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ABSTRACT 

	Steel corrosion is a key issue that leads to the degradation of the performance and shortened service life of reinforced concrete structures, especially in harsh environments such as those in the ocean. Fibre-reinforced polymers (FRP) bars, with their advantages of light weight, high strength, and corrosion resistance, have become an ideal alternative to traditional steel bars. The research on reinforced concrete structures with FRP reinforcement has become a hot topic in the field of civil engineering. This article systematically reviews the research progress of FRP-reinforced concrete structures: In terms of bonding performance, through pull-out tests, the composition and failure mechanism of the bond between FRP bars and concrete were clarified, and the long-term durability and dynamic fatigue performance still need to be further improved; In terms of the mechanical performance of components, the mechanical characteristics, failure modes, and influencing factors of FRP-reinforced concrete beams, columns, and slabs were respectively elaborated, and the effects of reinforcement ratio, fiber addition, and mixed reinforcement on the bearing capacity, ductility, and crack control of components were clarified. The existing design methods still need to be further revised in combination with experimental results; In terms of application prospects, the substitution of steel bars with FRP bars can save engineering costs and promote green development. In harsh environment engineering, the potential is significant. Future research should focus on durability under actual service conditions, compatibility with environmentally friendly materials, structural enhancement optimization, and mechanical performance under fire conditions, providing more complete theoretical support and technical guarantees for the wide application of FRP-reinforced concrete structures.
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1. INTRODUCTION

Steel corrosion is an important factor leading to the degradation of the mechanical properties of reinforced concrete structures [1]. Especially for infrastructure such as buildings, bridges, dams, and offshore platforms located near or across the sea, the problem of steel corrosion is even more severe due to the influence of environmental factors. Corrosion significantly reduces the bearing capacity, ductility, and durability of the components, thereby shortening the service life of the entire structure. Therefore, the issue of corrosion prevention for reinforced concrete structures has always been a focus of attention.
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Figure 1 Structural durability issues caused by steel corrosion
Traditional corrosion prevention or mitigation measures, such as applying protective coatings to steel bars, cathodic protection, using corrosion inhibitors, and using stainless steel bars, although they have reduced the occurrence of corrosion to some extent, have not fundamentally solved this problem. Therefore, researchers have developed a new type of material - fiber-reinforced polymer (FRP) composite material bars, as an alternative to steel bars. Fiber-reinforced polymer (FRP) composite materials are engineered materials formed by combining reinforcing fibers such as glass, carbon, aramid, and basalt with polymer matrix materials such as polyester, vinyl ester, and epoxy resin through various manufacturing techniques such as winding, molding, and pultrusion. These composite materials vary depending on the type of reinforcing fiber used, resulting in different types such as glass fiber reinforced polymer (GFRP), carbon fiber reinforced polymer (CFRP), aramid fiber reinforced polymer (AFRP), and basalt fiber reinforced polymer (BFRP). FRP bars are highly regarded for their excellent longitudinal tensile strength, corrosion resistance, light weight, and anisotropic and elastic behavior until the point of fracture [2]
[image: ]
Figure 2 Types of FRP reinforcement and fibers: (a) GFRP reinforcement (b) BFRP reinforcement (c) CFRP reinforcement (d) AFRP reinforcement[2]
At present, the research on FRP-reinforced concrete structures mainly includes the studies on the mechanical and durability properties of FRP bars, as well as the interface bonding performance, and the research on the mechanical performance of FRP-reinforced components. In order to better promote the development of FRP bars and their reinforced structures, this paper systematically summarizes and organizes the current research status of FRP-reinforced concrete structures, clarifying the existing deficiencies and the research work that needs to be carried out in the future.

