive the load-slip relationship of the B-S connectors.
Fifteen push-out tests were conducted to analyze the influence of the shape and height of the pressure-bearing plate, and the shear plate shape on the load-slip relationship of the B-S connectors. However, the data obtained from the push-out tests were limited. Thus, an effective 3D finite element (FE) model was established to analyze the influence of the concrete strength, and the thickness and tensile strength of the shear plate on the load-slip relationship of the B-S connectors (Guo et al., 2022; Hosseinpour et al., 2022; Lima et al., 2022; Wang et al., 2022). Then, based on the results of experiments and numerical analysis, the characteristics of the load-slip curves were analyzed mathematically. Finally, an analytical model was suggested to express the load-slip relationship of the B-S connectors.
2 SUMMARY OF THE PUSH-OUT TESTS
2.1 Test specimens
In this study, a total five groups of fifteen push-out specimens were performed to explore the shear behavior of the B-S connectors. These test specimens were manufactured based on the recommendations of Eurocode 4 (EN1992-1-4: Eurocode 4. Design of composite steel and concrete structures, 2004). The B-S connector is processed as follows: As shown in Figure 1A, the B-S connector had a simple structure and was composed of a pressure-bearing plate and a shear plate. The pressure-bearing plate and shear plate are fabricated from easily obtainable conventional steel plate and could be connected by fillet welding without special welding equipment in the factory. The weld leg length of fillet welding was 16 mm. Then, the B-S connectors are welded to the steel beams by full penetration welds.
Figures 2A, B shows the configuration and dimensions of the typical push-out test specimen BS-r20-r120, respectively. The naming rules of the push-out specimen as follows: “BS” represents the B-S connector, “r20” represents the radium of the shear plate as 20; “h120” represents the height of the pressure-bearing plate as 120. Each specimen consists of two precast concrete slabs, two B-S connectors and an H-steel beam. A 20 mm thick steel plate was welded to the top of the H-steel beam to distribute the load from the hydraulic jack. Each precast concrete slab has a shear pocket (120 × 140 mm) for the B-S connector. Such a small space ensures that the shear pocket has no reinforcing bars. After the steel beam and precast concrete slabs were positioned, high-strength non-shrinkage mortar was poured into the shear pocket to connect the precast concrete slabs and steel beam.
[image: Figure 2]FIGURE 2 | (A) Configuration and dimensions of the specimen BS-r20-h120 (mm) (Zou et al., 2021). (B) Configuration and dimensions of the connector BS-r20-h120 (mm) (Zou et al., 2021).
2.2 Materials properties
Table 1 presents the mechanical properties of steel and concrete in all push-out tests (Zou et al., 2021). Steel beams and bearing-pressure plates were made of Q345, and shear plates were made of Q420. HRB400 was used in the reinforcing bars. Figure 3A shows the mechanical properties tests of steel and concrete. Steel beams, B-S connectors and reinforcing bars were tested according to GB/T 228-2010 (Metallic materials Tensile testing-Part 1, 2010). Six concrete cube standard samples (150 × 150 × 150 mm) were prepared to test concrete mechanical properties after 28 days of air curing according to GB/T 50107-2010 (Standard for evaluation of concrete compressive strength, 2010).
TABLE 1 | Material properties of concrete and steel (Zou et al., 2021).
[image: Table 1][image: Figure 3]FIGURE 3 | (A) Material properties tests. (B) Test setup and instrumentation (Zou et al., 2021).
2.3 Test setup and instrumentation
As shown in Figure 3B, a total of four LVDTs (Linear Variable Displacement Transducer) were symmetrically arranged on the push-out test specimens and ensured that the four LVDTS and the center of the two B-S connectors were at the same height. Then, the average value of the four displacement meters was taken as the relative slip of at the steel beam-concrete slab interface. The load on the specimens can be recorded directly from the pressure sensor attached to the hydraulic jack.
To meet the requirements of quasi-static static load, in accordance with Eurocode 4 (EN 1992-1-4, Design of composite steel and concrete structures, 2005), the loading time of each specimen was not less than 15 min. No. 1 specimens of each group were monotonously loaded, and No. 2 and No. 3 specimens of each group were cyclically loaded. The detailed loading protocol can be referred to the previous push-out tests (Zou et al., 2021).
3 EXPERIMENT RESULTS
3.1 Failure modes
As shown in Figure 4, the failure modes of the B-S connectors specimens were mainly characterized by the concrete slab splitting and shear failure of the shear plate. Figure 4A shows the cracks distribution of the concrete slabs after tests. The cracks in the concrete slabs first occurred near the B-S connectors and then gradually extended to the top and bottom of the concrete slab. As shown in Figure 4B, significant shear deformation and even a local fracture were observed in the shear plates, whereas no visible deformation was observed in the pressure-bearing plates.
[image: Figure 4]FIGURE 4 | Failure modes of push-out test specimen (BS-r20-h120). (A) Cracks in concrete slabs (Zou et al., 2021) (B) Shear deformation of the shear plates.
3.2 Shear mechanism
Figure 5 shows the load transfer mechanism of the B-S connectors. When the composite beam is loaded, the pressure-bearing plates transfer the compressive force from the concrete slab to the shear plates, and finally the weld at the root of the shear plates transfers the load to the steel beam. By controlling that the shear zone strength is smaller than that of the anchorage zone and the pressure-bearing zone [image: image], the shear zone is the first to fail due to large shear deformation, which ensures that the B-S connectors presents an approximately elastic-plastic load-slip curve (Zhu et al., 2018; Zou et al., 2021).
[image: Figure 5]FIGURE 5 | Shear mechanism (Zou et al., 2021). (A) Shear plate with widening anchorage zone (B) Rectangle shear plate.
3.3 Load-slip response
As shown in Figure 6, five groups of B-S connectors with different geometric shapes exhibited the similar load-slip curves. The typical load-slip curve of B-S connectors can be separated into three phases: a linear-elastic phase with little relative slip, followed by a non-linear phase with a decreasing slope and ended with a smooth declining phase. The main mechanical characteristics of the B-S connectors include the shear capacity (Pu), shear stiffness (Ks), peak slip (Su) and ultimate slip (S0.9), as presented in Table 2.
[image: Figure 6]FIGURE 6 | Load-slip curves of specimens. (A) BS-r20-h120 (B) BS-r20-h80 (C) BS-r20-h160 (D) BS-r20-h50d (E) BS-r0-h120.
TABLE 2 | Experiments results.
[image: Table 2]3.4 Stiffness evolution
The initial shear stiffness Ks reflects the ability of B-S connectors to resist shear slip deformation at the initial elastic phase, but it does not reflect the stiffness evolution process once the connectors are loaded and plastically deformed. The secant slope P/S of the load-slip curve reflects the continuous stiffness evolution of the B-S connectors. Taking the slip ratio S/Su as the X-axis, and the stiffness ratio (Ks/P/S) as the Y-axis, the relationship between the stiffness ratio (Ks/P/S) and the slip ratio (S/Su) of the B-S connectors was presented in Figure 7. It could be found that the stiffness evolution curves of the five groups of the B-S connectors with different geometric shapes were approximately parabolic in shape.
[image: Figure 7]FIGURE 7 | Stiffness evolution of specimens. (A) BS-r20-h120 (B) BS-r20-h80 (C) BS-r20-h160 (D) BS-r20-h50d (E) BS-r0-h120.
3.5 Phase identifications
As shown in Figure 8, based on the experimental results, the typical load-slip curve of the B-S connectors can be separated into three phases.
1) Elastic phase
[image: Figure 8]FIGURE 8 | Phase identifications.
When the relative slip did not exceed the initial slip Si, the load-slip curve followed the linear elastic relationship. Based on the experimental results, the initial slip (Si) of was about 0.2 mm and the corresponding load was the yield capacity (Py) (Zheng et al., 2016), which was approximately 30%–40% of the shear capacity (Pu). It indicated that the shear stiffness, determined by the secant modulus corresponding to the relative slip of 0.2 mm in this study, was close to that determined by the secant modulus corresponding to 1/3 Pu in (JCSE, 1996). Greater shear stiffness means that the shear load increases faster as the relative slip increases.
2) Elastic-plastic phase
In the second non-linear elastic-plastic phase, the shear load continued to increase until the peak load (Pu). The scant modulus (P/S) decreased as the slip (S) increased. The non-linear phase (in the ascending phase) of the load slip-curves revealed plastic deformation in the concrete slabs and the B-S connectors. The unique peak load at this phase was determined as the shear capacity (Pu), and the corresponding slip was determined as the peak slip Su.
3) Post-failure phase
In the final slowly descending phase, the shear load (P) gradually decreased as the relative slip S increased. As presented in Table 3, the ultimate slip (S0.9) ranged from 17.2 mm to 35.0 mm, far exceeding the 6 mm requirements for ductile connections in Eurocode 4 (EN 1992-1-4, Design of composite steel and concrete structures, 2004).
TABLE 3 | Test results VS. FEM results.
[image: Table 3]4 FINITE ELEMENT ANALYSIS
4.1 Geometry, mesh, and boundary conditions
As shown in Figure 9, due to the biaxial symmetry of the push-out specimens, a quarter FE model was established to reduce the computation time. The FE model consisted of six components: precast concrete slab, post-poured mortar, steel beam, B-S connector, base plate and reinforcing bars. The symmetric boundary conditions “xsymm” and “zsymm” were applied to the symmetric Surface X and Surface Z, respectively. The reference point “Fixed point” for the base plate was fixed in all six directions of translation and rotation. An enforced downward displacement was applied to the reference point “Loading point” of the steel beam.
[image: Figure 9]FIGURE 9 | FE model and mesh.
The solid element C3D8R was used to simulate concrete slab, H-steel beam, and post-poured mortar. The truss element T3D2 was used to mesh the reinforcing bars and the discrete rigid element R3D4 was used to mesh the base plate. The numerical model meshed with a global seeds size of 15 mm, and the local seeds size near the B-S connector was 5 mm.
