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Highlights: 

 Investigates cyclic bond behavior of CFRP, GFRP, and BFRP bars in concrete. 

 Quantifies effects of bar diameter, embedment length, and concrete strength. 

 Proposes a unified bond stress-slip model with hysteresis under cyclic loading. 

 Reveals interfacial degradation mechanisms critical for seismic FRP design. 

Abstract: This study addresses gaps in understanding cyclic bond behavior of fiber reinforced polymer 

(FRP) bars. By analyzing carbon fiber reinforced polymer (CFRP), glass fiber reinforced polymer (GFRP), 

and basalt fiber reinforced polymer (BFRP) bars under reversed cyclic loading, it quantifies how bar 

diameter, embedment length, concrete strength, and rib geometry govern initial stiffness, unloading 

strength, friction resistance, and energy dissipation. A unified bond stress-slip constitutive model and 

hysteresis framework are established, elucidating interfacial degradation mechanisms and providing 

critical insights for optimizing seismic-resistant FRP-concrete structural design. 

Keywords: bond behavior; fiber reinforced polymer; reversed cyclic loading; bond stress-slip 

constitutive model 

1. Introduction 

Civil engineering structures, such as buildings, bridges, and tunnels, are highly susceptible to seismic 

damage, resulting in considerable economic losses and endangering the safety of workers, residents, and 

passersby. Accurate estimation of the bond properties between the reinforcing bars and concrete is crucial 

in seismic analysis, as this bond facilitates the transfer of internal forces from concrete to reinforcing bars, 

thus ensuring structural integrity under seismic loading conditions [1–4]. While traditional steel 

reinforcement has been extensively studied, the increasing application of fiber-reinforced polymer (FRP) 

bars in civil engineering has led to a shift in research focus towards understanding the bond behavior of 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Smart Constr.  Article 

 2 

FRP-reinforced concrete structures. In addition to conventional FRP-concrete systems, recent studies have 

explored innovative material combinations, such as the bond behavior between glass fiber-reinforced 

polymer (GFRP) bars and seawater sea-sand fiber-reinforced ultra-high strength concrete (UHSSC), 

owing to their enhanced corrosion resistance and sustainability in marine environments [5–7]. These 

investigations underscore the evolving complexity of interfacial mechanics in aggressive service conditions 

and highlight the limitations of traditional bond models when applied to these advanced composites. 

Research on the bond properties of FRP bars under cyclic loading remains limited, with most 

experimental studies indicating a reduction in bond strength under such conditions. Several analytical bond 

stress-slip models have been proposed based on experimental data [5–14] and fracture theory [15–17]. 

However, these models tend to be empirical or semi-empirical, particularly for FRP bars, and often 

provide only a general understanding of bond stress behavior under applied loading. More importantly, 

they fail to explain the sources of data dispersion, the phenomenon of shear stress reversal, and the 

underlying bonding and debonding mechanisms. Moreover, they rarely account for the effects of 

evolving damage at the mesoscopic scale. These gaps highlight the need for further research, particularly 

at the mesoscopic level, to better understand the bond behavior of FRP-reinforced concrete systems. 

Emerging directions, including the use of distributed fiber optic sensors to monitor localized bond 

degradation [18] and micromechanical simulations of FRP-concrete interfaces under multi-axial stress 

states [19], offer promising tools for bridging this gap. 

In recent years, as the use of FRP bars in concrete components has become increasingly prevalent 

in engineering applications [20], greater attention has been paid to the influence of mesoscopic factors on 

the bond properties between FRP bars and concrete. These factors include bar geometry [21], surface 

conditions [22], confinement pressure [23], concrete compressive strength [24–25], bar diameter [26–27], 

embedment length [28–29], temperature variations [30–31], and environmental conditions [32–33]. In 

particular, recent studies have provided deeper insights into the specific impacts of bonded length and bar 

diameter on FRP-concrete bond strength, addressing the limitations of earlier empirical findings [34–36]. 

Notably, the interaction between FRP bars and advanced concrete matrices such as seawater sea-sand 

UHSSC introduces unique challenges due to the combined effects of salt crystallization, matrix 

densification, and fiber hybridization on interfacial mechanics [37]. 

Shen et al. [38] demonstrated a strong correlation between bond stress at the FRP-concrete 

interface and factors such as bar diameter, embedment length, and concrete strength. Their study on 

basalt fiber-reinforced polymer (BFRP)-reinforced concrete showed that reducing the bar diameter and 

embedment length while increasing concrete strength significantly enhanced bond strength.  

Gong et al. [39] and Akbas et al. [40] further confirmed this trend, observing that increasing embedment 

length consistently reduced average bond stress, regardless of the matrix strength. More recently, studies 

such as Zhang et al. [41] and Rolland et al. [42] have provided experimental verification and numerical 

modeling approaches that reinforce these observations, offering enhanced predictive capabilities for 

different FRP types and loading regimes. This suggests that bond performance is governed by a coupled 

mechanism of mechanical interlock and interfacial adhesion, sensitive to both bar geometry and 

surrounding concrete composition. 

Research on the effect of cyclic loading has also shown significant impacts on bond behavior.  

Lee et al. [43] investigated the influence of cyclic loading on the bond performance of GFRP-reinforced 

concrete, finding that both the surface properties of the bars and the number of loading cycles played a 
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significant role in bond strength. Akbas et al. [44] similarly observed that cyclic loading reduced the 

bond capacity of FRP-reinforced concrete elements. Recent experimental work on GFRP-reinforced 

seawater sea-sand UHSSC further demonstrated that wet-dry cycles accelerated bond degradation, 

leading to interfacial weakening modes distinct from those in traditional concrete systems [5]. 

Additionally, Xie et al. [45] demonstrated that rib height, width, and spacing have a substantial impact 

on bond strength between GFRP bars and concrete. An increase in the deformation coefficient (the ratio 

of rib width to spacing) significantly enhanced bond strength and gradually shifted the failure mode from 

pull-out to concrete splitting. Liu et al. [46] confirmed these findings for BFRP-reinforced concrete, 

suggesting that a rib spacing of 12 mm and a rib width of 2.5 mm were optimal for maximizing bond 

strength while maintaining moderate slip. Among different rib shapes, round ribbed BFRP bars exhibited 

the highest bond strength. Similarly, Achillides et al. [20] emphasized the importance of bar shape in 

determining bond stress, noting that square bars provided 25% greater bond strength compared to round 

bars, likely due to the wedging effect created by the sharp edges of square bars. 

Nevertheless, it should be noted that the application of FRP bars in structures subjected to high 

seismic actions remains limited and controversial. Due to their linear elastic behavior until failure and 

the lack of yielding mechanisms, FRP-reinforced structures inherently have lower energy dissipation 

capacities during strong seismic events [47]. Therefore, FRP bars are more appropriately applied in 

regions with moderate to low seismic risk, or in infrastructures where durability and corrosion resistance 

are prioritized over seismic ductility, such as marine structures, coastal bridges, parking garages, and 

offshore platforms [7]. 

Despite these valuable insights, existing studies on mesoscopic factors influencing bond 

characteristics have limitations in terms of scope and quantity. While some progress has been made in 

explaining data dispersion and shear stress reversal phenomena, a comprehensive understanding of the 

underlying bonding and debonding mechanisms remains elusive. Moreover, the limited number of studies 

and the empirical nature of existing models hinder the development of accurate bond constitutive equations 

for FRP-reinforced concrete systems. Consequently, future research should prioritize an in-depth 

investigation of FRP-concrete bond behavior under cyclic loading conditions, with a particular emphasis 

on unifying structural descriptors across all types of FRP-reinforced concrete systems. 