2.  Research on the Mechanical Properties of FRP Reinforcement

FRP bars are composed of multiple bundles of unidirectional fibers and matrix materials (typically resin-based), and are produced through special forming processes (such as pultrusion). They have the following advantages: 1. Low self-weight. The density of FRP is only about one quarter of that of steel, making it more advantageous in transportation, installation, and maintenance. 2. High tensile strength. FRP is made of high-strength fibers and resin matrix, and its tensile strength is much higher than that of steel, which means that FRP-reinforced concrete structures can achieve higher load-bearing capacity. 3. Good corrosion resistance. FRP has excellent corrosion resistance and can resist the erosion of water, acids, and alkalis, thus maintaining the durability of the structure even in harsh environments. 4. Good fatigue performance. FRP has excellent fatigue performance and will not easily fail under repeated tensile and compressive cyclic loads over a long period of time. [3]

Table 1 Comparison of mechanical properties between FRP bars and ordinary steel bars[4]
	Item
	Plain Steel Bar
	CFRP Bar
	AFRP Bar
	CFRP Bar

	Density/(t/m³)
	7～85
	1.25～2.10
	1.25～1.40
	1.50～1.60

	Ultimate Tensile Strength/MPa
	490～700
	480～1600
	1200～2550
	600～3700

	Yield Strength/MPa
	280～420
	
	
	

	Tensile Modulus of Elasticity/GPa
	210
	36～65
	40～120
	100～200

	Ultimate Elongation/%
	>10.0
	1.2～3.1
	1.9～4.4
	0.5～1.7

	Stress Relaxation/%
	
	5
	7～20
	1～3



Xu Xinsheng, Zheng Yongfeng, et al. [5] designed and fabricated GFRP bars, CFRP bars, and injection-type and compression-type steel sleeve anchorages, as shown in Figure 3, to solve the problem of compressive failure at the end of the tensile test. Mechanical property tests were conducted on FRP bars, including tensile strength, elastic modulus, and elongation rate, and the test results were statistically analyzed. It was clearly shown that the stress-strain of FRP bars exhibited a linear change, and the elastic modulus and elongation rate were smaller than those of steel bars. The strength-to-quality ratio and durability of FRP bars were superior to those of steel bars. The calculation methods for the standard value of the ultimate tensile strength and yield strength of FRP bars were provided, and the mechanical performance indicators for structural design were offered. You Chao, Deng Jiangdong, et al. [6] conducted tensile tests on four diameters of GFRP bars, analyzed the influence of diameter on mechanical properties, and revealed the size effect of GFRP bars: the ultimate tensile strength decreased with the increase in diameter, the displacement ductility increased with the increase in diameter, and the influence of diameter on the elastic modulus was small. Geng Lin, Xu Jiayang, et al. [7] conducted tensile tests on different diameters and rib heights of basalt fiber composite bars, and analyzed the influence on tensile strength and elastic modulus. It was clearly shown that the tensile strength of basalt fiber composite bars decreased with the increase in diameter; the elastic modulus increased first and then decreased, and the influence of the rib height of the reinforcement on tensile strength and elastic modulus was small.
[image: ]Figure 3 The tensile failure mode of the FRP test specimen with injection [5]
Zhan Jiandong, Du Xiuli, et al. [8] conducted a systematic review of the long-term mechanical performance research results of FRP bars at home and abroad, focusing on analyzing the fatigue, stress relaxation, and creep fracture properties of CFRP bars and AFRP bars. It was clearly stated that the fatigue performance of CFRP bars is the best, and they can withstand 4 million cycles of load when the maximum stress is less than 87.5% of the ultimate stress; the stress amplitude and the minimum stress are the key influencing factors of the fatigue life.
Li Guanghui, Zhang Ying, et al. [9] analyzed the effects of fiber type, matrix material, diameter, heating regime, and concrete protective layer on the mechanical properties of FRP bars after high-temperature exposure. They concluded that when the temperature exceeded 400℃, the mechanical properties of various FRP bars significantly decreased and were not suitable for high-firegrade concrete structures. Zhu Deju, Xu Xufeng, et al. [10] tested the tensile and shear properties of BFRP bars and GFRP bars after different temperature treatments, finding that the tensile strength, ultimate strain, toughness, and shear strength of BFRP bars and GFRP bars increased first and then decreased with the increase in temperature, while the elastic modulus did not change significantly. They concluded that after 350℃ treatment, the tensile strength of BFRP bars decreased by 46.49% and that of GFRP bars decreased by 29.91%; BFRP bars had poorer tensile performance but better shear performance. Wang Xiaolu, Zha Xiaoxiong, et al. [11] conducted high-temperature tensile tests on GFRP bars with a diameter of 8mm in the temperature range of 10 to 500℃, obtaining the trend of ultimate strength and elastic modulus attenuation.