4.2 Analysis method and interaction
The static general solver available in ABAQUS was used to simulate the shear behavior of B-S connectors in push-out tests (ABAQUS, 2014; ABAQUS, 2014). Surface-to-surface contacts were considered between the different components of the push-out tests, which included the concrete slab to the steel beam, the concrete slab to the B-S connector, and the concrete slab to the base plate. “Hard” contact pressure-over closure relationship was considered in the normal direction and “penalty” friction formulation was considered in the tangential direction. The friction coefficient between the concrete slab and steel beam was 0.6 (Guo et al., 2022), and the friction coefficient between the other components was 0.25 (Wang et al., 2022). The reinforcing bars were embedded into the concrete slab.
In addition to surface-to-surface contact, the cohesive contact, which includes the “cohesive behavior” and “damage”, was applied to simulate the initial cohesive force between the steel beam flange and the concrete slab (Zou et al., 2023). According to the results of previous research (Nguyen, H. T., and Kim, S. E., 2009) and trial-and-error method, the parameters of “cohesive behavior” were determined as follows: Knn was taken as 0.05 Ecm, Kss and Ktt were taken as 0.05 Gcm, where Ecm and Gcm are the elastic modulus and shear modulus of concrete, respectively. The quadratic stress criterion was used as the damage initiation criterion of the surface-based cohesive behavior, and the parameters of “damage” were determined as follows: [image: image], [image: image], (Qin, 2007; Li et al., 2010), and [image: image] mm (Nguyen, H. T., and Kim, S. E., 2009).
4.3 Material modeling
4.3.1 Concrete
Concrete Damage Plastic model available in ABAQUS was considered to simulate concrete behavior (ABAQUS, 2014). Figures 10A, B shows the uniaxial behavior of concrete compression and tension, respectively.
[image: Figure 10]FIGURE 10 | Concrete uniaxial behaviour. (A) Compression (B) Tension.
The stress-strain curve of concrete compression is separated into three parts. The first part is assumed to be linear elastic where the compressive stress does not exceed 0.4 fcm (Kwon et al., 2010; EN1992-1-2: Eurocode 2-Design of concrete structures, 2004, Design of concrete structures, 2004; Birtel and Mark, 2006; Alfarah et al., 2017):
[image: image]
Where fcm and Ecm are the concrete cylinder compressive strength and the concrete elastic modulus, respectively. [image: image], [image: image], [image: image].
The second part of the compressive stress-strain curve is quadratic, where the compressive stress ranges from 0.4 fcm to the peak stress fcm (CEB-FIP, 2010):
[image: image]
In Eq. 2, [image: image]. [image: image] is the peak strain corresponding to the peak stress fcm.
The third part of the stress-strain curve is a slowly descending branch, which ensures the simulation results are almost independent of the element mesh by introducing a characteristic element length parameter lck (Birtel and Mark, 2006; Alfarah et al., 2017).
[image: image]
[image: image]
In Eq. 4, Gch is the crushing energy per unit area, [image: image]; ftm is the concrete tensile strength (Alfarah et al., 2017); [image: image] 1is the fracture energy per unit area, which is equates to 0.073[image: image] (N/mm) (CEB-FIP, 2010); [image: image] is the characteristic element length, which depends on the element type and mesh size (ABAQUS, 2014); [image: image], a value of b is assumed to be 0.7 (Birtel and Mark, 2006).
As shown in Figure 10B, a non-linear stress-crack width relationship was adopted to explain the tensile behavior of concrete, which is given by Birtel and Mark (2006):
[image: image]
In Eq. 5, wc, which equates to 5.14Gf/ftm (CEB-FIP, 2010), is the cracking width when the tensile stress is zero. The constants are c1 = 3 and c2 = 6.93 (Birtel and Mark, 2006; Alfarah et al., 2017).
Concrete damage coefficients dc and dt were expressed as follows (Birtel and Mark 2006):
[image: image]
[image: image]
4.3.2 Steel
As shown in Figure 11A, the ideal elastic-plastic model was used to simulate the stress-strain relationship of the steel beam, pressure-bearing plate and reinforcing bars (Ataei and Zeynalian, 2021; Lima et al., 2022). Figure 11B shows the stress-strain relationship of the shear plate (Ataei and Zeynalian, 2021; Guo et al., 2022). Experimental data in Table 1 can be used for the values of elastic modulus (Es), yield strength (fy) and ultimate tensile strength (fu). Based on the material properties tensile tests, the ultimate strain εu and fracture strain εf of the shear plate were 0.13 and 0.135, respectively.
[image: Figure 11]FIGURE 11 | Stress-strain relationship of steel. (A) Steel beam, pressure-bearing plate and reinforcing bars (B) Shear plate.
4.4 Verification of numerical model
The effectiveness of the FE model was verified by comparing the FE analysis results with the push-out tests from four aspects: failure modes, load-slip curves, shear capacity and shear stiffness. Figure 12 shows the comparison of the deformation of the B-S connectors in the tests and FE analysis. Both in the push-out tests and FE analysis, the shear plates had a significant shear deformation, whereas the pressure-bearing plates had no obvious deformation. Figure 13 shows the comparison of the load-slip curves obtained from tests and FE analysis. It could be found that the load-slip curves of the FE analysis were very similar to the curves tested.
[image: Figure 12]FIGURE 12 | Shear deformation of the B-S connectors. (A) BS-r20-h120 (B) BS-r20-h80.
[image: Figure 13]FIGURE 13 | Comparison of the load-slip curves. (A) BS-r20-h120 (B) BS-r20-h80 (C) BS-r20-h160 (D) BS-r20-h50d (E) BS-r0-h120.
In addition, Table 3 compares the shear capacity and shear stiffness between the tests and FE analysis. Pu, test and Pu, FEM are the shear capacity per B-S connector obtained from push-out tests and FE analysis, respectively. It could be found from Table 3 that the deviation between Pu, test and Pu, FEM ranges from −6% to 4%, and the mean value of the Pu, test and Pu, FEM is 0.99, with a standard deviation of 0.03. K0.2, test and K0.2, FEM are the shear stiffness per B-S connector obtained from the push-out tests and FE analysis, respectively. The mean value of the K0.2, test/K0.2, FEM is 0.99, with a standard deviation of 0.03. From the previous analysis, it can be concluded that the shear behavior of the B-S connectors can be accurately simulated by using the FE model established in this study.
5 PARAMETRIC ANALYSIS
The load-slip curves of the shear connectors provide a detailed information on their shear behavior, including shear capacity, shear stiffness and slip capacity. To facilitate the comparison of the shear behavior between different shear connectors, the load-slip relationship can be presented in various ways, such as load-slip curves, stiffness evolution curves and normalized load-slip curves. Based on the results of experiments and FE parametric analysis, six parameters that influence the load-slip relationship of the B-S connectors were studied in this section.
5.1 Parametric analysis based on the push-out tests
5.1.1 Influence of the pressure-bearing plate shape
Figure 14 shows the load-slip relationship of the B-S connectors with different pressure-bearing plate shapes. It could be found that the load-slip curves of specimen BS-r20-h120 and BS-r20-h50d almost coincided with each other, which indicates that the shape of the two pressure-bearing plates had little influence on the load-slip relationship of the B-S connectors.
[image: Figure 14]FIGURE 14 | Influence of the pressure-bearing plate shape. (A) Load-slip curves (B) Stiffness evolution curves (C) Normalized curves.
5.1.2 Influence of the pressure-bearing plate height
Figure 15 shows the load-slip relationship of the B-S connectors with different pressure-bearing plate heights. When the pressure-bearing plate height changed from 80 mm to 120 mm and 160 mm, the shear capacity Pu increased by 5.4% and 4.0%, respectively. Despite the change in the height of pressure-bearing plate, the shear stiffness of B-S connectors gradually decreased with the increase of slip. It could be seen from Figure 15C that the height of the pressure-bearing plate had a negligible influence on the trends of the normalized load-slip curves.
[image: Figure 15]FIGURE 15 | Influence of the pressure-baring plate height. (A) Load-slip curves (B) Stiffness evolution curves (C) Normalized curves.
5.1.3 Influence of the shear plate shape
As shown in Figure 16, the shear plate shape had a significant influence on the behavior of the B-S connectors. The root of the shear plate of specimen BS-r0-h120 was not locally widened, as shown in Figure 6E. Compared to the specimen BS-r20-h120, the shear capacity of the specimen BS-r0-h120 was reduced by 6.6%, and the shear stiffness was significantly reduced in the elastic-plastic phase. However, despite the varying shear plate shape, the stiffness of the B-S connectors gradually decreased with increasing slip. The normalized load-slip curves of the two B-S connectors with different shear plate shapes had the similar patterns.
[image: Figure 16]FIGURE 16 | Influence of the shear plate shape. (A) Load-slip curves (B) Stiffness evolution curves (C) Normalized curves.
5.2 Parametric analysis based on the numerical modeling
The numerical model, verified by the push-out tests, was used for the parametric study to analyze the influence of the cylinder compressive strength of concrete (35, 45, 55 MPa), and the thickness (14, 16, and 18 mm), the tensile strength (470, 490, 520 MPa) of shear plate on the shear behavior of the B-S connectors.
5.2.1 Influence of the concrete strength
As shown in Figure 17, the concrete strength had a significant influence on the shear behavior of the B-S connectors. When the concrete strength changed from 35 MPa to 45 MPa and 55 MPa, the shear capacity Pu increased by 1.6% and 3.1%, and the peak slip (Su) increased 67.9% and 121.4%, respectively. Despite the varying of concrete strength, the stiffness of the B-S connectors gradually decreased with the increase of the slip. The normalized load-slip curves with different concrete strengths exhibited the similar trends.
[image: Figure 17]FIGURE 17 | Influence of the concrete strength. (A) Load-slip curves (B) Stiffness evolution curves (C) Normalized curves.
5.2.2 Influence of the shear plate thickness
As shown in Figure 18, the shear plate thickness had a significant influence on the shear behavior of the B-S connectors. When the shear plate thickness changed from 14 mm to 16 mm and 18 mm, the shear capacity increased by 10.7% and 15.7%, and the peak slip Su increased by 45.1% and 3.2%, respectively. Despite the variation of the shear plate thickness, the stiffness of the B-S connectors gradually decreased as the relative slip increased, and the normalized load-slip curves also exhibited the similar trends.
