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Caracterização mecânica e desempenho de aderência do 

betão em varões de reforço de GFRP com matriz epóxi 

modificada com grafeno: comparação com sistemas epóxi 

convencionais. 

RESUMO 

Os varões de polímero reforçado com fibras de vidro (GFRP) constituem uma alternativa ao aço em 

estruturas de betão armado, sobretudo pela sua resistência à corrosão. Neste trabalho avaliou-se a 

influência da modificação da matriz epóxi com grafeno no comportamento mecânico e na aderência ao 

betão de varões de GFRP produzidos pela empresa portuguesa GRUN. Foram realizados ensaios de 

tração e de resistência ao corte transversal (TSS) em varões com matriz epóxi convencional (CE) e 

modificada com grafeno (GE), bem como ensaios de arrancamento em varões de 12 mm, com 

comprimentos de aderência de 5Ø e 10Ø. Varões comerciais Schöck ComBAR foram utilizados como 

referência. A modificação com grafeno conduziu a reduções de cerca de 16% na resistência à tração e 

no módulo de elasticidade. No entanto, o efeito na TSS dependeu do diâmetro do varão, variando entre 

uma redução de 12,8% para Ø6 e um aumento de 30,6% para Ø12. O aumento do comprimento de 

aderência de 5Ø para 10Ø aumentou a força máxima de arrancamento, mas reduziu a tensão média de 

aderência, evidenciando a distribuição não uniforme das tensões de aderência ao longo do comprimento 

aderente. A modificação com grafeno não produziu uma melhoria consistente da resistência de 

aderência, embora tenha influenciado a resposta força–deslizamento e o comportamento pós-pico. A 

observação de danos nas nervuras confirmou a importância da interação mecânica entre os varões e o 

betão. Por fim, uma análise inversa foi utilizada para identificar os parâmetros da lei local tensão de 

aderência–deslizamento, verificando-se uma boa representação de algumas respostas experimentais, 

mas limitações na reprodução do comportamento pós-pico e residual. 

PALAVRAS-CHAVE: Epóxi convencional (CE); Epóxi modificado com grafeno (GE); Polímero reforçado 

com fibra de vidro (GFRP); Caracterização mecânica; Propriedades de tração; Resistência ao 

cisalhamento transversal (TSS); Comportamento de adesão; Teste de arrancamento direto (DPT); 

Relação tensão-deslizamento da adesão; Lei de adesão local; Interface fibra-matriz. 
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Mechanical Characterization and Concrete Bond 

Performance of GFRP Rebars with Graphene-Modified 

Epoxy Matrix: Comparison with Conventional Epoxy 

Systems 

ABSTRACT 

Glass fiber-reinforced polymer (GFRP) rebars provide an alternative to steel reinforcement in reinforced 

concrete structures, mainly due to their corrosion resistance. This study evaluated the influence of 

graphene modification of the epoxy matrix on the mechanical behavior and concrete bond performance 

of GFRP rebars manufactured by the Portuguese company GRUN. Tensile and transverse shear strength 

(TSS) tests were performed on rebars with conventional epoxy (CE) and graphene-modified epoxy (GE) 

matrices, while pull-out tests were conducted on 12 mm diameter rebars with bonded lengths of 5Ø and 

10Ø. Commercial Schöck ComBAR rebars were used as a benchmark. Graphene modification resulted 

in reductions of approximately 16% in tensile strength and elastic modulus. However, its effect on TSS 

depended on the rebar diameter, ranging from a 12.8% reduction for Ø6 rebars to a 30.6% increase for 

Ø12 rebars. Increasing the bonded length from 5Ø to 10Ø increased the maximum pull-out force but 

reduced the average bond stress, reflecting the non-uniform distribution of bond stresses along the 

bonded length. Graphene modification did not produce a consistent improvement in bond strength, 

although it influenced the force–slip response and post-peak behavior. Damage observed in the surface 

ribs confirmed the importance of mechanical interaction between the rebars and the surrounding 

concrete. Finally, an inverse analysis was used to identify the parameters of the local bond stress–slip 

law. The model reproduced some experimental responses satisfactorily, although limitations were 

observed in representing the post-peak and residual behavior. 

KEYWORDS: Conventional Epoxy (CE); Graphene-modified Epoxy (GE); Glass Fiber Reinforced Polymer 

(GFRP); Mechanical characterization; Tensile properties; Transverse Shear Strength (TSS); Bond 

Behavior; Direct Pull-Out Test (DPT); Bond Stress–Slip Relationship; Local bond law; Fiber–Matrix 

Interface. 