3. Bonding test study

At present, the bonding performance between FRP bars and concrete is mainly studied through the pull-out test system. The interface bonding performance between FRP bars and concrete is a key factor determining whether the concrete members with FRP bars can exert their mechanical properties. Similar to steel bars, the bonding force between FRP bars and concrete mainly consists of chemical adhesion force, friction force and mechanical interlocking force, with only the mechanism of bond failure being slightly different. The interface failure of steel bars and concrete mainly occurs in the concrete, manifested as the interlaminar concrete being sheared and pulled out. However, the bonding performance between FRP bars and concrete depends on the interlaminar shear strength of the FRP bars [12-13].

Kun Liang and Lijie Chen [14] conducted tensile tests on basalt fiber reinforced polymer (BFRP) bars and ultra-high performance concrete (UHPC) within a temperature range of 25°C to 330°C, analyzing the influence of different UHPC strength grades and BFRP bar diameters on the residual bond strength; they used scanning electron microscopy (SEM) to reveal the degradation mechanism of bond strength due to resin softening and UHPC peeling under high temperatures; they proposed a residual bond strength prediction model considering the temperature effect, with a coefficient of determination (R²) of 0.87. It was clarified that when the resin glass transition temperature (approximately 170°C) is above, the resin softens but retains approximately 90% of the normal temperature bond strength after cooling, and the strength drops sharply at higher temperatures, indicating that the water-cement ratio of UHPC affects the peeling behavior under high temperatures, and a high water-cement ratio (0.24) has a stronger anti-peeling ability; they proposed a residual bond strength prediction model considering the temperature effect, with a coefficient of determination (R²) of 0.87. Sun-Jae Yoo and T.F. Yuan [15] studied the bond slip response of ribbed CFRP bars and UHPC after high-temperature exposure, comparing the residual bond performance differences between CFRP bars and reinforcing bars. They proposed a bond strength temperature reduction coefficient formula; it was clarified that the differences in bond performance between CFRP bars and reinforcing bars in UHPC after high temperatures follow a certain pattern, providing a reference for the design of FRP bars and UHPC structures in high-temperature environments.

Jizhong Wang [16] conducted a study on different surface treatments (sand-coated SC, spiral-wound HW, ribbed RB, indentation LN, composite treatment HWSC/INSC) of FRP bars and found that the deformation bars (HW, RB, LN) were more significantly affected by parameters such as concrete strength and protective layer thickness. The surface treatments are shown in Figure 3. The composite treatment bars had a moderate impact degree. A bond strength prediction model including surface geometric indicators (w, y) was developed, which significantly improved the prediction accuracy for single surface treatment bars and provided precise design basis for different surface type FRP bar engineering applications. Sandor Solyom [17] studied 13 different surface configurations of FRP bars (GFRP, BFRP) and found that the bond strength dispersion of sand-coated bars was related to the sand particle size and distribution, and the bond stiffness of ribbed bars was better in terms of durability; it was confirmed that the bond strength of FRP bars could still be enhanced when the concrete strength was higher than 30 MPa. F. Sayed Ahmad [18] studied the influence of smooth and sand-coated CFRP bars on the bond strength through pull-out tests, analyzing the influence of embedding length, bar diameter, and concrete age on bond strength; observing the bond failure mode. The bond strength of smooth CFRP bars in UHPFRC was close to that of sand-coated bars, and it could reach a relatively high bond strength at an early age (3 days); it was clear that the bond strength decreased with the increase of bar diameter and embedding length; it was revealed that the bond failure was the peeling of the outer layer of CFRP bars, and there was no obvious damage to the concrete; the development length of sand-coated bars was approximately 40 times the bar diameter.
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Figure 4 Surface forms of FRP reinforcement：(a) Smooth surface (b) Spiral winding (c) Spiral winding with sand coating (d)Indentation treatment (e) Ribbed treatment [2]