[image: Figure 18]FIGURE 18 | Influence of the shear plate thickness. (A) Load-slip curves (B) Stiffness evolution curves (C) Normalized curves.
5.2.3 Influence of the shear plate tensile strength
As presented in Table 4, three types of structural steels were chosen for parametric study according to GB 50017-2017 (Standard for design of steel structures, 2017). Figure 19 shows the load-slip relationship of the B-S connectors with different shear plate tensile strength. It could be found that the shear plate tensile strength had a significant influence on the shear behavior of the B-S connectors. The shear capacity increased by 3.8% and 8.9%, and the peak slip Su reduced by 9.6% and 3.2% when the shear plate tensile strength changed from 490 MPa to 520 MPa and 550 MPa, respectively. Regardless of the differences in the shear plate tensile strength, the stiffness of the B-S connectors gradually decreased as the slip increased, and the normalized load-slip curves also exhibited the similar trends.
TABLE 4 | Steel properties of the shear plate.
[image: Table 4][image: Figure 19]FIGURE 19 | Influence of the shear plate tensile strength. (A) Load-slip curves (B) Stiffness evolution curves (C) Normalized curves.
6 ANALYTICAL MODEL
The normalized load-slip curve is often used to compare the shear behavior of various shear connectors (Zou et al., 2021). Figure 20 shows the normalized load-slip curves of the common shear connectors. It could be found that the curves for the B-S connector and the PBL connector exhibit similar patterns, and both of them have three obvious phases: linear elastic phase, non-linear elastic-plastic phase and a slowly descending phase. Particularly in the descending phase, unlike other types of shear connectors, the load of the both types of connectors gradually decrease as the slip increases. Therefore, this study refers to the load-slip relationship of the PBL connector to establish the analytical model of the B-S connector (Zheng et al., 2018).
[image: Figure 20]FIGURE 20 | Normalized load-slip curves.
Based on the stiffness evolution curves of the B-S connectors discussed in Section 3.4, the stiffness ratio (Ks/(P/S)) increased as the slip ratio (S/Su) increased. As illustrated in Figure 7, the fitting analysis of the stiffness evolution curves showed that the mean value of COD (Coefficient of determination) of the quadratic fitting was 0.998, which fully indicated that the relationship between stiffness ratio (Ks/(P/S)) and slip ratio (S/Su) can be expressed by a quadratic expression 8).
[image: image]
In Eq. 8, C1, C2, and C3 are the non-dimensional parameters which could be derived from the boundary conditions of the load-slip curves. The Eq. 8 expressing the load-slip relationship of the B-S connectors can be simplified into Eq. 9.
[image: image]
The first derivative of Eq. 9 represents the tangent slope of the load-slip curves:
[image: image]
According to the characteristics of the load-slip curves in push-out tests and numerical analysis, the load-slip relationship of the B-S connectors should satisfy the following two boundary conditions.
[image: image]
[image: image]
Substituting Eq. 9 and Eq. 10, which represent the boundary conditions, into Eq. 11 and Eq. 12, the unknown parameters C1, C2 and C3 should meet the following requirements.
[image: image]
[image: image]
Substituting Eq. 13 and Eq. 14 into Eq. 9, the analytical expression of load-slip curves can be simplified to an equation with only one unknown parameter C1.
[image: image]
According to Eq. 15, non-linear regression analysis was conducted on the results of the push-out tests and FE analysis, and the best fitting value of the unknown parameter C1 was determined to be 0.8.
[image: image]
The shear stiffness (Ks) in Eq. 16 is the secant slope corresponding to the relative slip of 0.2 mm in the load-slip curves. Based on the results of the push-out tests and FE analysis, the shear load corresponding to the relative slip of 0.2 mm was about 0.37 Pu. Therefore, the shear stiffness in Eq. 16 can be expressed as follows.
[image: image]
Finally, the Eq. 17 was substituted into Eq. 16, and the load-slip relationship of the B-S connectors can be expressed as Eq. 18.
[image: image]
Figures 21A–H show the comparison of the predicted load-slip curves with the load-slip curves obtained from the push-out tests and numerical analysis, respectively. It could be found that the proposed analytical expression agrees well with the results of experiments and numerical analysis.
[image: Figure 21]FIGURE 21 | Predicted and tested load-slip curves. (A) BS-r20-h120 (B) BS-r20-h80 (C) BS-r20-h160 (D) BS-r0-h120 (E) BS-r20-h50d (F) Influence of the concrete strength (BS-r20-h120) (G) Influence of the shear plate thickness (BS-r20-h120) (H)Influence of the shear plate tensile strength (BS-r20-h120).
7 CONCLUSION
Push-out tests and numerical analysis were performed to investigate the shear behavior of the B-S connectors in prefabricated steel-concrete composite structures. Based on the push-out tests, FE analysis and theoretical analysis, the following conclusion can be drawn.
1) The failure modes of the B-S connectors specimens were mainly characterized by the concrete slabs splitting and shear failure of the shear plates.
2) The shape, thickness and tensile strength of the shear plate and the concrete strength significantly influenced the shear behavior of the B-S connectors, but the normalized load-slip curves with these different parameters exhibited the similar trends.
3) The typical load-slip curve of the B-S connectors can be obviously separated into three phases: starting with a linear elastic phase with little slip, followed by an elastic-plastic phase with a decreasing slope, and ending with a slow descending phase.
4) The typical load-slip curve of the B-S connectors contains five key characteristic parameters, including shear stiffness (Ks), initial slip (Si), peak slip (Su), peak load (Pu), and ultimate slip (S0.9). These five characteristic parameters with specific physical meaning are used to establish the analytical model of the load-slip relationship of the B-S connectors.
5) According to the push-out tests, FE analysis and theoretical analysis, an analytical model was suggested to express the load-slip relationship of the B-S connectors. The analytical model agrees well with the results of push-out tests and FE analysis, indicating that this expression can accurately predict the non-linear behavior of the B-S connectors.
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All over the world, shear strengthening of reinforced concrete elements using external fiber-reinforced polymer jackets could be used to improve building sustainability. However, reports issued by the American Concrete Institute called for heavy scrutiny before actual field implementation. The very limited number of proposed shear equations lacks reliability and accuracy. Thus, further investigation in this area is needed. In addition, machine-learning techniques are being implemented successfully to develop strength models for complex problems including shear, flexure, and torsion. This study aims to provide a reliable machine-learning model for reinforced concrete beams strengthened in shear using externally reinforced fiber polymer sheets. The proposed model was developed and validated against the experimental database and the very limited models in existing literature. The model showed better agreement with the experimentally measured strength compared to the previous models, which accounted for the effect of various parameters including but not limited to: the element geometry, strengthening details, and configurations. The model could guide the further developments of design codes and mechanical models.
Keywords: shear strength, FRP, anchorage devices, effective FRP strain., reliable machine learning
1 INTRODUCTION
The significant shear acts upon reinforced concrete (RC) elements in many buildings. Various shear failures of RC buildings have been reported in previous research papers (Whittle, 2013). The shear failure of RC beams is brittle (Chalioris and Karayiannis, 2009; Karayannis et al., 2018; Deifalla et al., 2020a; Deifalla et al., 2020b), and the elevated cost of replacing infrastructure has driven research into strengthening techniques. Shear strength is vital in many projects (Gosbell and Meggs, 2002; FIB. FRP Reinforcement in RC Structures, 2007; Oller et al., 2021). The fiber-reinforced polymer (FRP) sheets have various benefits over steel plates. Thus, research has been conducted to investigate the behavior of FRP externally and internally in RC beams (De Lorenzis and Nanni, 2001; Deifalla, 2020a; Kotynia et al., 2021). FRP has been used effectively in the automotive and aerospace industries for a few decades. It has been used for new structural elements in recent years, particularly in aggressive environments including but not limited to chemical plants because it is corrosion free (Deifalla, 2015; Deifalla, 2020b; Deifalla et al., 2021). In addition, FRP can be used in situations where the use of steel would be impossible or impractical (Hassan and Deifalla, 2016; Salem and Deifalla, 2022). For instance, it can be formed on-site to fit any irregular shape. FRP fabrics can be wrapped around curves (i.e., beams’ sides, columns’ corners, or beams’ soffits). It is lighter in weight than steel but has the same strength, (Deifalla et al., 2013), and it is easy to handle and cut to the required length.
Worldwide, there is a lack of consensus on the shear strength contribution of externally bonded (EB)-FRP jackets. Several design guidelines and codes exist worldwide (fib Task group 5.1, 2019; ACI Committee 440, 2017; Construction C–AC on TR for. CNR-DT 200 R1/2013, 2013; TR-55 CSTR, 2012; JSCE Japanese Society of Civil Engineers, 2000; Abuodeh et al., 2020; Ly et al., 2020; Chalioris et al., 2020; Benzeguir and Chaallal, 2021; Kim, 2021; Isleem et al., 2021). The lack of consensus is due to the following reasons:
• The shear strength and mechanism are complex.
• The premature debonding failure is difficult to predict for several EB-FRP strengthening schemes.
• The EB-FRP is linear to the brittle failure, while no yield is observed.
• The interaction between the concrete, internal steel reinforcements, and the EB-FRP reinforcement.
• The shear strengthening using EB-FRP can be executed in different patterns:
1) Fully wrapping the sheets around the cross-section (full jacket).