This study addresses these limitations through a systematic investigation of cyclic bond behavior in 

FRP-reinforced concrete, encompassing CFRP, GFRP, and BFRP bars. By experimentally analyzing the 

effects of bar diameter, embedment length, concrete strength, and rib geometry, we quantify their 

influence on initial stiffness, unloading strength, friction resistance, and energy dissipation. A novel 

unified bond stress-slip constitutive model is proposed, which integrates mesoscopic interactions and 

cyclic degradation mechanisms. This model not only elucidates the origins of data dispersion and shear stress 

reversal but also provides a predictive tool for optimizing FRP-reinforced systems in seismic and 

durability-focused applications. The findings contribute both to the advancement of fundamental 

understanding and to the formulation of design strategies for FRP-reinforced structures, particularly 

in service environments where corrosion resistance and moderate seismic resilience are critical 

design considerations. 
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2. Experimental setup 

2.1. Preparation of the test specimens 

Prior to bond testing, the mechanical properties of CFRP, BFRP, and GFRP bars were determined 

through uniaxial tensile tests in accordance with ASTM D7205 [48]. Three specimens per FRP type were 

tested to ensure statistical reliability. As summarized in Table 1, CFRP bars exhibited the highest tensile 

strength (𝑓u = 2028 MPa), elastic modulus (E = 73.4 GPa) and Ultimate tensile strain (𝜖ult = 1.40%), 

followed by BFRP (𝑓u = 1373 MPa, E = 34.3 GPa, 𝜖ult = 4.0%) and GFRP (𝑓u = 759 MPa, E = 20 GPa, 

𝜖ult = 3.80% ). The mechanical characterization of concrete was performed following  

GB/T 50081–2019 [49], with compressive and tensile strength results for C30 and C60 concrete 

summarized in Table 2. The average compressive strengths ( 𝑓𝑐𝑢 ) were 36.27 MPa (C30) and  

62.47 MPa (C60), while splitting tensile strengths (𝑓𝑡) reached 2.8 MPa (C30) and 5.2 MPa (C60), 

ensuring compliance with design specifications. 

Table 1. Properties of FRP bars. 

Types of FRP bars d (mm) 
Tensile strength 

(MPa) 

Elasticity modulus 

(GPa) 

Ultimate tensile strain 

(%) 

BFRP 16 1373 34.3 4 

CFRP 16 2028 73.4 1.40 

GFRP 16 759 20.0 3.80 

Table 2. Mix proportions and properties of concrete. 

Concrete 

Type 

Water 

(%) 

Cement 

(%) 

Fine 

Aggregate 

(%) 

Coarse 

Aggregate 

(%) 

Fly ash 

(%) 

Compressive 

Strength (MPa) 

Splitting 

Tensile 

Strength 

(MPa) 

C30 7.07 13.11 32.37 42.84 3.93 36.27 2.8 

C60 7.11 10.65 32.39 44.72 4.53 62.47 5.2 

The experimental program utilized 150 mm3 concrete cubes with 750 mm-long FRP bars. 

Embedment lengths were set at 3 d, 5 d, and 8 d (where d = nominal bar diameter), as detailed in Table 3 

under the nomenclature “Bar type–Concrete strength–Diameter-Embedment length.” To prevent cement 

infiltration, unembedded sections of FRP bars were shielded by PVC sleeves, while loading ends were 

secured with epoxy-filled steel collars (Figure 1). Each configuration was tested five times to mitigate 

operational variability, with reported values representing averaged measurements. 

The choice of relatively short embedment lengths was deliberate and aimed to ensure that pullout 

failure dominated the bond behavior, thereby avoiding premature bar rupture or concrete splitting 

failures. Such a setup allows for the precise characterization of the fundamental interfacial stress transfer 

mechanisms, isolated from complex global structural effects. While the selected embedment lengths do 

not replicate the full development lengths typically encountered in large-scale structural applications, 

they are consistent with standard practice in bond mechanics studies and provide essential data for the 

development and validation of local bond-slip constitutive models [50]. This targeted approach is critical for 



Smart Constr.  Article 

 5 

advancing predictive capabilities and informing design guidelines for FRP-reinforced  

concrete systems. 

Table 3. Specimen parameters. 

 

Figure 1. Schematic drawing of the specimen. 

Interfacial bond behavior was critically influenced by FRP surface characteristics (Figure 2). 

CFRP bars displayed regular rib patterns with low rib height-to-spacing ratios (
∆ℎ

𝑙
= 0.42, where 

∆ℎ = ℎ2 − ℎ1represents the rib height and 𝑙 is the rib spacing), resulting in diminished mechanical interlock 

due to smooth carbon and epoxy interfaces. Conversely, BFRP bars exhibited irregular wavy textures (
∆ℎ

𝑙
=

0.50, where ∆ℎ = ℎ₂ − ℎ₁ represents the rib height and 𝑙  is the rib spacing) and higher roughness, 

enhancing micro-interlocking and frictional resistance. GFRP surfaces featured periodic ribs (
∆ℎ

𝑙
= 0.46, 

where ∆ℎ = ℎ₂ − ℎ₁ represents the rib height and 𝑙 is the rib spacing) prone to localized deformation 

under stress, with intermediate roughness, which favors frictional dissipation-dominated slip behavior. 

These distinct surface characteristics fundamentally govern the stress transfer mechanisms and damage 

evolution pathways of FRP bars within concrete matrices. 

Steel sleeve

Concrete cube

Epoxy resinFRP bar

d3
0

140 160 150 160 140

L

Specimen 𝒅 (𝐦𝐦) 𝑳 (𝐦𝐦) Concrete Grade 𝒇𝐜𝐮 (𝐌𝐏𝐚) 

BFRP-C30-10-5d 10 50 C30 36.67 

BFRP-C30-16-5d 16 80 C30 36.67 

BFRP-C30-20-5d 20 100 C30 36.67 

BFRP-C30-16-3d 16 48 C30 36.67 

BFRP-C30-16-8d 16 128 C30 36.67 

BFRP-C60-16-5d 16 80 C60 62.47 

CFRP-C30-10-5d 10 50 C30 36.67 

CFRP-C30-16-5d 16 80 C30 36.67 

CFRP-C30-20-5d 20 100 C30 36.67 

CFRP-C30-16-3d 16 48 C30 36.67 

CFRP-C30-16-8d 16 128 C30 36.67 

CFRP-C60-16-5d 16 80 C60 62.47 

GFRP-C30-10-5d 10 50 C30 36.67 

GFRP-C30-16-5d 16 80 C30 36.67 

GFRP-C30-20-5d 20 100 C30 36.67 

GFRP-C30-16-3d 16 48 C30 36.67 

GFRP-C30-16-8d 16 128 C30 36.67 

GFRP-C60-16-5d 16 80 C60 62.47 
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Figure 2. Surface characteristics of three different FRP bars (d = 16 mm). 

2.2. Test device and loading scheme 

The bonding test was conducted using a servo-hydraulic testing machine (MTS), as shown in Figure 3(a). 

The counter-force frame was constructed using three steel plates, labeled 1#, 2#, and 3#, which were 

firmly attached to a fixed base through the use of twenty-four 6# screws and four threaded steel rods. 

This robust setup ensured stability and minimized any movement during the test. Prior to the test, the 

FRP-reinforced concrete cube was carefully positioned between steel plates 1# and 2#, and securely 

fastened using adjusting nuts. This arrangement was crucial for maintaining the specimen’s alignment 

and preventing any displacement during loading, ensuring accurate test results. 

Displacement-controlled loading was employed throughout the testing, with the stroke of the 

servo-hydraulic machine used as the control input. To independently monitor the bond-slip response, 

slip measurements were recorded at both the loaded and free ends. Two cable-type displacement 

transducers were installed at each end of the FRP bar to precisely capture the relative displacement 

between the bar and the surrounding concrete. In accordance with standard bond-slip definitions, the slip 

measured at the loaded end was adopted for constructing the 𝜏 –  𝑠 (bond stress-slip) relationships. The 

configuration of the displacement sensors is schematically presented in Figure 3(a), wherein the 

transducers were rigidly attached to the FRP bar and anchored to the reaction frame to minimize 

extraneous movements and ensure accurate slip measurements. 

The loading rate was set at 0.05 mm/s to allow for gradual application of force. The loading was 

continuously applied until the specimens failed due to bond stress-slip, which was the primary failure 

mode under the given conditions [50]. The loading scheme, including the number of loading cycles and 

the amplitude of the applied force, is shown in Figure 3(b). A displacement-controlled loading scheme 

with an amplitude of ± 15 mm was carefully selected to replicate realistic seismic displacement demands 

while ensuring a controlled progression of damage. This amplitude was determined through preliminary 

monotonic pull-out tests, corresponding to 80%–90% of the critical slip value at the onset of bond 

strength degradation, thereby capturing both elastic interfacial behavior and post-peak frictional 

resistance evolution [39]. Three loading cycles were applied to characterize the stabilization of residual 

slip and the reduction in stiffness, while minimizing excessive cumulative damage that could obscure 

failure mode identification—a methodology consistent with ASTM D7205 guidelines for FRP bond 

testing under cyclic loads [48]. 
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(a) 

 
(b) 

 

Figure 3. Test design. (a) Test setup; (b) Loading scheme. 