Ahmed [19] conducted pull-out tests on BFRP bars and GFRP bars, comparing the bond-slip curves of the two types of bars; analyzed the influence of bar diameter and embedding length on bond performance. It was clarified that the average bond strength of BFRP bars was 75% of that of GFRP bars, and both showed an extraction failure mode; established the BPE and improved BPE models for the bond-slip curve of BFRP bars; revealed that the bond strength of BFRP bars decreased with the increase in diameter and embedding length, providing data support for the engineering application of BFRP bars replacing GFRP bars. Q. Hao [20] studied the influence of rib geometric parameters (rib spacing, rib height) on bond performance, and established an empirical model for bond strength based on rib geometric parameters. Determined the optimal rib spacing (close to the bar diameter) and rib height (approximately 6% of the diameter); proposed an empirical model for bond strength considering rib geometric parameters, improving the prediction accuracy of bond strength of ribbed GFRP bars. M. Baena [21] studied the bond behavior of FRP bars with different surface treatments through pull-out tests, analyzed the influence of concrete strength on bond performance. It was found that the spiral-wound bars had the optimal bond strength due to a higher ratio of projected rib area to rib spacing; it was clarified that surface characteristics had a more significant impact on the bond performance of FRP bars in high-strength concrete; providing selection criteria for different types of FRP bars in different strength concrete applications.

Zheng Yuanshi et al. [22] compared the bonding properties of three types of FRP bars: CFRP, GFRP, and BFRP. The study found that the surface morphology of the reinforcement had the most significant impact on the bonding strength: the bonding strength of ribbed FRP bars was approximately 2.7 times that of smooth bars; increasing the bonding length would lead to a decrease in the average bonding stress; when the bonding length of smooth bars increased from 5 days to 10 days, the strength decreased by approximately 24%; the influence of concrete strength on the bonding strength was relatively small; increasing the concrete strength grade only slightly increased the bonding stress. To accurately describe the bonding behavior of the FRP bar-concrete interface, scholars have proposed various bonding-slip constitutive models. Gao Danying et al. [23] summarized the models proposed by Malvar, Cosenza, and others, and proposed a smooth and continuous four-parameter curve model. This model satisfies the boundary conditions in both the ascending and descending segments, has clear physical meaning, and is in good agreement with the experimental data.

In conclusion, the research on the adhesion of FRP bars has initially established a prediction model for the bond strength and a slip constitutive relationship that take into account factors such as the type, diameter, surface morphology, bond length, and concrete strength of the FRP bars. This provides a theoretical basis for the design of FRP-reinforced concrete structures. However, the following aspects still require further research: Long-term performance and durability: such as the degradation laws of bond performance under continuous loads, wet and dry cycles, freeze-thaw, etc.; Dynamic and fatigue performance: the bond behavior under dynamic loads such as earthquakes and fatigue loads.

4. The mechanical properties of FRP-reinforced components

4.1 FRP reinforced concrete beam

Due to the low elastic modulus of FRP bars and the poor bonding performance between them and concrete, FRP-reinforced concrete beams are prone to develop wide cracks and significant deformations when subjected to loads [3].