2) Bonding L-shaped EB-FRP sheets to the bottom or the sides of the cross-section (U-jacket).
3) Bonding EB-FRP sheets to the sides of the cross-section (side jacket).
The sheets can be adhesively bonded in a continuous or discrete configuration. However, both U-jacket and side-jacket schemes are vulnerable to premature debonding failure, which occurs once a critical shear crack opens and widens. In this case, the EB-FRP bonded length is not adequate to provide anchorage for the transfer of the tensile force between the FRP and the concrete; thus, the EB-FRP fails by debonding prematurely, which can be prevented using appropriate anchorage devices. The shear strength of EB-FRP beams can be calculated as the summation of the shear resistance of the transverse steel (if any), the concrete, and the EB-FRP. In addition, several guidelines add the resistance of the EB-FRP to the shear capacity of the un-strengthened element (fib Task group 5.1, 2019; ACI Committee 440, 2017; Construction C–AC on TR for. CNR-DT 200 R1/2013, 2013; TR-55 CSTR, 2012; JSCE Japanese Society of Civil Engineers, 2000). However, previous studies have shown that EB-FRP jackets will affect the effective stress level of internal steel. Thus, this superposition approach could lead to non-conservative results (Pellegrino and Modena, 2002; Bousselham and Chaallal, 2006; Bousselham and Chaallal, 2008; Chen et al., 2010; Pellegrino and Vasic, 2013). The lack of conservative results could be because of changes in concrete diagonal cracking, diagonal strut orientation, or transverse reinforcement stress.
The engineering community is increasingly using EB-FRP systems to improve the strength of existing RC beams. Recent studies have led to a worldwide execution of this technique. However, debonding of EB-FRP sheets has been the main issue for EB-FRP RC beams in shear and torsion. For EB-FRP RC beams, premature failure by EB-FRP debonding is generally a sudden type of failure; therefore, for EB-FRP RC beams, debonding is an unwanted failure mode. Two types of EB-FRP debonding were observed by Deifalla (Deifalla et al., 2013), namely end or intermediate debonding, as shown in Figure 1, which are caused by either cover spalling or concrete cracking. Although beams are rarely subjected to pure shear and shear is often accompanied by flexure, beams are usually heavily reinforced in order to avoid the effect of flexure.
[image: Figure 1]FIGURE 1 | FRP end and intermediate debonding.
The anchorage systems of EB-FRP jackets have no rational and reliable design rules. Thus, FRP design codes and guidelines specify that physical experimental testing should be conducted as a supplement for the implementation of these machine-learning techniques(fib Task group 5.1, 2019; ACI Committee 440, 2017; Construction C–AC on TR for. CNR-DT 200 R1/2013, 2013; TR-55 CSTR, 2012; JSCE Japanese Society of Civil Engineers, 2000). However, the procedure for experimental testing is not specified by existing guidelines and design codes (Pellegrino and Modena, 2002; Sas et al., 2009a; Pellegrino and Vasic, 2013). In addition, because of the time and budget constraints of projects, it is rarely possible to perform such testing. Thus, the potential benefits of FRP anchorages are usually substituted by using an additional increase in the EB-FRP, which is not economical. The experimental studies conducted in this area are limited by case dependency and usually use a small-scale model; thus, it has a small impact in understanding the behavior of the FRP.
The contribution of EB-FRP to the resistance of RC beams is affected by EB-FRP type, direction, arrangement, and allocation. The efficacy of EB-FRP is boosted by attaching the EB-FRP in a direction parallel to the maximum tensile stress. Therefore, EB-FRP arrangements change the shear capacity of strengthened RC beams. A comprehensive investigation into the shear strength of EB-FRP RC beams is rare, and many queries regarding the mechanisms involved are not yet resolved. With the following exception, many researchers have proposed idealized models similar to that used for the internal steel stirrups, which is only valid if the shear contribution of EB-FRP comes from the tensile fiber capacity at a strain close to the ultimate tensile strain of the EB-FRP.
If full FRP wrapping is not feasible, to achieve the full design capacity, anchorage systems can be used for EB-FRP-strengthened beams using FRP (Mofidi and Chaallal, 2011a; Mofidi and Chaallal, 2014). The European fib (fib Task group 5.1, 2019) code suggests that anchorage systems should be at the compressive zone of the EB-FRP RC beams; however, no further details were provided. On the other hand, the ACI (TR-55 CSTR, 2012) indicated that anchorage systems at the termination points of EB-FRP will produce larger tensile stress transfer. However, the efficiency of these anchorage systems and the developed level of tensile stress before failure should be validated using experimental testing of a scaled model before execution (TR-55 CSTR, 2012). A study by Mofidi (Mofidi and Chaallal, 2011a; Mofidi and Chaallal, 2011b; Mofidi and Chaallal, 2014) concluded that experimental testing is needed to validate the proposed anchorage factors for the end-anchorage systems. Kalfat (Kalfat et al., 2013) demonstrated the validity of upgrading the shear strength with anchoring systems for EB-FRP materials. However, there remains a lack of sufficient research in this area. A more recent review by Godat (Godat et al., 2020) has shown that further research is essential to enhance the reliability of the shear strength predictions of EB-FRP RC beams. The interaction between the FRP shear strength, strain, and parameters is required for robust design equations.
Machine learning is being implemented in various applications because it can capture the actual behavior for complex problems involving many parameters (Deifalla, Salem). This research investigation aims at developing a reliable and accurate strength model based on advanced machine-learning techniques. An extensive database was collected and used to train and validate the model, as shown in Figure 2. A machine learning model was developed and compared with available models from the existing literature. Concluding remarks were outlined.
[image: Figure 2]FIGURE 2 | Work scheme.
2 RESEARCH SIGNIFICANCE
The reliability of the existing strength models for concrete elements under shear is being questioned by many researchers, where investigations have shown a significant discrepancy and large scattering between the measured and predicted strength of the existing models, especially those used in current design guidelines (Colotti and Swamy, 2011; Lima and Barros, 2011; Isleem et al., 2022; Qaidi et al., 2022; SuhadAbd et al., 2022; Isleem et al., 2023). Thus, existing models are deemed to be inadequate and need further improvement. That shortcoming has motivated comprehensive investigations in all aspects related to shear. This current study investigates the implementation of artificial intelligence in the shear of strengthened concrete elements, which could guide further developments of design codes and mechanical models.
3 PREVIOUS STUDIES
Relatively limited detailed studies have investigated the shear strength of RC beams; in addition, many questions regarding the strength mechanism, especially the usage of anchorage devices, are yet to be resolved. Many studies have idealized the EB-FRP jacket in a manner similar to that of steel shear reinforcements with the assumption that the contribution of the EB-FRP to shear capacity arises from the capacity of the EB-FRP to resist tensile stresses at a strain, which is less than or equal to the FRP ultimate tensile strain (Salem and Deifalla, 2022; Deifalla et al., 2013; fib Task group 5.1, 2019). Numerous experimental tests have been conducted in this field of research, and existing design codes and guidelines were available for designing EB-FRP elements (fib Task group 5.1, 2019; ACI Committee 440, 2017; Construction C–AC on TR for. CNR-DT 200 R1/2013, 2013; TR-55 CSTR, 2012; JSCE Japanese Society of Civil Engineers, 2000). Both the empirical evidence and code suggested that performance enhancement can be attained by using the EB-FRP; however, more detailed work is required to quantify its contribution to the strength of the beams under shear (fib Task group 5.1, 2019; ACI Committee 440, 2017; Construction C–AC on TR for. CNR-DT 200 R1/2013, 2013; TR-55 CSTR, 2012; JSCE Japanese Society of Civil Engineers, 2000). Many parameters influence the effective FRP strain for shear-strengthened RC beams, including but not limited to: 1) The type of fibers in terms of Young’s Modulus; 2) The fiber orientation in terms of the inclination angle to the beam longitudinal axis; 3) The fiber distributions in terms of the number of plies and thickness of the FRP fabrics; 4) The FRP bond schemes in terms of the sides the FRP is bonded to (i.e., side bonding U-jacket, and full wrapping); 5) The concrete compressive strength; 6) The usage of anchorage devices.
4 EXPERIMENTAL DATABASE
An extensive database of 200 beams collected from existing literature was strengthened using an EB-FRP jacket under shear. The database contains results from more than 80 experimental studies. In addition, this database includes EB-FRP beams available in existing literature (Pellegrino and Vasic, 2013; Colotti and Swamy, 2011; Sas et al., 2009b; Kotynia, Oller, Mari, Kaszubska). Although the data is available in existing databases, all data was validated using the original study.
Collected parameters were related to the beam and the FRP jacket as follows: Width of beam cross-section (X1), beam height (X2), the effective depth of beam cross-section (X3), beam span (X4), shear span to depth ratio (X5), concrete compressive strength (X6), steel flexure reinforcement ratio (X7), steel shear reinforcement ratio (X8), strength technique (X9), FRP jacket height (X10), the width of FRP jacket (X11), the thickness of FRP jacket (X12), spacing between FRP strips (X13), FRP reinforcement ratio (X14), angle of fiber orientation (X15), ultimate stress of FRP in GPa (X16), FRP young’s modulus in GPa (X17), FRP rupture strain (X18), and shear strength in kN (X19). Table 1 shows the statistical measures for all parameters.
TABLE 1 | Statistical measures for all parameters.
[image: Table 1]5 PARAMETERS SELECTION
Pearson parametric method was used to determine the influence of beam details on the FRP shear strength, as shown in Figure 3. The selected parameters included X1, X2, and X3, while parameters X4, X5, X6, X7, and X8 were not chosen as they had a lower Pearson coefficient. For a more efficient and faster training and validating process, the input parameters have been normalized to be between zero and one, according to Equation 1, while FRP’s shear strength (model’s output) has been transformed according to Equation 2 for better output distribution, as shown in Figure 4.