In addition, symmetric displacement cycles were adopted to simulate bidirectional seismic actions, 

allowing the investigation of shear stress reversal and asymmetric damage accumulation at the FRP-concrete 

interface. These phenomena are critical for seismic design but are often overlooked in unidirectional 

loading protocols [43]. This comprehensive test setup, designed to simulate dynamic and seismic loading 

conditions, provides reliable quantification of key degradation parameters, including energy dissipation 

capacity, unloading stiffness evolution, and slip recovery rates, all of which are crucial for validating the 

proposed constitutive model under displacement-driven seismic conditions. 

3. Bond characteristics of CFRP-, BFRP- and GFRP- reinforced concrete 

This study investigates the interfacial characteristics of CFRP-, BFRP-, and GFRP-reinforced concrete 

through an integrated experimental-numerical framework. The analytical approach builds upon the 

authors’ previously validated cyclic bond-slip constitutive model for CFRP bars [51], which explicitly 

accounts for mesoscopic interfacial features (e.g., rib geometry, matrix microcracking). Experimental 

results are categorized into two groups for systematic comparison: (1) Group 1: CFRP-reinforced 

concrete systems; (2) Group 2: BFRP/GFRP-reinforced concrete systems. 

The bond stress 𝜏 is calculated using: 

τ =
F

π ∙ d ∙ L
 (1) 
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with 𝜏 the average bond stress (MPa); 𝐹 the applied bond force (N); 𝐿 the bonding length (mm) and 𝑑 

the rebar diameter (mm). 

It is acknowledged that the 𝜏 –  𝑠  law theoretically represents a local constitutive relationship 

associating the slip at a specific point with the interfacial shear stress at the same location. However, in 

practical experimental settings, direct measurement of local bond stress along the embedded length is 

challenging due to limitations in sensor resolution and concrete disturbance. Therefore, following 

standard practice in bond research [50], the average bond stress is widely adopted as a surrogate measure. 

In this study, the short embedment lengths (3 d–8 d) were carefully selected to promote approximately 

uniform stress distribution along the bonded region, thereby minimizing the gradient of bond stress and 

enabling the average bond stress to closely approximate the local behavior. This approach has been 

validated in prior experimental [52–53] investigations and provides a practical and reliable basis for 

establishing the bond-slip relationships required for mesoscale modeling and structural analysis.  

3.1. Experimental results for CFRP bars  

Four distinct failure modes were observed during testing (Figure 4(a)): (1) localized concrete damage 

near the bar ribs, (2) pullout failure, (3) splitting failure, and (4) reinforcement fracture. The failure mode 

is mainly correlated with rib geometry parameters (rib height, rib spacing, and the ratio of rib width to 

rib spacing), consistent with micromechanical analyses in [51]. 

 

Figure 4. CFRP reinforcement specimens. (a) Damage forms; (b) Verification of constitutive equations. 

The “established constitutive model” is a cyclic bond-slip model developed to simulate the 

interaction between CFRP bars and concrete under cyclic loading. This model integrates geometric factors 

(such as rib geometry and spacing) to predict the bond stress-slip behavior under cyclic loading conditions. 

The validation procedure for this model involved comparing the numerical predictions of bond 

stress-slip behavior with experimental data obtained from cyclic pull-out tests. In the cyclic pull-out 

tests, the bond stress was measured under repeated loading and unloading cycles, simulating real-world 

loading conditions. This experimental setup was used to validate the model’s ability to accurately predict 

the bond stress-slip behavior under cyclic loading, which is the primary focus of this study. 

(a) (b)
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The comparison between experimental and numerical results from cyclic pull-out tests was crucial 

for model validation. The experimental data, including the cyclic loading and unloading curves, were 

used to assess the model’s performance in simulating the complete bond stress-slip response, including 

the maximum bond stress, unloading stiffness, and the degradation of bond strength with repeated 

loading cycles. The results from the numerical predictions were compared with the experimental 

hysteresis curves, which confirmed that the model accurately captures the bond stress-slip behavior 

under cyclic loading. 

Figure 4(b) illustrates the validation of the established constitutive model by comparing the 

experimental and numerical skeleton curves. The experimental data from the cyclic pull-out tests were 

used to construct the skeleton curves, which show the bond stress as a function of slip. The numerical 

results from the model’s predictions were then compared with the experimental skeleton curves, 

demonstrating a strong correlation. This comparison confirmed that the model accurately predicts the 

bond stress-slip behavior of CFRP bars under cyclic loading conditions. 

Regarding the procedure for deriving the slip 𝑠, the slip values reported in the horizontal axis of 

Figure 4(b) were derived from experimental displacement measurements at the FRP–concrete interface. 

Specifically, the slip 𝑠  was calculated as the relative displacement between the FRP bar and the 

surrounding concrete at the bond interface. Displacement transducers and strain gauges were used to 

measure the displacement of the FRP bar during each loading cycle. The slip was then obtained by 

subtracting the displacement of the surrounding concrete from that of the bar, allowing for the accurate 

determination of slip at each load step. These slip values were used to construct the skeleton curves, 

which were then compared with the model’s predictions for validation. 

3.2. Experimental results for BFRP-and GFRP-reinforced concrete 

After the bond stress-slip characteristics between CFRP bars and concrete were validated through 

experiments, a series of tests was conducted to examine the bond behavior between BFRP/GFRP bars 

and concrete. The goal was to identify a unified stress-slip relationship applicable to CFRP, BFRP, and 

GFRP bars. As shown in Figure 5, the failure modes of BFRP-reinforced specimens are primarily splitting 

and pull-out failures, whereas GFRP-reinforced specimens predominantly exhibit pull-out failure. 

As illustrated in Figure 6, the bonding behavior of GFRP and BFRP bars follows a similar pattern. 

The maximum bond stress decreases as the bar diameter and embedment length increase, but it rises 

with higher concrete strength. For example, when the compressive strength of the concrete was C30 and 

the diameter of the GFRP bar was 16 mm, the maximum bond stress for specimens with embedment 

lengths of 48 mm, 80 mm, and 128 mm was 7.86 MPa, 5.09 MPa, and 4.95 MPa, respectively. Specifically, 

the maximum bond stress for specimens with embedment lengths of 3 d (48 mm) and  

5 d (80 mm) increased by 37.02% and 2.75% compared to those with an embedment length of  

8 d (128 mm), the bond stress-slip hysteresis curves for each individual working condition are shown in 

Appendix A. 
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Figure 5. Damage forms of BFRP and GFRP reinforced specimens. 

(a) 

 

(b) 

 

Figure 6. Bond stress-slip curve. (a) BFRP bars; (b) GFRP bars. 

Table 4 gathers all characteristic values of 𝜏 – s curves for BFRP, CFRP and GFRP bars embedded 

in concrete subjected to reversed cyclic loading. Here, 𝜏+ and 𝜏− denote the maximum bond stress in 

the positive and negative directions, 𝑠+ and 𝑠−  denote the slip corresponding to  𝜏+ and 𝜏− , with 

subscript 𝑢, 𝑟, 𝑒 the ultimate, residual and elastic stress and slip, respectively. 
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Table 4. Test results (mean ± standard deviation, n = 5). 