Zhu Haitang [24] studied the influence of steel fiber layer thickness, volume fraction, and BFRP reinforcement ratio on the flexural bearing capacity and failure mode of the structure, clarifying the three types of failure modes: compression, tension, and equilibrium; a 1.0% volume fraction of steel fibers increased the bearing capacity by 22.7%, as shown in Figure 4, and a 1.65% reinforcement ratio increased by 39.4% compared to 0.56% reinforcement ratio; a calculation method for bearing capacity adapted to different failure modes was proposed. Xue Weichen [25] systematically studied the flexural performance of FRP-reinforced concrete beams, determining the three failure modes: tension, equilibrium, and compression; clarifying the correlation between the minimum reinforcement ratio and the failure mode; proposing the calculation formula for the "nominal yield strength" of FRP reinforcement, and the design suggestions were more in line with the experimental results than ACI 440.1R-01. Ge Wenjie [26] conducted static flexural tests on mixed-reinforced beams with different ratios of FRP reinforcement to steel reinforcement, and derived the bearing capacity formula, defining two nominal reinforcement ratios and three failure modes and discrimination conditions; the derived formula for the flexural bearing capacity of the reinforced beam, the theoretical value and the experimental value were in good agreement (mean value 0.94, coefficient of variation 0.08). Ruan Xiangjie  [27] et al. discussed the mechanical performance of FRP-reinforced mixed-reinforced beams. The test results showed that the ultimate bending moment of the mixed-reinforced beam was approximately 91%–97% of that of the reinforced concrete beam, with limited reduction in bearing capacity, indicating the feasibility of using FRP reinforcement to replace part of the steel reinforcement. However, under the same load, its deflection and crack width significantly increased (20%–90%), which requires attention in design. The study also proposed calculation methods for bearing capacity, crack width, and deflection applicable to mixed-reinforced beams. Peng Fei and Xue Weichen [28] from the perspective of reliability, used Monte Carlo simulation to analyze the flexural bearing capacity of GFRP-reinforced concrete beams. The study found that when designed according to "GB 50608—2010", the reliability index of the tension failure beam was higher, while that of the compression failure beam was lower. The research suggested adjusting the sub-item coefficient of GFRP reinforcement material to 1.3 and improving the limit stress formula for compression failure to ensure that all failure modes reached the target reliability index (β = 3.7).
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Figure 5 Comparison of flexural bearing capacity of BFRP-reinforced high-strength concrete beams with different volumes of steel fibers[25]

Zhu Hong [29] conducted experiments on simply supported beams (with 2 GFRP bars, 2 BFRP bars, and 2 ordinary steel bars each) to compare and analyze the stiffness and deflection characteristics, and revised the short-term stiffness formula. After the FRP bar beams cracked, their stiffness was significantly lower than that of the steel bar beams; the existing standards (GB 50608-2010, ACI 440.1R-06) overestimated the short-term stiffness; the revised formula introduced the strain non-uniformity coefficient to improve the prediction accuracy. Maher A. Adam [30] established an ANSYS finite element model, revised the effective moment of inertia formula; revised the effective moment of inertia formula in ACI 440.1R-06 to improve the deflection prediction accuracy under high load conditions. Amr El-Nemr [31] conducted experiments on GFRP bar concrete beams with different elastic moduli and surface shapes, evaluated the deflection and stiffness characteristics, and verified that the curvature limit of 0.005/d can effectively control the applicability; the ACI 440.1R series standards underestimated the deflection, and the ISIS M-03 and CSA S806-12 predictions were more conservative. M.S. Issa [32] studied the influence of fiber type on the flexural performance of GFRP bar beams, and steel fibers increased the ductility of the beam by 3.78 times and the bearing capacity by 56.41%; the ACI 440.1R-2015 seriously underestimated the bearing capacity of this type of beam, and the fiber reinforcement effect needs to be considered.

Ge Wenjie [33] studied the influence of ECC thickness and reinforcement type on crack width and stiffness. Replacing the tensile zone concrete with ECC can significantly control the crack width and enhance the stiffness; three formulas for discriminating failure modes and a simplified calculation method for bearing capacity were proposed. G.B. Maranan [34] studied the influence of reinforcement diameter, reinforcement ratio and anchorage system on the applicability of GFRP-reinforced geopolymer concrete beams. The bonding performance between GFRP reinforcement and geopolymer concrete was good with the sand coating; this type of beam had higher flexural bearing capacity than traditional GFRP-reinforced ordinary concrete beams; ACI 440.1R-06 and CSA S806-12 underestimated the beam strength. Dong Zhiqiang and Wu Gang [35] addressed the issue of unreasonable parameter values in the calculation of crack width for FRP-reinforced concrete beams. Based on experimental data, they verified and corrected the key parameters such as the relative bonding characteristic coefficient, strain non-uniformity coefficient, and crack expansion coefficient, and proposed a more accurate formula for calculating crack width. The corrected formula was in better agreement with the experimental values, providing a reference for the revision of the standard.