[image: image]
where i is the number index for each input parameter, [image: image] is the normalized value for the input parameter; [image: image] is the value of the input parameter before normalization; [image: image] and [image: image] are the values of the maximum and minimum values of the input parameter [image: image].
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[image: Figure 3]FIGURE 3 | Results of Pearson variables study on FRP shear strength.
[image: Figure 4]FIGURE 4 | Distribution of the shear force failure (A) before and (B) after transformation.
S is the value of the added shear strength by FRP in kN while ST is its transformed value; the input parameter for the proposed model data has been filtered and transformed to follow a normal distribution curve for a better training process to build the model, as shown in Figure 4.
6 MODEL DEVELOPMENT
A script has been developed to generate more than 6750 different artificial neural network (ANN) models to compare and boost the developed model performance using MATLAB. In addition, different combinations of various parameters have been tested, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Combination of different model parameters.
During the model construction, the transfer function of the hidden and output layers were the first parameters to be determined. Then, the training function and the number of neurons in the hidden layer were optimized by plotting the number of neurons versus the correlation coefficient (R2) and root mean square error (RMSE), as shown in Figures 6, 7.
[image: Figure 6]FIGURE 6 | Number of neurons in the hidden layer versus RMSE.
[image: Figure 7]FIGURE 7 | Number of neurons in the hidden layer versus R2.
The number of neurons was optimized to be 35 neurons in the hidden layer, while the transfer functions were TANSIG and PURELIN for the hidden and output layers, respectively (Figure 8). Based on the constricted model, a mathematical equation has been developed to predict the shear strength added by the FRP (Equation 3).
[image: image]
where Exp is the exponential function, N is the number of neurons in the hidden layer, which has been optimized to be 35 neurons; W2i is the weight of the output layer; J is the number of input variables; W1 is the weight of the hidden layer; Xj is the value of the input variable (strength configuration, X1, X2, X3, X9, X10, X11, X12, X13, X14, X15, X16, X17, and X18); b1 is the bias of the hidden layer; b2 is the bias of the output layer.
[image: Figure 8]FIGURE 8 | The proposed ANN model architecture.
The values of the input parameters go through the input layer to be multiplied by the weights that connect the input layer with the hidden layer. The bias of the first layer is added to the multiplication results before they transform through the activation function of the hidden layer (TANSIG). The outcome of the transfer function is then multiplied by the weights of the output layer and added to the bias of the hidden layer. Finally, the product goes through the output layer’s transfer function (PURELIN) to give the predicted value of the shear strength in kN.
Later, the performance of the ANN model was boosted by 1000 epochs; the best model outcome was found to be at the 8th epoch; then, the validation check stopped the training process at the 14th epoch, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Epochs versus Mean square error.
7 MODEL VALIDATION
After the model construction, the model was used to predict the shear strength for FRP in kN; then, the predicted value versus the actual values was plotted, as shown in Figure 10. In addition, statistical tests have been conducted to test the accuracy of the newly developed model. Training, validating, and overall datasets have been evaluated using average relative error (ARE), average absolute relative error (AARE), relative deviation (RD), standard deviation (SD), RMSE, and R2 according to equations three to eight. Also, a comparison between the actual and predicted values is presented in Figure 11 Figure 12. Moreover, the ratio between the predicted and actual values has been calculated according to Equation 9 for both the training and validating datasets and is presented in Figure 13.
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where N is the number of tested data points, SPredicted is the predicted shear strength value in kN; SActual is the corresponding actual shear strength value in kN; [image: image] is the average of the actual shear strength value in kN.
[image: Figure 10]FIGURE 10 | Actual versus predicted shear strength value in kN.
[image: Figure 11]FIGURE 11 | Comparing the actual and predicted shear strength values in kN for the (A) training dataset, (B) validating dataset, and (C) overall dataset.
[image: Figure 12]FIGURE 12 | The ratio between predicted to actual shear strength versus the actual shear strength value in kN for the (A) training dataset and (B) validating dataset.
[image: Figure 13]FIGURE 13 | R2 for training, validating, and overall datasets.
The model showed excellent performance as it has R2 and RMSE of 0.91 and 17.45 for the overall dataset, respectively. The R2, RMSE, ARE, AARE, and SD statistical tests are summarized and listed in Figures 13–17, respectively. In addition, the results of the different datasets were compared to check the fitting of the proposed model, while RD versus the actual shear strength was plotted and is presented in Figure 18.
[image: Figure 14]FIGURE 14 | RMSE for training, validating, and overall datasets.
[image: Figure 15]FIGURE 15 | ARE for training, validating, and overall datasets.
[image: Figure 16]FIGURE 16 | AARE for training, validating, and overall datasets.
[image: Figure 17]FIGURE 17 | SD for training, validating, and overall datasets.
[image: Figure 18]FIGURE 18 | RD versus the testing point index for (A) training and (B) validating datasets.
After validating the model and demonstrating its credibility in predicting the shear strength value added by the FRP, the model was then used to conduct a parametric study to study the impact of each parameter individually. When investigating a certain parameter, the rest of the variables were set to a constant at their average value while changing the value of the tested parameter. X10, X14, X15, and X17 were investigated, and their values versus the model outcome were plotted, as shown in Figures 19–22.
[image: Figure 19]FIGURE 19 | The effect of X10 on shear strength value.
[image: Figure 20]FIGURE 20 | The effect of X14 on the shear strength.
[image: Figure 21]FIGURE 21 | The effect of X15 on shear strength value.
[image: Figure 22]FIGURE 22 | The effect of X17 on shear strength value.
8 COMPARISONS BETWEEN THE PROPOSED MODEL AND EXISTING MACHINE MODELS
In 2020, machine learning was used to predict the FRP shear strength capacity with a certain accuracy [50]. In this work, the proposed model performance has been evaluated and compared to the models from the existing literature. R2 is one of the essential statistical parameters that can determine the accuracy of any model regardless of the values of the used data. R2 for the overall datasets and the number of data used in developing the new model have been compared with their corresponding values from the previous model, as shown in Figure 23. The model from this work was constructed using a larger number of dataset points, giving the model a wide range of applicability. In addition, R2 shows better performance and more accurate results than the models from the existing literature for all datasets.
[image: Figure 23]FIGURE 23 | Comparison between the existing models from previous literature and the proposed model based on (A) R2 and (B) the number of data points used.
9 COMPARISON BETWEEN THE EXISTING DESIGN CODES AND GUIDELINES AND THE PROPOSED MODEL
Table 2 shows the statistical measures for various selected models’ safety ratios, namely average and coefficient of variation. The safety ratio was defined as the ratio between the measured and the calculated FRP contribution. At the same time, selected models include the proposed model, the Fib 90 (fib Task group 5.1, 2019), the ACI (ACI Committee 440, 2017), the CNR (Construction C–AC on TR for. CNR-DT 200 R1/2013, 2013), the TR-55 (TR-55 CSTR, 2012), and the JSCE (JSCE Japanese Society of Civil Engineers, 2000). The proposed model captured the behavior of FRP-strengthened beams and precited the FRP contribution accurately and consistently. The range of the average was from 0.98 to 1.14, and the range of the coefficient of variation was from 24% to 36%. The range of the selected models’ average was from 0.48 to 4.46, and the range of the coefficient of variation was from 35% to 95%.
TABLE 2 | Statistical measures for proposed and selected model’s a/d ≥ 2.5.
[image: Table 2]10 RECOMMENDATIONS
Based on the findings from this current study, the following is recommended:
- The use of artificial intelligence methods to predict the true strength as it provides more accurate strength compared to other methods.
- The implementation of an FRP Jacket with a height of at least 80% of the element height.
11 FUTURE STUDIES
Based on the findings from this current study, the following are recommended for the strength modeling of shear-strengthened beams:
- Using anchorage strengthening schemes.
- Using near-surface mounted techniques.
- Using advanced materials.
- Using design equations and the relationship between parameters.
12 CONCLUSION
An artificial intelligence model for the shear strength of FRP-strengthened elements was proposed, which accounts for the following parameters: the width of the beam cross-section, beam height, the effective depth of beam cross-section, strength technique, FRP jacket height, the width of FRP jacket, the thickness of FRP jacket, spacing between FRP strips, angle of fiber orientation, ultimate stress of FRP, FRP young’s modulus, and FRP rupture strain. The model’s accuracy compared to the existing model is superior, where statistical tests R2, RMSE, ARE, AARE, and SD were found to be 0.91, 17.45, 0.048, 0.23, and 0.91, respectively, for the overall dataset. A parametric study was conducted to study the influence of the FRP jacket height, the width of the FRP jacket, the thickness of the FRP jacket, spacing between FRP strips, angle of fiber orientation, ultimate stress of FRP, FRP young’s modulus, and FRP rupture strain.
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Scheme  Steel stirrups ~ Continuity Proposed Fib 90 ACl TR-55 JSCE