Specimen 𝝉𝒆
+ (𝐌𝐏𝐚) 𝝉𝒆

−(𝐌𝐏𝐚) 𝒔𝒆
+(𝐦𝐦) 𝒔𝒆

−(𝐦𝐦) 𝝉𝒖
+(𝐌𝐏𝐚) 𝝉𝒖

−(𝐌𝐏𝐚) 
𝒔𝒖

+(𝐦𝐦) 𝒔𝒖
−(𝐦𝐦) 𝝉𝒓

+(𝐌𝐏𝐚) 𝝉𝒓
−(𝐌𝐏𝐚) 𝒔𝒓

+(𝐦𝐦) 𝒔𝒓
−(𝐦𝐦) 

BFRP-C30-10-5d 6.35 ± 0.07 –50 ± 0.15 1.18 ± 0.02 –1.41 ± 0.04 23.10 ± 0.80 –8.22 ± 0.40 3.85 ± 0.59 –8.35 ± 0.36 6.11 ± 0.02 –4.53 ± 0.25 5.83 ± 0.43 –6.08 ± 0.20 

BFRP-C30-16-5d 4.17 ± 0.13 –0.21 ± 0.27 0.63 ± 0.03 –1.09 ± 0.24 10.53 ± 0.71 –3.15 ± 0.37 1.83 ± 0.04 –1.60 ± 0.56 1.56 ± 0.19 –1.44 ± 0.27 4.89 ± 0.50 –6.02 ± 0.11 

BFRP-C30-20-5d 2.10 ± 0.21 –0.09 ± 0.34 0.69 ± 0.13 –0.57 ± 0.07 6.66 ± 0.76 –1.50 ± 0.71 1.75 ± 0.38 –3.67 ± 0.74 0.48 ± 0.23 –0.87 ± 0.32 8.98 ± 0.52 –9.15 ± 0.13 

BFRP-C30-16-3d 2.45 ± 0.33 –0.87 ± 0.80 0.51 ± 0.48 –0.51 ± 0.88 17.82 ± 0.98 –12.43 ± 0.64 1.03 ± 1.02 –3.53 ± 0.73 2.86 ± 0.25 –2.84 ± 0.42 6.30 ± 0.42 –6.17 ± 0.75 

BFRP-C30-16-8d 2.13 ± 0.52 –0.40 ± 0.44 0.52 ± 0.41 –0.78 ± 0.60 5.38 ± 0.60 –1.89 ± 0.55 1.28 ± 0.36 –7.58 ± 0.71 0.58 ± 0.29 –0.28 ± 0.45 5.55 ± 0.39 –8.38 ± 1.12 

BFRP-C60-16-5d 7.47 ± 0.11 –4 ± 0.47 0.67 ± 0.15 –0.51 ± 0.16 23.63 ± 0.56 –6.04 ± 0.58 2.02 ± 0.25 –2.08 ± 0.60 2.45 ± 0.32 –2.26 ± 0.56 8.71 ± 0.28 –9 ± 0.95 

CFRP-C30-10-5d 2.82 ± 0.60 –2.42 ± 0.58 0.51 ± 0.52 –0.78 ± 0.19 12.60 ± 0.03 –11.23 ± 0.05 1.34 ± 0.35 –1.54 ± 0.38 5.84 ± 0.36 –4.58 ± 0.52 8 ± 0.25 –10 ± 0.87 

CFRP-C30-16-5d 2.09 ± 0.67 –1.87 ± 0.64 1.03 ± 0.16 –0.51 ± 0.11 8.93 ± 0.44 –3.46 ± 0.84 2.06 ± 0.45 –4.06 ± 0.20 0.80 ± 0.54 –1.88 ± 0.92 6.06 ± 0.03 –6.69 ± 0.62 

CFRP-C30-20-5d 1.63 ± 0.17 –1.06 ± 0.55 0.55 ± 0.82 –0.21 ± 0.16 6.61 ± 0.04 –2.86 ± 0.80 1.87 ± 0.86 –6.61 ± 0.31 1.15 ± 0.52 –1.05 ± 0.25 8.04 ± 0.19 –9.72 ± 1.23 

CFRP-C30-16-3d 2.77 ± 0.22 –2.71 ± 0.72 0.51 ± 0.50 –0.33 ± 0.75 11.06 ± 0.22 –5.71 ± 0.73 2.59 ± 0.75 –4.11 ± 0.52 2.08 ± 0.48 –2.06 ± 0.24 8.79 ± 0.15 –11.05 ± 0.63 

CFRP-C30-16-8d 3.21 ± 0.94 –2.65 ± 0.58 0.51 ± 0.82 –1.03 ± 0.18 5.90 ± 0.15 –2.82 ± 0.65 2.13 ± 0.69 –6.17 ± 0.63 2.07 ± 0.49 –2.38 ± 1.02 8.08 ± 0.79 –9.40 ± 0.95 

CFRP-C60-16-5d 3.01 ± 0.87 –2.70 ± 0.65 0.51 ± 0.75 –0.76 ± 0.04 18.75 ± 0.12 –11.24 ± 0.32 3.69 ± 0.38 –2.30 ± 0.71 3.10 ± 0.50 –4.04 ± 0.95 4.13 ± 0.78 –6.18 ± 0.87 

GFRP-C30-10-5d 2.63 ± 0.18 –1.43𝑣0.07 0.83 ± 0.98 –0.60 ± 0.65 9.46 ± 0.97 –6.44 ± 0.24 1.97 ± 0.47 –1.91 ± 0.25 2.20 ± 0.90 –3.52 ± 1.06 5.98 ± 0.58 –6.18 ± 0.79 

GFRP-C30-16-5d 2.57 ± 0.41 –1.27 ± 0.74 1.18 ± 0.26 –0.53 ± 0.26 5.03 ± 0.24 –4.30 ± 0.52 1.18 ± 0.57 –4.21 ± 0.75 2.13 ± 0.90 –3.31 ± 0.32 4.02 ± 0.64 –4.21 ± 1.08 

GFRP-C30-20-5d 1.43 ± 0.65 –0.69 ± 0.28 1.05 ± 0.39 –0.40 ± 0.60 2.98 ± 0.24 –2.58 ± 0.35 2.61 ± 0.63 –1.56 ± 0.69 2.98 ± 0.31 –1.80 ± 0.25 6.06 ± 0.39 –3.98 ± 1.10 

GFRP-C30-16-3d 3.40 ± 0.78 –2.63 ± 0.11 0.49 ± 0.62 –0.28 ± 0.42 7.96 ± 0.23 –4.07 ± 0.47 1.03 ± 0.25 –6.16 ± 0.52 1.80 ± 0.32 –1.69 ± 0.36 1.03 ± 0.76 –6.16 ± 0.56 

GFRP-C30-16-8d 3.39 ± 0.32 –3.67 ± 0.27 1.04 ± 0.93 –0.62 ± 0.11 4.45 ± 0.79 –3.67 ± 0.36 3.99 ± 0.64 –6.20 ± 0.46 2.32 ± 0.36 –2.10 ± 0.39 3.99 ± 0.85 –6.20 ± 0.87 

GFRP-C60-16-5d 2.67 ± 0.23 –1.74 ± 0.61 0.55 ± 0.72 –0.72 ± 0.88 10.67 ± 0.63 –5.66 ± 0.48 1.67 ± 0.35 –4.06 ± 0.38 1.80 ± 0.42 –3.18 ± 0.78 8.04 ± 0.89 –9.97 ± 1.02 
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3.3. Analysis of the bond stress-slip properties of different FRP bars 

For different types of FRP-reinforced concrete, various factors exert varying levels of influence on their 

bond stress-slip characteristics. The impact of bar diameter, embedment length, and concrete strength on 

key bond performance indicators—such as maximum bond stress (the peak stress in the bond stress-slip 

curve), bond stiffness (the initial slope of the bond stress-slip curve), bond strength (the stress at which 

bond failure occurs), frictional bond resistance, and accumulated energy dissipation—was investigated. 

These performance indicators will be discussed in detail below. 

3.3.1. Comparison of maximum bond stress of different types of FRP bars 

The interfacial bond performance of FRP bars exhibits material-dependent characteristics governed by 

their mechanical properties and geometric features. BFRP bars demonstrate superior peak bond stress 

compared to CFRP and GFRP counterparts, attributed to enhanced mechanical interlock and frictional 

resistance arising from their pronounced surface ribs [52]. In contrast, CFRP and GFRP bars with 

less defined rib geometries exhibit reduced interfacial engagement, resulting in lower peak stresses. 

This disparity persists across parametric variations in diameter, embedment length, and concrete 

strength (Figure 7(a)–(c)). 

(a)

 

(b)

 

(c)

 

Figure 7. The peak bond stress. (a) Diameter; (b) Embedment length; (c) Concrete 

compressive strength. 