In summary, the flexural performance of FRP-reinforced concrete beams is influenced by various factors such as reinforcement ratio, concrete strength, reinforcement diameter, addition of fibers, mixed reinforcement, and application of prestress. The reinforcement ratio is the main factor affecting the failure mode of the beam. Increasing the reinforcement ratio and concrete strength can enhance the bearing capacity of the beam, reduce the crack width and deflection. Adding fibers, mixed reinforcement, and applying prestress can effectively improve the ductility of the beam. Current research focuses on the bearing capacity and deformation of FRP-reinforced beams, while research on the development and calculation of cracks is relatively lagging behind. Moreover, the flexural performance of FRP-reinforced concrete beams, FRP/steel mixed reinforcement beams, and FRP-reinforced beams under bending fatigue also require in-depth study. In terms of design theory, some national codes are based on theoretical derivation, while others are revised based on the design codes of reinforced concrete structures. Compared with experimental results, the design theory still needs further correction to ensure the accuracy of the prediction results.

4.2 FRP reinforced concrete column

The application of fiber-reinforced polymer (FRP) materials in concrete columns can be mainly divided into two categories: as internal longitudinal and transverse reinforcing bars to replace steel bars, and as external wrapping to constrain and reinforce existing concrete columns. Both types of applications aim to leverage the high strength and corrosion resistance of FRP to enhance structural performance and durability. Using FRP bars as the internal reinforcing material for concrete columns is one of the fundamental solutions to the problem of steel corrosion.

Mohammad Z. Afifi [36] used GFRP/CFRP bars as longitudinal reinforcement and GFRP/CFRP spiral bars / stirrups as transverse reinforcement. By setting variables such as reinforcement type, longitudinal reinforcement ratio, transverse reinforcement parameters (volume ratio, diameter, spacing), it was found that the mechanical behavior of GFRP/CFRP reinforced concrete columns was similar to that of reinforced concrete columns, with an average peak bearing capacity 7%-8% lower. However, the post-earthquake damage was less and the residual displacement was smaller. It was clearly shown that the FRP spiral bars with small diameter and close spacing had a better confinement effect, which could increase the ductility by 208%. Increasing the longitudinal reinforcement ratio from 1.1% to 3.2% could increase the ductility by 117%. Figure 5 shows the failure diagram. Gong Yongzhi [37] completed 5 rectangular cross-section CFRP reinforced concrete column axial compression tests. The variables included longitudinal reinforcement ratio (0.75%/1.45%) and CFRP stirrup spacing (50mm/100mm/150mm). It was pointed out that the compressive strength of CFRP longitudinal bars was only 26.6%-36.1% of the tensile strength, which had a certain improvement on the column bearing capacity, but the available strength was limited. It was confirmed that the smaller the stirrup spacing, the better the confinement effect. Zhang Bing [38] studied the axial compression performance of elliptical GFRP - concrete - steel composite hollow columns. Using a composite structure of GFRP bars, concrete and steel, the variables included GFRP bar reinforcement ratio, steel wall thickness and concrete strength grade. It was confirmed that the synergy of GFRP bars with steel and concrete could significantly improve the compressive performance and stability of the column.
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Figure 6 (a) fracture of glass fiber reinforced polymer (GFRP) spiral bars; (b) buckling and fracture of longitudinal GFRP bars; (c) buckling of longitudinal bars and fracture of spiral bars[36]

G.B. Maranan [39] studied the compression performance and the influence law of the length-to-diameter ratio of geopolymer concrete (GPC) FRP columns. He used GFRP longitudinal and transverse reinforcements. The variables included the form of transverse reinforcement (circular reinforcement / spiral reinforcement), spacing, and the column's length-to-diameter ratio. It was found that the compatibility of GPC with GFRP reinforcement was superior to that of ordinary concrete. The normalized strength of GPC FRP columns reached 97.3% (while that of ordinary concrete columns was 88.3%). Md. Jahidul Islam [40] studied the CFRP strengthening performance of low-strength recycled brick aggregate concrete (RBAC) columns. It was confirmed that continuous CFRP wrapping had a significant reinforcing effect on low-strength concrete columns. The axial bearing capacity of 10MPa grade columns increased by 72%, and that of 17MPa grade columns increased by 62%.