model
SRUFCOV. N SR I C.O.V SR CO.V: SR COV. SR COV.
Wrapped Without Strips 098 | 24% 291 | 49% 385 | 58% 300 = 54% 385  58% L4 47%
Continuous 114 33% 207 38% - - 218 38% 446 59% 093 37%
With Strips 098 | 24% 177 | 37% | 232 | 49% 252 | 42% 249 4% 088 43%
Continuous | 114 | 33% 083 39% - - ws | w127 s oas 3
U-jacket Without Strips W8 | m% 150 s% | et | em 172 5% 158 4% 06 dew
Continuous | 107 | 3% 112 | 3% - - 105 | 43% 107 | 36% 045 36%
With Strips 8| 3% 0ss | & | 12| e% 120 s% 110 6% 038 o5%
Continwous | 107 | 36% | 053 | 45% - - 05t a% 0% g 01 4w
One side Without Strips 100 | 29% s | = 134 | 73% = | = 105 | 72% 074 51%
Continvous | 108 | 3% | - | - - - = | = 091 49% 084 40%
With Strips. 100 | 29% - L5 | 72% - - 071 37% 061  47%
Continuous | 108 | 30% - - - - - - 041 41% 048 52%
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The type of coarse aggregate pi/(kg/m?)

Natural coarse aggregate 1577 2701 070 124

Recycled coarse aggregate 1432 2639 379 140

Note: pl is stacking mass densil

LT I T T o
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Category

A-1 arch

Preliminary
calculated value

Percentage of
difference

A2 arch

Preliminary
calculated value

Percentage of
difference

Ultimate bearing
capacity (kN)

Maximum vertical
displacement (mm)

Maximum horizontal
displacement (mm)

65.012

7631

2053

65.266

6953

19.02

-39%

9.75%

7.94%

50275

108.96

-84.96

50.838

96.31

7573

~L11%

13.13%

12.19%
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y/% S/mm (€] method

CRACC-1 0 20 30 - -
CRACC-2 0 200 | 30 we 19

| CRACC-3 0 400 30 we 138
CRACC-4 0 600 | 30 we 284
CRACC-5 0 800 | 30 we 513
CRACC-6 30 600 30 we 299
CRACC-7 30 800 | 30 we 638

7 CRACC-8 50 600 | 30 we 277
CRACC-9 50 800 30 we 583
CRACC-10 70 600 | 30 we 324
CRACC-11 70 800 | 30 we 629
CRACC-12 100 20 | 30 - -
CRACC-13 100 200 | 30 ‘ we 0

| CRACC-14 100 400 30 we 53
CRACC-15 100 600 30 we 337
CRACC-16 100 600 50 we 378
CRACC-17 100 600 | 70 we 369
CRACC-18 100 800 30 we 940
CRACC-19 100 800 50 ‘ we 663
CRACC-20 100 800 | 70 we 681
CRACC-21 100 600 | 30 NC 674
CRACC-22 100 | 600 50 NC 624
CRACC-23 100 600 | 70 NC 654
CRACC-24 100 800 30 NC 918
CRACC-25 100 800 | 50 NC 859
CRACC-26 100 800 70 NC 1 892

Note: y is the replacement rate of recycled coarse aggregate; T is the maximun temperature experienced; $ is the spacing of spiral stirrups; WC means water spraying cooling; and NC means
-
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Al Vault loading condition

A2 Quarter section loading condition
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Vault loading condition Quarter section loading condition

Classification Load value Classification Load value Classification Load value Classification Load value
1 500 1 30891 1 400 1 24713
2 1000 12 35891 2 | 800 12 28713
3 | 1750 | 13 40891 [ 3 | 1400 13 s
4 | 2875 | 14 45,891 4 2300 14 36713
5 4563 15 50,891 5 3650 15 40713
6 7.094 1 16 ™ [ 6 | 5675 16 s
7 10891 17 60.891 7 | 8713 17 48713
8 15.891 18 63.391 [ 8 | 12713 18 50713
9 T 19 64.641 9 16713 19 50.838
10 25891 20 65266 10 20713 - -
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Project

Area (%)

In-plane moment of inertia (m*)

Compressive stiffness (N/m)

Bending stiffness (N-m?)

Ideal scale value Actual scale value

00048786 00106814
5.5366E-07 | 9.67E-07

100498797 220037149
114053.946 199161125

Percentage deviation (%)

11895

74.62

11895

74.62






OPS/images/fmats-10-1057637/math_3.gif
=210 3)





OPS/images/fmats-09-1056620/fmats-09-1056620-g013.gif
= = ]
: 1
| o T

EE
Bt of the sl einforcementhise





OPS/images/fmats-09-1084999/fmats-09-1084999-t001.jpg
Project Rise (m) String pipe diameter (m) Wall thickness (m) Inner diameter of chords (m)

Original bridge 95 27.143 ‘ 155 026 1498
Ideal scale value 5938 1696 ‘ 0969 00163 09364
‘ 089 004 081

Actual scale value 5938 1.696
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TABLE 4

Mix details Compressive strength (MPa) Mass loss (%) Density loss (%)
Average Standard deviation Average Standard deviation Average Standard deviation

oMl 4690 423 -703 057 -8.10 0.59

oMz 4470 EAN -7.08 063 ~775 077

oM 4316 594 -625 041 -733 127
bar 3526 487 -498 139 -623 161 ‘

pC2 | s 203 -497 119 -592 116

DC3 1029 136 -430 124 -5.08 167
L2 268 -492 257 115 ‘

DC4

~6.00
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Concrete Aggregate Cement Fine Coarse Superplasticizer
type ratio (kg/m3) aggregate aggregate (kg/m3)
(kg/m3) (kg/m3)

[evi} 100% limestone 04 153 388 712 1273 - 065 253
aggregates
(5-9 mm)

oMz 100% limestone 04 153 388 712 1288 065 254
aggregates
(5-16 mm)

M3 100% limestone 04 153 388 712 1310 - 075 256
aggregates
(5-25 mm)

pC1 25% DHA +75% 04 153 369 765 1014 388 076 269
limestone
(5-25 mm)

pC2 50% DHA +50% 04 153 361 752 714 776 088 276
limestone
(5-25 mm)

DC3 75% DHA +25% | 04 | 153 388 874 318 1164 091 290
limestone
(5-25 mm)

DC4 100% DHA 04 153 388 875 - 1552 096 297

(5-25 mm)
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Chemical analysis

Physical properties

$i02 46.12 Specific gravity (g Cm-3) 3.05
AR03 1621 Bulk density (g Cm-3) 396
Fe203 1645 Hardness (Moh’s Scale) 9
a0 78 Melting point ‘C 1430
MgO 53 Color Grey
Na20 34 Shape Angular
Others 370 Water absorption (smooth) 09%
Total 98.98 Water absorption (porous) 23%
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Chemical composition
CaO
sio2

ARO3

Fe203
S03

Na20

Values (%)
57.35
2030
924
302
361
298

025

Physical properties

Specific gravity (g Cm-3)

Average particle size (um)

Blaine fineness (Cm2 g-1)
Initial setting time
Final setting time

Consistency (%)

312

18

3152

1hand 25 min

3h and 48 min

31
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Numbering 1% T/° Nu/kN o/mm EA/MN Ay/mm
CRACC-1 0 20 - 13760 13.846 253.859 6415 25.047 390
CRACC-2 0 200 we 1295.0 11579 256.033 5697 26.700 469
CRACC-3 0 400 we 12565 10937 199.248 7.699 2195 288
CRACC-4 0 600 we 12650 11.807 183.962 8.847 24959 282
CRACC-5 0 800 we 11685 18.034 134225 10050 24020 239
CRACC-6 30 600 we 13110 12656 167.012 9.489 26327 277
CRACC-7 30 800 we 11330 20,185 112861 11795 30447 258
CRACC-8 50 600 we 14435 8.843 241113 6972 13328 191
CRACC-9 50 800 we 942.0 17.320 159.602 7242 >21.749 >3.00
CRACC-10 70 600 we 1373.0 11916 270.391 8116 23.663 292
CRACC-11 70 800 we 11840 17.224 148,589 10343 26.283 254
CRACC-12 100 20 - 13265 12,863 261308 5809 >28.128 >4.84
CRACC-13 100 200 we 9995 8710 214630 5577 2,195 398
CRACC-14 100 400 we 12260 19707 187.596 8.987 27671 >3.08
CRACC-15 100 600 we 1319.0 13.801 186.704 9.043 22496 249
CRACC-16 100 600 we 11370 7751 24777 5725 11266 197
CRACC-17 100 600 we 10400 8112 189.404 5801 10223 176
CRACC-18 100 800 we 6740 22784 88.787 9757 >34074 >3.49
CRACC-19 100 800 we 9290 13.003 121049 9.360 19763 211
CRACC-20 100 800 we 8415 10776 128.670 7.695 15514 202
CRACC-21 100 600 NC 10175 12851 177.652 6909 2.115 421
CRACC-22 100 600 NC 11605 8903 229.683 5822 11430 196
CRACC-23 100 600 NC 1045.5 6792 243.448 4802 9344 195
CRACC-24 100 800 NC 7935 20301 120.960 8818 31226 354
CRACC-25 100 800 NC 7130 10.087 104853 7.735 18.688 242
CRACC-26 100 800 NC 564.0 9472 400624 6191 14255 230
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Material usage/(kg/m3) Strength grade f/MPa

m.