For diameter effects (Figure 7(a)), increased bar dimensions marginally reduce peak bond stress 

across all FRP types, though CFRP bars show the least sensitivity due to their high strength and limited 

deformation capacity under stress [53–54]. The inherent stiffness of CFRP minimizes diameter-induced 

stress redistribution, maintaining interfacial stability even at larger scales. Similarly, embedment length 

variations (Figure 7(b)) exert negligible influence on CFRP bond stress, as their high strength prevents 

localized shear concentrations and maintains uniform stress distribution along the bond interface [55]. 

Conversely, in comparison to CFRP, BFRP and GFRP systems exhibit greater parametric sensitivity, 

attributable to their lower elastic moduli and more compliant behavior, despite maintaining an overall 

linear elastic response. 

Concrete strength variations (Figure 7(c)) further highlight this material dichotomy: CFRP bars 

effectively buffer stress perturbations through their high intrinsic strength, while BFRP/GFRP systems 
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experience amplified bond stress variations because of their lower stiffness and greater strain under 

load, within the elastic range. These observations collectively underscore that CFRP’s high stiffness 

and strength stabilize interfacial behavior against geometric and material parameter changes, whereas 

the relatively lower stiffness of BFRP and GFRP bars increases their sensitivity to parametric variations, 

even though all systems remain primarily linear elastic. 

3.3.2. Stiffness degradation 

The stiffness degradation coefficient 𝜅, defined as 𝜅 =
𝐾𝑛

𝐾0
, where 𝐾n represents the unloading stiffness 

at each unloading cycle and 𝐾0 denotes the initial unloading stiffness. Quantifying the reduction in 

unloading stiffness during cyclic loading, is influenced by multiple interfacial parameters as shown in 

Figure 8(a)–(b). For specimens with larger-diameter FRP bars, the enhanced contact area promotes 

stress homogenization through two complementary mechanisms: (1) stress dispersion across micro-regions, 

mitigating localized peaks, and (2) defect averaging that statistically reduces the impact of interfacial 

imperfections, analogous to composite size effects [56]. These mechanisms synergistically slow 

material wear, yielding higher 𝜅  values despite the theoretical increase in defect probability, 

particularly evident in FRP-concrete systems where concrete heterogeneity necessitates larger bond 

areas for stress redistribution. Similarly, extended embedment lengths enhance bond performance by 

enabling progressive stress transfer along the interface, delaying localized damage accumulation [57–58]. 

Concrete strength further modulates 𝜅 , with high-strength concrete exhibiting slower stiffness 

degradation due to superior compressive resistance and interfacial integrity [57]. Material-specific 

behaviors are pronounced in CFRP bars, where high stiffness and strength result in elevated initial 𝜅 

and gradual degradation, contrasting with BFRP and GFRP systems that exhibit accelerated 𝜅 reduction 

due to lower modulus and interfacial roughness [59–61]. These collective observations underscore the 

interdependence of geometric, material, and interfacial factors in governing stiffness degradation dynamics. 

(a) 

 

 

 

(b) 

 

 

 

Figure 8. Stiffness degradation coefficient. (a) Different working conditions; (b) Comparison of 

different FRP bars. 
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3.3.3. Strength degradation  

The strength degradation coefficient 𝜂, defined as 𝜂 =
𝜏𝑛

𝜏u
, where 𝜏𝑛 is the peak bond stress recorded at 

the onset of each unloading phase during cyclic loading and 𝜏u is the maximum bond strength attained 

over the entire loading process [62], quantifies the reduction in bond capacity during cyclic unloading 

and provides critical insights into interfacial deterioration mechanisms (Figure 9(a)). Before reaching 

the peak bond stress (𝜏u), 𝜂 increases gradually with slip, indicating progressive damage accumulation 

at the FRP-concrete interface. Upon reaching 𝜏u, typically associated with the initiation of concrete 

cracking, bond degradation accelerates sharply, leading to a rapid drop in 𝜂 toward a residual plateau, 

thereby establishing 𝜏u as a key marker of interfacial failure [62–63]. Parametric analyses reveal that 

larger-diameter bars retain higher 𝜂 values due to their increased contact area, which promotes uniform 

stress distribution and mitigates localized damage [54]. Similarly, extended embedment lengths 

enhance interfacial friction and mechanical interlocking [57], sustaining bond integrity and slowing the 

decay of 𝜂  through progressive stress redistribution. High-strength concrete further stabilizes 𝜂  by 

improving micro-mechanical interlock and surface wear resistance [64], whereas low-strength concrete 

systems exhibit more rapid degradation. Among different FRP types, CFRP bars display superior 𝜂 

performance (Figure 9(b)) compared to BFRP and GFRP bars, attributed to their higher elastic modulus, 

which restricts interfacial slip and limits damage propagation. These findings collectively underscore 

that strength degradation is primarily governed by the capacity for stress redistribution rather than by 

the likelihood of initial defects, especially in heterogeneous FRP-concrete systems where geometric 

and material factors interact nonlinearly to control interfacial behavior. 

(a) 

 

 

 

(b) 

 

 

 

Figure 9. Strength degradation coefficient. (a) Different working conditions; (b) Comparison of 

different FRP bars. 
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3.3.4. Frictional degradation  

Frictional degradation, quantified by the coefficient 𝜆 =
𝐹n

𝐹0
 (where 𝐹n is the cyclic frictional resistance 

and 𝐹0 the initial value), critically governs the post-peak bond behavior and long-term durability of 

FRP-concrete interfaces [55,59,65]. As shown in Figure 10(a), 𝜆 exhibits a triphasic evolution: initial 

stability during elastic loading, progressive decline post-peak, and eventual stabilization at a residual 

plateau dominated by interfacial friction. Larger-diameter bars reduce unit-area stresses through 

enhanced contact area, mitigating wear rates and preserving 𝜆  [66]. Extended embedment lengths 

promote stress homogenization along the interface, delaying localized damage accumulation [65]. 

High-strength concrete resists micro-cracking and interfacial wear, maintaining higher 𝜆  values 

compared to low-strength counterparts. CFRP bars exhibit superior friction retention due to their high 

modulus limiting interfacial deformation, followed by BFRP and GFRP, where smoother surfaces and 

lower stiffness accelerate degradation (Figure 10(b)) [59]. The interdependence of these factors 

underscores that frictional degradation arises from competing mechanisms: while larger interfacial 

areas statistically increase defect probability, stress redistribution capabilities dominate under typical 

service conditions, particularly in heterogeneous systems like FRP-concrete composites. 

(a) 

 

 

 

(b) 

 

 

 

Figure 10. Frictional degradation coefficient. (a) Different working conditions; (b) Comparison 

of different FRP bars. 

3.3.5. Cumulative energy dissipation  

The cumulative energy dissipation (𝐸total) for each specimen was quantified by integrating the areas 

enclosed within individual hysteresis loops [63]. Figure 11 illustrates the influence of FRP bar diameter, 

embedment length, and concrete strength on 𝐸𝑡𝑜𝑡𝑎𝑙 As depicted in Figure 11(a), specimens reinforced 

with larger-diameter bars demonstrate significantly higher 𝐸total  compared to those with smaller 

diameters. This observation suggests that, under identical FRP bar configurations and cycle counts, 

larger-diameter bars exhibit enhanced energy absorption and dissipation capabilities during cyclic 

loading. The increased interfacial contact area and improved stress distribution associated with larger 
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diameters facilitate greater energy dissipation during slip progression, thereby contributing to the 

observed elevation in 𝐸total. 

In addition, the cumulative energy dissipation of long embedding lengths is greater than that of 

short embedding lengths, as shown in Figure 11(b). Shorter embedding lengths provide insufficient 

bonding and friction, which can lead to larger slip displacements during cyclic loading [55]. This often 

results in premature bond failure and consequently lower cumulative dissipated energy. Concrete 

strength also plays a significant role in the cumulative energy dissipation of the specimens [60], as 

demonstrated in Figure 11(c). Low-strength concrete tends to slip and crack at the interface more 

readily, leading to premature bond failure. Although some energy is absorbed during the slip process, 

the overall cumulative dissipated energy remains low. 