Qi Ligang [41] studied the seismic performance and failure mechanism of CFRP-reinforced concrete columns, with variables including the longitudinal reinforcement ratio, hoop reinforcement spacing, and axial compression ratio. It was found that CFRP-reinforced concrete columns exhibit the characteristics of "high bearing capacity and low damage", with the ultimate displacement angle reaching over 5%, and the residual displacement being only 1/3 of that of reinforced concrete columns. This confirmed that dense reinforcement (small diameter, small spacing) can delay the buckling of the longitudinal reinforcement and enhance ductility; an increase in the axial compression ratio will enhance the bearing capacity, but accelerate brittle failure. 

Muhammad N. S. Hadi [42] conducted a study on the mechanical properties of circular FRP columns under various loading conditions (centrifugal / eccentric / flexural), and found that the axial bearing capacity and flexural bearing capacity of GFRP-reinforced concrete columns were slightly lower than those of reinforced concrete columns (with a reduction of 13% - 17%), but the ductility was similar (with a difference of less than 5%).

In summary, in terms of experimental research, there are not many studies on FRP-reinforced concrete compression-biased columns. Further in-depth research and analysis on their mechanical properties are needed. The eccentric compression performance of FRP-reinforced concrete columns is mainly influenced by factors such as eccentricity, longitudinal reinforcement ratio, hoop reinforcement spacing, and long-to-short ratio. The failure mechanism is related to the degree of eccentricity. Compared with axially compressed columns, in eccentric compression, FRP reinforcement can fully exert its strength. After the concrete is crushed, the tensile side of the FRP reinforcement remains in an elastic working state, which helps to delay the damage of the component. Currently, the calculation theory for the eccentric compression bearing capacity of FRP-reinforced concrete columns is not systematically provided in the code. Although some scholars have conducted research on related calculation theories based on section analysis method, deformation coordination conditions, and the force state of FRP reinforcement, their applicability still needs further verification.

4.3 FRP reinforced concrete slab

At present, the research on FRP-reinforced concrete slabs mainly focuses on the calculation of the flexural bearing capacity of the slabs and the shear failure of the slabs

Fareed Elgabbas [43] conducted a study on concrete bridge slabs, covering variables such as reinforcement type, BFRP reinforcement diameter, reinforcement ratio, and edge confinement conditions. The study found that the cracking performance of small-diameter closely-spaced BFRP reinforcements was superior to that of large-diameter widely-spaced reinforcements, with smaller crack widths. The CSA 2012 standard predicted the shear strength of BFRP reinforced slabs more accurately, while the ACI 2006 standard was more conservative. Yasmin Murad [44] investigated variables including reinforcement type, concrete mix ratio (OPC, 1% steel fiber concrete, 1% steel fiber + 2% plastic fiber concrete), and thermal exposure (heating at 700°C for 2 hours / without heating). The bonding performance of stainless steel slabs deteriorated, and the load-bearing capacity decreased by 67.3%, and the initial stiffness decreased by 71%. 1% steel fiber increased the ultimate strength by 6.5% and the ductility by 0.5%. After heating, the stiffness of the fiber-reinforced plate was greater than that of ordinary concrete plate, and the bearing capacity decreased due to the addition of plastic fibers. Y. Zheng [45] studied unidirectional plates, with variables including lateral confinement stiffness, concrete strength, reinforcement ratio, and reinforcement type. Lateral confinement caused shear buckling failure of the plate, while an unrestrained plate experienced bending failure. The arch effect was equivalent to increasing the reinforcement ratio, enhancing the shear strength, delaying crack development, and increasing the area of the concrete compression zone. Y. Zheng [46] studied bridge slabs, with variables including reinforcement type, concrete type, and BFRP reinforcement ratio. All slabs experienced shear failure. The SCC slab had a higher bearing capacity than the CVC slab, and the SCFRC slab had smaller crack width and better ductility. The performance of BFRP reinforced slabs was similar to that of GFRP reinforced slabs. K. Bouguerra [47] studied full-scale bridge slabs, including slab thickness, concrete strength, reinforcement ratio, and reinforcement type. All slabs experienced shear failure. The slab thickness, concrete strength, and reinforcement ratio were positively correlated with the bearing capacity. The compressive film effect caused by edge confinement reduced the reinforcement demand, verifying the economic applicability of FRP reinforcements in bridge slabs.