0 43 32 4884 210 536 1139 0 30 24.66
30 43 | 32 4884 210 536 7973 3417 2535
50 43 | 32 [ 4884 210 [ 536 569.5 [ 569.5 2913

70 43 32 4884 210 536 3417 797.3 23.66

100 43 32 4884 210 536 0 1139 2542

Note: W/C is water-cement ratio; p is sand ratio; me, mw, ms, mNAC, and mRAC are the dosages of cement, water, sand, natural coarse aggregate and recycled coarse aggregate,
respectively.
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Condition Calculate the cross section Loading (kN)

Arch foot

Arch foot
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Materials feu (MPa) [A(c5)) f, (MPa) f, (MPa)

Cs50 544 3.1 - - -
Mortar 68.2 346 - - -

Q345 - 3613 4796 200.3

Q420 - 4496 600.2 2015
HRB400 — 4393 577.1 2037

Whéie: .. 5 thie Giblc compressive strength of Soncrets,





OPS/images/fmats-09-1060294/fmats-09-1060294-t005.jpg
E-T cycles Raw data (%) Grey model Grey-markov model

Fitted value (%) Error value (%) Fitted value (%) Error value (%)
0 100.00 100.00 0.00 100.00 0.00
25 99.96 101.77 182 10119 123
50 9985 100.70 0.85 100.05 020
75 9963 99.64 001 98.92 071
100 9897 9859 038 99.39 043
125 9824 9755 070 98.44 021
150 9747 9652 097 97.51 005
175 9671 9551 125 96.61 011
200 96.08 9450 165 95.73 037
225 95.42 9350 201 94.87 058
250 9282 9252 033 94.03 131
275 89.54 9154 224 89.86 035
300 8823 90.58 266 88.70 054

Average error (%) 114 Average error (%) 047
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Test method A Y C w

Test result 0.011 0.602 0349 1.000

Accuracy level n v 1 I
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Level a ) C @

1 0.01 090 035 0.95
I 0.05 0.80 0.50 0.80
1 0.10 070 065 0.70
v 0.20 0.60 0.80 0.60
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Mixture

CWP-0

CWP-10
CWP-20
CWP-30
CWP-40
CWP-50

Cement

400
400
400
400
400
400

38
77
115
153
191

‘Water

200
200
200
200
200
200

1017
1017
1017
1017
1017
1017

NFA

583
583
583
583
583
583

RCA

257
257
257
257
257
257

RFA
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Raw material

Cement

Ceramic waste powder

Property type

Chemical compositions

Mineralogical phase compositions

Chemical compositions

Physical properties

Contents
S0, Fe,05
267%  49%
Cs S
567%  211%
S0, Fe,05
67.8%  08%

Mean particle
size

57 pm

ALO,
11.5%
A
3.6%

ALO,
24.4%

Ca0

48.9%
CAAF
120%

CaO
16%

Void fraction

30.3%

MgO 50,
3.0% 2.1%
Gypsum  Ca(OH),
3.1% 3.5%
MgO 50,
2.5% 0.2%

Water content

0.4%

K20
1.6%

K20
09%
Apparent density

2950 kg m™

Lot
1.3%

Lot
1.8%

Natural coarse aggregate

Physical properties

Void fraction

Water content

Water absorption

Apparent density

Bulk density

453% 0.3% 0.6% 2710 kg m™ 1610 kg m™*
Natural fine aggregate Physical properties Void fraction Water content  Water absorption Apparent density  Bulk density
36.1% 3.8% 26% 2640 kg m™ 1630 kg m™*

Recycled coarse aggregate

Physical properties

Void fraction

Water content

Water absorption

Apparent density

Bulk density

488% 0.5% 5.7% 2560 kg m™ 1428 kg m™
Recycled fine aggregate Physical properties Void fraction Water content  Water absorption Apparent density  Bulk density
38.6% 0.9% 65% 2450 kg m™ 1507 kg m™>
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Condition Cross-section positi Measured value

Al Gate-side arch foot P, 288 287 -2
P, [ 475 [ 472 -54
P, [ 6.6 662 1 -70
Py [ 8.62 8.80 204
L4 | P, -1.89 [ -192 153
P -3 -316 158
P, -437 444 169
P, 566 605 651
Vault | P, 493 489 -80
P, 812 805 -85
P, 138 1127 -92
P, 1471 1421 -338
A2 Gate-side arch foot P -450 451 23
P -673 677 69
Py -9.00 -9.13 152
Py [ -1131 -1192 531
L4 P, 607 610 48
P, 9.01 9.11 114
P, | 1196 1215 154
P, 14.94 1484 -73
3L/4 P, [ -221 23 507
P, | -328 -350 661
Py -437 475 8.60
P -547 -6.33 1573
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A2

Gate-side arch foot Hy 12764 20.823 28917 37431
Va 7.947 12.947 17.948 22947
M, 2872 4721 6615 8799
L4 My (L14) -1915 -3.161 ~4444 -6.046
Vault My (L/2) 4.889 8.048 11272 14213
Cross-section position Ha 7.976 11794 15.638 19.796
Va 13.946 20.623 27309 341
My -4514 -6.774 -134 -11915
L4 Mg (L14) 6.098 9.109 12,149 14,835
314 M, (3L/4) -2321 -3.501 -4745 -6327
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P, 1053 12,50 814 -9.38

Py 16.05 19.16 1239 -14.22

Py 2194 26.37 16.82 -19.23

P, 30.70 3747 2250 -25.64






OPS/images/fmats-10-1110232/fmats-10-1110232-g007.gif
PR

—

niffacss ovoimtion (£/1715) B

Sipmion(ss) Siprain55)
e B

C - o

e

%. ol

o o

i

g, o

E: N

Siprton (5)
Bsr0ms0s

St raion (55)





OPS/images/fmats-09-1056620/math_1.gif
[0





OPS/images/fmats-09-1084999/fmats-09-1084999-t009.jpg
P -223

Py -376
Py -534

Py ~7.30

-1.89

-3.16

-4.47

-6.13

00

00

00

00






OPS/images/fmats-10-1110232/fmats-10-1110232-g006.gif





OPS/images/fmats-09-1056620/fmats-09-1056620-t005.jpg
Numbering y/% 1RE Cooling method Bearing capacity/kN Calculated value/Test value

Calculated value Test value
CRACC-1 0 20 we 1128.6 1376 82
CRACC-2 0 200 we 11734 1295 91
CRACC-3 0 400 we 1137 12565 90
CRACC-4 o a0 | we [ 1057.4 [ 1265 | 84
CRACC-5 0 800 we 860.4 11685 74
CRACC-6 30 600 we | 1061 1311 81
CRACC-7 0 om0 we 1030.1 | 1133 | 91
 craces 50 600 we 1063.4 14435 74
CRACC9 o om0 | we 10933 | 942 116
CRACC-10 70 600 we 1065.9 1373 78
CRACC-11 70 800 we 11165 1184 1 94
CRACC-12 100 20 we 11296 13265 85
CRACC-13 100 200 we 11923 9995 119
CRACC-14 100 400 we 11525 1226 94
CRACC-15 w a0 | we 1069.5 | 1319 81
craccts | 10 | we 890.1 [ 1137 78
CRACC-17 100 600 we 8132 1040 78
CRACC-18 100 800 we 1076.4 674 160
CRACC-19 100 800 we 917.1 929 99
CRACC-20 w s we 848.8 [ 8415 101
CRACC-21 100 600 NC 1069.5 10175 105
. cracen 100 600 NC | 890.1 11605 77
CRACC-23 100 w0 | NC 8132 | 10455 78
CRACC-24 100 800 NC 1076.4 7935 136
CRACC-25 100 800 NC 917.1 713 129
 CRACC26 100 800 NC | 848.8 564 150
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Condition

Al

A2

Cross-section position

Gate-side arch foot 1019 2879 1.031 4747 1.044 6.662 1057 8623
L4 1.020 -1.886 1033 -3112 1.047 -4.370 1.060 -5.661

Vault 1017 4928 1.028 8117 1.040 11377 1051 14710
Gate-side arch foot 1.021 -4.503 1.032 -6.727 1.042 -8.997 1053 -11314
L4 1.007 6.069 1011 9.006 1015 11.965 1018 14944

3L/4 1011 -2209 1016 -3.284 1022 -4.369 1.027 -5.467
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Condition P, P, P3