(a) 

 

(b) 

 

(c) 

 

Figure 11. Energy dissipation. (a) Diameter; (b) Embedment length; (c) Concrete  

compressive strength. 

As shown in Figure 11, the cumulative energy dissipation of CFRP-reinforced specimens was 

significantly higher than that of BFRP- and GFRP-reinforced specimens throughout the loading cycles. 

This superior performance can be attributed to the higher tensile strength and better bond characteristics 

of CFRP bars, which enable greater resistance against interfacial degradation and sustained energy 

absorption under cyclic loading. Consequently, CFRP bars demonstrate a more favorable hysteretic 

response, with greater cumulative energy dissipation, implying enhanced ductility and toughness 

essential for seismic applications. 

Based on these observations, CFRP-reinforced concrete exhibits superior suitability for seismic 

design compared to BFRP- and GFRP-reinforced systems. The higher energy dissipation capacity of 

CFRP enhances the overall seismic resilience by enabling structures to undergo larger deformations 

while maintaining load-carrying capacity. In contrast, the relatively brittle behavior and lower energy 

dissipation observed in BFRP- and GFRP-reinforced specimens suggest that these materials may 

require additional design considerations, such as increased confinement or hybrid reinforcement 

strategies, to ensure adequate performance in high seismicity regions. 

3.3.6. Influence of material properties on the bond behavior of BFRP, CFRP, and GFRP bars 

The bond performance of FRP bars in concrete exhibits significant material-specific variations due to 

differences in fiber composition, surface characteristics, and interfacial mechanics among BFRP, 

CFRP, and GFRP systems. BFRP bars, composed of basalt fibers, demonstrate intermediate stiffness 

and tensile strength compared to CFRP and GFRP bars; however, their bond behavior is notably 

influenced by the natural roughness of the basalt fibers and the geometry of the ribs, which are 
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optimized for mechanical interlock. Studies by Shen et al. [38] reveal that BFRP bars with tightly 

spaced ribs (e.g., 12 mm spacing and 2.5 mm width) achieve superior bond strength due to enhanced 

stress distribution along the interface, although excessive rib height may induce premature concrete 

splitting in high-strength matrices. CFRP bars, characterized by their high stiffness and smooth carbon 

fiber surfaces, rely heavily on surface treatments such as sand coating or helical winding to improve 

bond capacity. The reduced surface friction of CFRP bars necessitates aggressive rib geometries to 

compensate for lower adhesion, often resulting in higher initial bond stiffness but accelerated 

degradation under cyclic loading due to localized stress concentrations at the rib edges [39,45]. 

In contrast, GFRP bars, with their lower modulus and higher ductility, exhibit bond behavior 

dominated by resin-matrix interactions. The susceptibility of the glass fibers to moisture ingress and 

alkaline environments necessitates specialized surface coatings (e.g., epoxy-based treatments) to 

mitigate interfacial degradation. Lee et al. [43] observed that GFRP bars with wider rib spacing exhibit 

progressive bond failure, as the resin-rich surface allows gradual stress redistribution, whereas bars with 

narrower rib spacing concentrate stresses, leading to abrupt pull-out failures. Notably, the deformation 

coefficient (rib width-to-spacing ratio) plays a critical role in GFRP bond performance, with higher 

ratios shifting failure modes from pull-out to concrete splitting, particularly in ultra-high-performance 

concrete (UHPC) systems [45]. 

Material-specific mechanisms further differentiate bond degradation under cyclic loading. The high 

stiffness of CFRP bars exacerbates interfacial shear stress reversal, amplifying frictional wear at rib-concrete 

contact points, whereas the inherent roughness of BFRP fibers promotes residual frictional resistance 

even after partial debonding. In contrast, GFRP bars suffer from resin plasticity under repeated loading, 

leading to irreversible slip accumulation and reduced energy dissipation. Surface treatments such as 

sandblasting or hybrid rib configurations (e.g., square versus round ribs) further modulate these trends. 

For instance, Achillides et al. [20] demonstrated that square-ribbed CFRP bars achieve a 25% higher 

bond strength than round-ribbed counterparts due to enhanced wedging effects, whereas similar 

treatments in GFRP bars yield diminishing returns due to the brittleness of the resin matrix. 

These distinctions underscore the necessity of adopting material-tailored design approaches. While 

the high performance of CFRP bars justifies their use in stiffness-critical applications, the balanced 

mechanical and interfacial properties of BFRP bars make them suitable for environments requiring 

corrosion resistance and moderate bond durability. GFRP bars, despite their cost-effectiveness, demand 

careful consideration of environmental exposure and rib geometry to ensure long-term bond integrity. 

Future research should prioritize quantifying the synergistic effects of rib geometry, surface treatment, 

and environmental exposure across different FRP types to refine predictive models and codify design 

guidelines for diverse structural applications. 

4. Unified formula of bond stress-slip relationship 

From the analysis of hysteresis curves discussed in Section 3.2, it is evident that the bond stress-slip 

behaviors of BFRP, GFRP, and CFRP bars exhibit notable similarities. The constitutive relationship 

for bond stress-slip that is valid for CFRP bars can also be adapted for BFRP and GFRP bars with some 

adjustments. Consequently, a hysteresis model for bond stress-slip has been developed to represent the 

hysteresis curves of FRP bars embedded in concrete. This model considers the material-specific 

characteristics of the FRP bars as well as the interaction at the FRP–concrete interface, which are critical 
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for accurately simulating the cyclic loading response. Figure 12 illustrates this model, which comprises 

two primary components: (1) the skeleton curve model and (2) the hysteresis law. 

The skeleton curve model represents the envelope of the bond stress-slip curve, capturing the 

overall elastic and post-peak behavior of the FRP–concrete interface. It serves as the fundamental 

framework for understanding the maximum bond stress achieved during loading cycles. The skeleton 

curve is defined by a four-stage bond-slip relationship, characterized by: (i) an initial linear elastic 

ascending branch; (ii) a nonlinear hardening branch up to the peak bond stress (𝜏𝑢); (iii) a softening 

branch representing the degradation of bond strength with increasing slip; and (iv) a residual plateau 

where bond stress stabilizes at a residual value (𝜏𝑟) for large slip values. Key parameters include the 

initial stiffness, peak bond stress (𝜏𝑢), slip at peak (𝑠𝑢), and residual bond stress (𝜏𝑟). 

Conversely, the hysteresis law describes the energy dissipation and bond strength degradation 

during unloading and reloading phases. This part of the model is essential for simulating the cyclic 

behavior of the interface, reflecting the inelastic response and progressive damage accumulation over 

multiple loading cycles. Specifically, during unloading, the bond stress decreases linearly with slip 

reduction at a degraded unloading stiffness, which depends on the maximum slip previously attained. 

Upon reloading, a path with further reduced stiffness is followed until it rejoins the skeleton curve. The 

model incorporates two critical hysteresis features: (i) stiffness degradation as a function of maximum 

historical slip, and (ii) slip offset during load reversals, representing irreversible slip accumulation at 

the FRP-concrete interface. 

Figure 12 schematically illustrates the four-stage skeleton curve and the corresponding 

unloading/reloading paths governed by the hysteresis law. Transitional points (such as the peak point, 

softening initiation point, and residual plateau onset) and key slopes (initial stiffness, unloading 

stiffness, and reloading stiffness) are clearly marked to facilitate understanding and implementation. 

Together, these components provide a comprehensive framework for simulating the bond stress-slip 

behavior of FRP bars under cyclic loading, which is vital for understanding the long-term performance 

of FRP-reinforced concrete structures. 

 

Figure 12. Bond stress-slip constitutive model. 
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4.1. Unified skeleton curve constitutive model considering various structural characteristics  

By comparing the bond stress ratio [67] (𝜍 =
𝜏B,G

𝜏C
) between CFRP bars and BFRP bars, a correction 

factor can be derived, allowing the CFRP bond-slip constitutive model to be adapted for predicting the 

behavior of BFRP bars. Specifically, the bond stress ratio between CFRP and BFRP bars is first 

determined through experimental or theoretical analysis, which reflects the differences in the interfacial 

bonding performance of the two materials. This bond stress ratio is then used as a correction factor, 

multiplying the parameters related to bond strength in the CFRP model to obtain a modified model 

suitable for BFRP bars. Finally, the accuracy of the modified model in predicting the bond-slip behavior 

of BFRP bars in concrete is validated through experiments or numerical simulations. Similarly, this 

approach can be applied to GFRP bars [68–69]. This method, utilizing the bond stress ratio to derive a 

correction factor, provides an effective approach for transforming CFRP-based models into accurate 

models that describe the behavior of BFRP bars. 