Fan Xinglang [48] conducted research based on the critical shear crack theory, taking into account the tensile stiffening effect of concrete, and established a calculation model for the punching shear bearing capacity of FRP-reinforced concrete slabs. The influence of concrete strength, column head size, reinforcement ratio, and slab thickness on the bearing capacity and ductility was analyzed. An increase in concrete strength and column head size led to a decrease in the nominal stress of the bearing capacity but an increase in ductility; an increase in reinforcement ratio and slab thickness led to an increase in the bearing capacity but a decrease in ductility. Zhang Yakeun [49] established a database of 98 FRP-reinforced concrete two-way slab punching shear tests, evaluated 14 existing calculation models, and determined the critical punching shear section coefficient through inversion analysis. It was clarified that concrete strength, FRP reinforcement ratio, elastic modulus, critical punching shear section circumference, and slab thickness are the key influencing factors. Zhang Yakeun [50] studied the effects of load position, concrete strength, and FRP reinforcement amount on the mechanical performance of slab punching shear. Concrete strength has a significant impact on the crack resistance load and ultimate punching shear bearing capacity of the slab, while the influence of FRP reinforcement ratio is relatively small.

In conclusion, the mechanical properties and failure modes of FRP-reinforced concrete slabs are similar to those of reinforced concrete slabs. The design method for FRP-reinforced bridge slabs mainly involves modifying the design method of reinforced concrete bridge slabs, but it neglects the influence of the arch effect of the bridge slab, resulting in calculated results that are much lower than the actual bearing capacity of the bridge slab. Regarding the anti-shear performance of FRP-reinforced concrete bidirectional slabs, the reinforcement ratio within the slab has a negligible effect on it.

5. Challenges and Future Directions
The following aspects still require further investigation: Long-term performance and durability: such as the degradation laws of bonding performance under continuous loads, humid heat cycles, freeze-thaw, etc. in environmental conditions; Dynamic and fatigue performance: bonding behavior under dynamic loads such as earthquakes, fatigue loads;

1. Study the durability of FRP bars in actual service environments, and conduct research on the durability of FRP-reinforced components under the combined effects of multiple factors in engineering, such as the degradation laws of bonding performance under environmental conditions like humid heat cycles and freeze-thaw;

2. Study the compatibility of FRP bars with environmentally friendly materials and their potential application in green buildings;

3. Study the structural reinforcement performance, considering the enhancement of concrete with fiber-woven mesh to improve the performance of components;

4. Research the situation of each stressed component of the structure in the event of fire.

6. conclusion and prospectives

1. Analysis of multiple factors affecting bonding performance: Fiber type, elastic modulus, bonding length, reinforcement diameter, surface characteristics, and pouring position all significantly affect the bonding performance of FRP reinforcement.

2.Replacing reinforced concrete with FRP reinforcement can save the overall cost of the project, which is of great significance for achieving social and economic benefits and promoting green development.
3.Using FRP longitudinal reinforcement and hoop reinforcement as the reinforcing bars of concrete components is effective, and the relevant design methods are also gradually improving. However, during normal use, it can cause large deflections and cracks and exhibit brittle failure characteristics.
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