M (kN-m) N (kN) M (kN-m) N (kN) M (kN-m) N (kN)
Al 14.246 2825 23211 4602 32177 ‘ 638 41.142 8.157
14.969 -1.849 24389 -3.012 [ 33.809 ‘ -4.176 43229 ~5.339
12879 4.845 20984 7.893 2908 10.942 37.193 13.991
A2 15.789 -441 23346 | -6.521 30.904 ‘ -8632 38462 -10.742
5615 6.024 8302 8908 10.99 | 11792 13.677 14,675
828 -2185 12243 -3.231 [ 16.206 ‘ -4.276 [ 2017 -5.322
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IC-RJ-MS 122277 17953 14.68% 4369 33.16 132
1C-DJ-MS 1219.92 167.34 | 13710 37.92 3233 117
WD-RJ-MS 121506 125.11 1029% 30.56 21.69 141
‘ ‘WD-DJ-MS 1212.00 [ 106.77 ‘ 8.81% 2724 [ 17.02 1.63
| IC-RJ-S11203 1292.70 [ 12197 | 9.46% 3628 [ 20.97 173
1C-DJ-$11203 I 1308.09 [ 12136 ‘ 9.28% 2926 20.10 146
'WD-RJ-S11203 1319.66 57.73 | 4.37% 19.14 [ 9.74 197
'WD-DJ-S11203 I 1302.69 58.20 | 4.46% 17.51 77.03 254
1C-RJ-823043 1293.68 98.37 7.61% 2851 18.19 157
1C-DJ-523043 1258.18 89.91 | 7.14% 25,53 [ 18.25 140
'WD-RJ-523043 1249.78 58.16 | 4.65% 18.42 7.99 233
] ‘WD-DJ-§23043 1251.76 44.12 3.53% 17.27 7.15 258
IC-RJ-EP 1288.80 4161 3.23% - - -
IC-DJ-EP 1288.36 4111 | 3.19% - = =
‘WD-RJ-EP 1286.85 [ 2419 | 1.88% = S =
'WD-DJ-EP 128391 2239 | 1.74% — = —
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Condition

Immersion

Joint type

Roughened wet joint

Direct wet joint

Steel bar type
Mild steel

Epoxy-coated stecl

Id
IC-RJ-MS

IC-RJ-EP

Stainless steel $11203

Stainless steel $23043

Mild steel

IC-RJ-S11203
IC-RJ-823043

IC-DJ-MS$

Epoxy-coated steel

Stainless steel 11203

1C-DJ-EP

1C-DJ-S11203

Stainless steel $23043

1C-DJ-$23043

Wet-dry cydle

Roughened wet joint

Direct wet joint

Mild steel

Epoxy-coated steel

WD-RJ-MS

WD-RJ-EP

Stainless steel $11203
Stainless steel $23043
Mild steel
Epoxy-coated steel
Stainless steel 11203

Stainless steel $23043

WD-RJ-$11203
WD-RJ-523043
WD-DJ-MS
WD-DJ-EP
WD-DJ-$11203

'WD-DJ-523043

Note: IC, immersion condition; WD, wet—dry cycle condif

n; R}, roughened wet joint; DJ, direct wet joint.
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Steel type Chemical composition (¢

5
MS/EP | o 08 16 0.045 0.045 - ‘ - - - -
§11203 [ 0.03 1.0 1.0 0.04 0.03 06 ‘ 11.0 — = | =
$23043 [ 0.03 1.0 | 25 0.035 | 0.03 3.00 ‘ 215 0.05 0.05 | 0.05

Note: M, mild steel rebar; EP, epoxy-coated steel rebar; $11203, ferritic stainless steel rebar (named $11203 in GB/T 20878-2007, China); $23043, austenitic-ferritic (duplex) stainless steel
rebar (named $23043 in GB/T 20878-2007, China).
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Type of steel

Steel properties

f, (MPa) f, (MPa)
Q39 210 390 490
Q420 210 420 520
Q 460 210 460 550
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Test specimens , test , FEM

(kN/mm) (kN/mm)

BS-120-h120-1 1,2300 1217.4 20762 2073.7 101 1.00
BS-120-h120-2 12105 20137 099 097
BS-120-h120-3 11622 19976 095 096
BS-120-h80-1 1,1809 11358 19873 2008.2 104 099
BS-120-h80-2 1,146.2 20566 101 102
BS-120-h80-3 1,089.6 2051 096 102
BS-120-h160-1 12315 1219.0 20512 2060.7 101 1.00
BS-r20-h160-2 1,180.1 19847 097 096
BS-r20-h160-3 1,140.9 19279 094 094
BS-120-h50d-1 1,228.1 12167 21423 2075.7 102 103
BS-120-h50d-2 1,198 21650 094 104
BS-120-h50d-3 1,197.6 21251 097 102
BS-r0-h120-1 1,168.8 1,149.2 19754 1940 101 102
BS-r0-h120-2 1,079.2 1928.7 098 099
BS-10-h120-3 11161 19516 098 101
Mean 099 1.00

Standard deviation 0.03 0.03
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Specimens Py i Py, avg avg So, i S0, avg
(kN) (kN) (kN/mm) (kN/mm) (mm) (mm) (mm)

BS-r20-h120-1 1,230.0 12174 20762 20737 63 65 174 232

BS-r20-h120-2 12105 20137 75 172

BS-r20-h120-3 11622 19976 58 350

BS-r20-h80-1 1,180.9 113538 19873 20082 61 62 192 203

BS-r20-h80-2 11462 20566 92 198

BS-r20-h80-3 1,089.6 2051 33 218

BS-r20-h160-1 12315 12190 20512 2060.7 69 74 183 189

BS-r20-h160-2 1,180.1 19847 111 191

BS-120-h160-3 1,1409 19279 41 192

BS-r20-h50d-1 1,228.1 1,216.7 2,1423 2075.7 70 58 172 211

BS-r20-h50d-2 1,1980 21650 59 27.1

BS-r20-h50d-3 1,197.6 21251 45 190

BS-10-h120-1 11688 11492 19754 1940 143 13.0 212 24

BS-10-h120-2 1,079.2 19287 w1 213

BS-10-h120-3 L6 19516 135 247

Whete: $,q.1s thé 4lip corresponding to-4 10% 16ad. drop (descending phasd).
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(%) 8102 AAIR2O3  Fe203 CaO MgO  SO3

PC 2040 541 2.82 63.04 174 250
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Materials HPFL

‘Weight of reinforcement layer High Moderate
Stiffness of reinforcement layer | High Moderate
Thickness of reinforcement layer [ 30-40 mm | 10-20 mm
Utilization rate of materials Low Max
Cooperative ability with masonry Low Max

Construction process Complex Simple
Durability Good Good
Single-side reinforcement No Yes

Material cost Low High
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Modified U-Net 223 0.9896 0.8864 07683 0.8229
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type section cm? ratio (p) % reinforcement span cm depth ratio

CB0-2.8 Normal 12x 25 s o 4025 Bottom 2010 Upper 70 28

HECBO0-2.8 Hybrid 12x25 - 0 70 28

HFCB0.24- Hybrid 12x25 506/m 24 70 28
28

HFCBO.42- Hybrid 12x25 508/m a2 70 28
28

HFCB0.42- Hybrid 12 x 30 508/m 42 70 28
23

HECBO.42- Hybrid 12 %40 508/m a2 70 28
175
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Polypropylene fiber Steel fiber Silica fume Cement W/C  Coarse Agg. Fine Agg. Super

volume (%) volume (%) (Kg/m3) (Kg/m3) ratio (Kg/m3) (Kg/m3) plasticizer
(Lit/m3)
Control = = 25 500 40 1148 705 64
Mix
Hybrid 45 7 2 463 40 1148 705 64

fibers Mix
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Fiber type Length (mm) Cross-se Tensile strength (MPa)
Steel 35 1 mm x 4 mm 21 2550

Polypropylene 20 Diameter of .04 mm 69 2075
|
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Stirmup 75, using equation 6

Caleulate the nominal shear srength
Viras the sum of Ve +Vs
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Material type Elastic modulus (MPa)

Poisson ratio

PPUC 16000 03
SMAC 2020 03
EAC 4500 03
GAC 5000 03
Steel 210000 025
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Geometric parameters Value (mm|

Steel deck thickness 14
Diaphragm plate thickness 10

Diaphragm plate height 1000

Diaphragm plate spacing 3200
Stiffener thickness 8

Top width of stiffener 300

Bottom width of stiffener 170

Stiffener height 280

Stiffener spacing 600
PPUC overlay thickness (Composite pavement) 20
SMAC overlay thickness (Composite pavement) 30
PPUC overlay thickness (Single-layer pavement) 40
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Material type Strength before freeze-thaw (MPa) Strength after freeze-thaw (MPa) STSR (%)

‘ PPUC 7.85 7.30 29

‘ EAC 524 437 83

‘ SMAC 157 1.49 95
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Material Compressive strength (MPa) Splitting tensile strength (MPa) Flexural tensile strength (MPa)

l PPUC 753 84 24

\ orc 32.1 18 12
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Test method Dimension/mm ces specifical
Compressive strength Cube compressive strength test 150 x 150 x 150 GBT 50081
Tensile strength Splitting tensile test 150 x 150 x 150 GBT 50081
Flexural tensile strength Four-point bending test 150 x 150 x 550 | GBT 50081
High-temperature stability Wheel tracking test 300 x 300 x 50 JTG E20-2011
Low-temperature crack resistance Three-point bending test 250 x 30 x 35 JTG E20-2011
Water stability Freeze-thaw splitting test $101.6 x 63.5 | JTG E20-2011
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Test items

PPUB

Aggregate

Technical properties

Test results

Technical requi

ents

Test method

Tensile strength (MPa) 157 210 GB/T1040
Fracture elongation (%) 34 225 GB/T1040
Thermosetting property (300°C) No melting No melting GB/T30598
‘Water absorption (%) 0.1 <03 GB/T1034
Density (g/cm?) 262 224 T0304
Water absorption (%) 13 <20 T0304
Moisture content (%) 025 <03 0305
Firmness (%) 8 <12 T0340
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