Taking the elastic stage as an illustrative case, the evolution of normalized bond stress parameters 

(𝜍e+ and 𝜍e−) for BFRP and GFRP bars is presented in Figure 13 as a function of embedment length, 

with variations in bar diameter and concrete strength explicitly considered. In this context, 𝜏+ and 𝜏− 

represent the maximum bond stresses in the positive and negative loading directions, respectively, while 

𝑠+ and 𝑠− denote the corresponding slip values at these stress peaks. Subscripts B, C, and G are used 

to differentiate the bond stress and slip parameters for BFRP, CFRP, and GFRP bars, respectively. 

Building upon the authors’ previous work [51], the bond stress-slip relationship for CFRP bars can be 

mathematically expressed as follows: 

𝜏𝑐
+ = 117.13 (

𝐿

𝑑
)

−0.22

𝑑−2.03𝑓𝑐𝛽𝜂𝑠 (2) 

𝜏𝑐
− = 82.73 (

𝐿

𝑑
)

−0.22

𝑑−2.22𝑓𝑐𝛽𝜂𝑠 (3) 

Considering that BFRP, CFRP and GFRP all behave linear elastically but with different material 

parameters, the bond stress-slip relationship for BFRP and GFRP takes a similar form to CFRP: 

τB,G
+ = ςe+τC

+ (4) 

𝜏B,G
− = 𝜍e−𝜏C

−  (5) 

For the BFRP bar, the correction coefficient 𝜍e+  and 𝜍e−  expressed as obtained by non-linear 

regression analysis with test data: 

𝜍e+ = 7.92𝑒−0.09𝑑−0.02𝐿  𝑓c
0.50 (6) 

𝜍e− = 9.56𝑒−0.37𝑑−0.02𝐿  𝑓c
0.50 (7) 

For the GFRP bar, with 𝜍e+ and 𝜍e− expressed as follows: 

𝜍e+ = 45.36𝑒−0.15𝑑−0.04𝐿  𝑓c
0.50 (8) 

𝜍e− = 1.41𝑒−0.15𝑑−0.01𝐿  𝑓c
0.50 (9) 
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The τ – s relationship across these four stages can be reduced to a unified form due to their similar 

mathematical expression. Despite the apparent differences in their conditions, it can be expressed by 

the following formulas: 

𝜏 = A𝑑B𝜇C𝑓𝑐
𝐷𝛽E𝜂𝑠F − 𝐺𝑓𝑐𝛽𝐻 (10) 

with 𝜇 =
𝐿

𝑑
; 𝛽 =

ℎ

𝑑
; 𝜂 =

𝐶1

𝐶2
, and the subscripts + and – denoting the positive and negative cycles, 

respectively. Appendix B and C list the fitted values of parameters A, B, C, D, E, F, G and H involved 

in Equation (10) for the micro-slip, slip, degradation, and residual stage of the 𝜏-𝑠 relationship. 

(a) 

 
(b) 

 

Figure 13. The relationship between the mirco-slip stage bond stress and the diameter of the FRP 

bars, embedment length and concrete compressive strength. (a) BFRP bars; (b) GFRP bars. 

4.2. Hysteretic curve constitutive model  

Since the hysteresis curve provides a clear depiction of the bond performance between FRP bars and 

concrete, by analyzing multiple cycles of the hysteresis curve, the degree of degradation of the bond 

strength can be observed [67], showing how the bond performance decays with the increase in the 

number of loading times. In addition, the enclosed area of the hysteresis curve represents the energy 

dissipated by the system in the loading and unloading cycles [70]. As the number of cycles applied to 

the load rises, the change in energy dissipation can reflect the damage accumulation of the interface. 

The shape and area changes of the hysteresis curve reflect the change in stiffness of the interface 

between FRP bars and concrete [71]. Therefore, it is also necessary to derive and study the hysteresis 

curve model. 
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4.2.1. The slopes 𝐾𝑢 of AC and EG segment 

The slopes of the segments AC and EG are denoted as 𝐾u
+ and 𝐾u

− in Figure 12. Figure 14(a) illustrates 

the correlation between 𝐾u and the peak bond stress 𝜏ui for each cycle. Some researchers suggest that 

prior to reaching the maximum bond stress 𝜏u , the value of 𝐾u  remains relatively constant across 

different cycles [52]. However, once the maximum bond stress 𝜏u is exceeded, 𝐾u tends to vary and 

exhibits a certain pattern, which has been elaborated upon in Section 3.3.2. The bond stress-slip curves 

of CFRP bars, GFRP bars and BFRP bars have certain similarities, and the stiffness degradation and 

friction degradation trends are the same. The data of these three bars can be fully fitted to obtain a 

unified formula for expressing 𝐾u  and the peak bond stress 𝜏ui . Even though Figure 14(a) appears 

nearly linear, the choice of a quadratic polynomial fit is intended to more accurately capture potential 

curvilinear effects, particularly in the higher stress range. Furthermore, a quadratic polynomial provides 

a more flexible fitting model for subsequent analysis, as it retains sufficient fitting capacity to 

accommodate potential variations, even if the data points appear linear in certain regions. On this 

basis, the calculation formulas for the slopes 𝐾u in the positive and negative directions of the AC and 

EG segments were established. 

{
𝐾𝑢

+ = 0.99 + 1.21𝜏𝑢𝑖 + 0.003𝜏𝑢𝑖
2  

𝐾𝑢
− = 3.19 + 0.95𝜏𝑢𝑖 + 0.024𝜏𝑢𝑖

2  (11) 

(a) 

 
(b) 

 
(c) 

 

Figure 14. The relationship. (a) 𝐾u and the 𝜏ui; (b) 𝜏i and 𝜏ui; (c) 𝐾f and the 𝜏ui. 
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4.2.2. The slopes 𝐾𝑓 of CD and GH segment 

This section begins with points G (𝑠1
+, 𝜏1

+) and point C (𝑠1
−, 𝜏1

−) in both the positive and negative 

directions, as depicted in Figure 12. Figure 14(b) illustrates the correlation between the bond stress 𝜏i 

and the peak bond stress 𝜏ui for each cycle prior to reaching the maximum bond stress. For specimens 

with different diameters, different embedment lengths and different concrete strengths, the 𝜏i value has 

a nonlinear relationship with 𝜏ui . The nonlinear correlation between the values of 𝜏i  and 𝜏ui  are 

established as follows: 

{
𝜏𝑖

+ = 0.86 − 0.07𝜏𝑢𝑖 + 0.03𝜏𝑢𝑖
2  

𝜏𝑖
− = 0.75 − 0.18𝜏𝑢𝑖 + 0.05𝜏𝑢𝑖

2  (12) 

The slip 𝑠𝑖 of the CD and GH segments can be determined using the following formula: 

𝜏𝑢𝑖 − 𝜏𝑖 = 𝐾𝑢(𝑠𝑢𝑖 − 𝑠𝑖) (13) 

The slopes of the CD segment and the GH segment are denoted as 𝐾𝑓
+ and 𝐾𝑓

−, respectively. 

Figure 14(c) shows the relationship between 𝐾𝑓 and 𝜏𝑢𝑖. The nonlinear relationship between 𝐾𝑓 and 𝜏𝑢𝑖 

are established as follows: 

{
𝐾𝑓

+ = 1.71 − 0.08𝜏𝑢𝑖 + 0.05𝜏𝑢𝑖
2  

𝐾𝑓
− = 1.91 − 0.10𝜏𝑢𝑖 + 0.07𝜏𝑢𝑖

2  (14) 

4.2.3. Model validation 

To validate the proposed models, the predicted curves were compared with experimental results and 

existing datasets from Shen et al. [53], Zhao et al. [52], Gong et al. [39], and J. Y. Lee et al. [43], which 

remain among the limited comprehensive studies on the cyclic bond behavior of FRP bars in concrete. 

Figure 15(a) and Figure 15(b) demonstrate the agreement between the proposed models and 

experimental data across various FRP bar specimens, showing reasonable alignment despite minor 

discrepancies in high bond stress regimes. While the model performs well under controlled laboratory 

conditions, its generalizability requires further validation through broader experimental datasets and 

real-world structural applications. Future efforts will focus on incorporating environmental effects and 

long-term loading scenarios to enhance practical relevance. 

The asymmetry evident in Figure 15, particularly in the skeleton and hysteresis models, stems from 

the inherent directional dependency of FRP-concrete interfacial mechanics under cyclic loading. 

This phenomenon arises from the anisotropic nature of FRP materials, where tensile loading 

engages fiber-dominated resistance through enhanced fiber-matrix synergy, while compressive 

loading triggers matrix-dominated failure mechanisms such as localized crushing. In the skeleton model 

(Figure 15(a)), the lower bond stress intercept in the negative direction reflects reduced frictional 

recovery under compression, a consequence of irreversible matrix damage and incomplete crack closure 

during load reversal. Post-test microstructural analyses corroborate this behavior, revealing distinct 

damage patterns: fiber debonding in tension and matrix fragmentation in compression [21,38]. The 

hysteresis model (Figure 15(b)) further highlights accelerated stiffness degradation in the negative 

direction, driven by cumulative shear-induced microcrack coalescence under compressive stresses. 

Bidirectional loading exacerbates this asymmetry by inducing shear stress reversal and residual slip, 

which disproportionately redistributes interfacial stresses in FRP systems due to their low transverse 
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stiffness, allowing larger slip displacements under compression [43,52]. These observations align with 

experimental findings by Zhao et al. [52], who documented faster bond degradation in GFRP-concrete 

systems under compressive cycles. 

From an engineering perspective, the observed asymmetry necessitates direction-specific 

adjustments in bond-slip models for seismic design. The reduced bond capacity in compression implies 

that FRP-reinforced compression zones may require enhanced confinement or surface treatments to 

prevent premature failure. Moreover, the divergent stiffness degradation trends between tensile and 

compressive paths demand separate consideration in constitutive models to accurately predict energy 

dissipation and residual strength. While the proposed model captures these directional effects with 

reasonable fidelity, discrepancies in high bond stress regimes suggest unaccounted mesoscale 

interactions, such as fiber-matrix interphase plasticity or environmental aging effects. Addressing these 

limitations will refine the model’s predictive capability and broaden its applicability. 

(a) 

 

 
(b) 

 

 

Figure 15. Comparison of the model proposed with existing experiments. (a) Skeleton model; 

(b) Hysteresis model. 
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In summary, the asymmetry in Figure 15 encapsulates the complex interplay of material anisotropy, 

cyclic damage accumulation, and interfacial stress redistribution. Bridging these directional dependencies 

within predictive models is essential for advancing the seismic resilience of FRP-reinforced structures, 

ensuring that theoretical advancements translate effectively into engineering practice. 

5. Conclusion 

This paper provides a comprehensive analysis of how concrete compressive strength, bar diameter, 

and embedment length impact the bonding performance of FRP bars. Based on the test results, a bond 

stress-slip model has been developed. This model offers a unified approach for predicting the bonding 

performance of BFRP, CFRP, and GFRP bars within concrete. The main conclusions are as follows: 

(1) The bond stress of FRP bars is observed to decrease as the diameter or embedment length 

increases, while it increases with higher concrete strength. Notably, BFRP bars exhibit the 

highest bond stress among the different types. 

(2) Compared with large diameter bars or long embedment length bars, the stiffness degradation, 

friction degradation and strength degradation of small diameter bars or short embedment length 

bars are relatively rapid; the stiffness degradation, friction degradation and strength degradation 

of specimens with high concrete strength are relatively slow. 

(3) Specimens of FRP bars with increased diameters, extended embedment lengths, and higher 

concrete strengths show enhanced cumulative energy dissipation. Of these, CFRP bars exhibit 

the most effective energy dissipation compared to BFRP and GFRP bars. 

(4) A comprehensive hysteresis model for bond-slip behavior was developed. This model 

effectively calculates the bond stress-slip relationships for three types of FRP bars subjected to 

cyclic loading and accurately describes how various parameters, such as concrete compressive 

strength, bar diameter, embedment length, rib height, rib width-to-width ratio, and rib spacing, 

influence the bond stress-slip performance. 
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Appendix 

Appendix A. The Hysteretic curve 

(a) 

 

 
(b) 

 

 
(c) 

 

 

Figure A1. Hysteretic curve. (a) BFRP bars; (b) CFRP bars; (c) GFRP bars. 
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Appendix B. The fitting parameters in the formula (the positive cycle) 

Table B1. Determination of K for the degradation stage. 

𝐊 = 𝛄 ∙ 𝛗  𝛌 

𝛾 𝑎 − 𝑏

𝑐 − 𝑒
 

𝑙𝜅

𝑑
 

𝜑 𝑠 − 𝑒𝑓𝑐
−0.50𝛽−0.50(−0.94𝜆2 + 1.40𝜆 − 0.21)  

𝑎 90.29𝑑−0.98𝜇−0.92(−1.36𝜆2 + 2.15𝜆 + 2.06)𝜍u+   

𝑏 74.98𝑑−0.88𝜇−1.38(−0.36𝜆2 + 0.49𝜆 + 0.51)𝜍r+   

𝑐 4.89𝑑0.49𝜇−0.23(−0.78𝜆2 + 1.16𝜆 − 0.10)  

𝑒 2.60𝑑0.53𝜇−0.27(−0.94𝜆2 + 1.40𝜆 − 0.21)  

Table B2. Determination of 𝜂 for the 4 stages. 

 𝛈 𝛌 

Micro-slip stage −4.39𝜆2 + 6.64𝜆 + 0.44

0.52𝜆2 − 0.76𝜆 + 0.49
 

𝑙𝜅

𝑑
 

Slip stage −1.36𝜆2 + 2.15𝜆 + 2.06

(−0.94𝜆2 + 1.40𝜆 − 0.21)0.32
 

Degradation stage −1.36𝜆2 + 2.15𝜆 + 2.06 

Residual stage −0.36𝜆2 + 0.49𝜆 + 0.51 

Note: 𝛽 =
ℎ

𝑑
 

In the above table, h, 𝜅 and 𝑙 denote the rib heights, rib width-to-spacing ratios, rib spacings, respectively. 

Appendix C. The fitting parameters in the formula (the negative cycle) 

Table C1. Determination of K for the degradation stage. 

𝑲 = 𝜸 ∙ 𝝋  𝝀 

𝛾 𝑎 − 𝑏

𝑐 − 𝑒
 

𝑙𝜅

𝑑
 

𝜑 𝑠 − 𝑒𝑓𝑐
−0.50𝛽−0.50(−0.60𝜆2 + 0.94𝜆 − 0.20)  

𝑎 −62.31𝑑−0.95𝜇−0.79(−6.80𝜆2 + 10.20𝜆 − 0.78)𝜍u−  

𝑏 −119.03𝑑−1.08𝜇−1.36(−1.03𝜆2 + 1.52𝜆 − 0.20)𝜍r−   

𝑐 −4.14𝑑0.68𝜇−0.34(−0.71𝜆2 + 1.04𝜆 − 0.18)  

𝑒 −10.20𝑑0.51𝜇−0.97(−0.60𝜆2 + 0.94𝜆 − 0.20)  

Table C2. Determination of 𝜂 for the 4 stages. 

 𝛈 𝛌 

Micro-slip stage −5.66𝜆2 + 8.40𝜆 − 0.25

−1.12𝜆2 + 1.79𝜆 − 0.45
 

𝑙𝜅

𝑑
 

Slip stage −6.80𝜆2 + 10.20𝜆 − 0.78

(−0.60𝜆2 + 0.94𝜆 − 0.20)0.32
 

Degradation stage −6.80𝜆2 + 10.20𝜆 − 0.78 

Residual stage −1.03𝜆2 + 1.52𝜆 − 0.20 

Note: 𝛽 =
ℎ

𝑑
 

In the above table, h, 𝜅 and 𝑙 denote the rib heights, rib width-to-spacing ratios, rib spacings, respectively. 
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