 



 

VII 

TABLE OF CONTENTS 

 

Acknowledgements ............................................................................................................................. iii 

Resumo.............................................................................................................................................. V 

Abstract............................................................................................................................................. VI 

Table of Contents ..............................................................................................................................VII 

List of Figures .................................................................................................................................... IX 

List of Tables ...................................................................................................................................... X 

List of Abbreviations and Symbols ...................................................................................................... XI 

1. Introduction ................................................................................................................................ 1 

1.1. Motivation .......................................................................................................................... 1 

1.2. Objectives .......................................................................................................................... 2 

1.3. Structure of the thesis ........................................................................................................ 3 

2. State of the art ............................................................................................................................ 5 

2.1. Materials characterization .................................................................................................. 5 

2.1.1. Tensile testing ........................................................................................................... 5 

2.1.2. Transverse Shear Strength (TSS) Testing .................................................................... 8 

2.2. Concrete bond performance ............................................................................................. 10 

2.2.1. Surface treatment / features: ................................................................................... 11 

2.2.2. Bar diameter: .......................................................................................................... 12 

2.2.3. Bond length: ............................................................................................................ 13 

2.2.4. Concrete compressive strength: ............................................................................... 13 

2.2.5. Concrete confinement:............................................................................................. 13 

2.2.6. Environment/Temperature: ..................................................................................... 14 

2.2.7. Matrix modification: ................................................................................................. 15 

3. Experimental campaign ............................................................................................................. 19 

3.1. Materials characterization ................................................................................................ 19 

3.1.1. Tensile testing ......................................................................................................... 19 



 

VIII 

3.1.2. Transverse Shear Strength (TSS) testing................................................................... 21 

3.2. Concrete bond performance ............................................................................................. 22 

4. Results and Discussion ............................................................................................................. 27 

4.1. Materials characterization ................................................................................................ 27 

4.1.1. Tensile testing ......................................................................................................... 27 

4.1.2. Transverse Shear Strength (TSS) test ....................................................................... 30 

4.1.3. Comparative analysis of mechanical performance .................................................... 33 

4.2. Concrete bond performance ............................................................................................. 34 

4.2.1. The Effect of bonded length and epoxy modification ................................................. 36 

4.2.2. Force–slip response and bond mechanisms ............................................................. 37 

4.2.3. Failure observations ................................................................................................. 38 

4.2.4. Fracture energy ....................................................................................................... 39 

4.2.5. Comparison of CE and GE systems .......................................................................... 39 

5. Parametric study ....................................................................................................................... 41 

5.1. Analytical method for bond test ........................................................................................ 41 

5.1.1. Local bond stress–slip relationship .......................................................................... 42 

5.1.2. Inverse analysis procedure ....................................................................................... 42 

5.1.3. Comparison between experimental and analytical responses .................................... 44 

5.1.4. Schock reference bars ............................................................................................. 45 

5.1.5. Conventional epoxy GFRP bars ................................................................................. 45 

5.1.6. Graphene-modified epoxy GFRP bars........................................................................ 45 

6. Conclusion, future work and recommendations ......................................................................... 51 

6.1.1. Conclusion .............................................................................................................. 51 

6.1.2. Future work and recommendations .......................................................................... 52 

7. References ............................................................................................................................... 53 

 

 

 

  



 

IX 

LIST OF FIGURES 

 

Figure 1: Failure mode of a) GFRP and b) CFRP rebars [4] ................................................................ 6 

Figure 2: (a). Transverse shear testing set-up (b). Failure mode of GFRP rebars [35] ......................... 9 

Figure 3: Bond stress transfer mechanism between GFRP bar and concrete [3] .............................. 11 

Figure 4: Different types of commercially available FRP rebars[49] .................................................. 12 

Figure 5: Mechanical testing schematics and photo of the test ........................................................ 20 

Figure 6: Transverse shear strength test schematics and photo of the test....................................... 21 

Figure 7: Preparation of direct pull-out specimens: (a) positioning of GFRP bars and PVC sleeves in the 

formwork; (b) fixation and sealing of the bars prior to casting; (c) concrete casting; (d) concrete 

compaction using an internal vibrator; (e) and (f) preparation of testing ............................................. 24 

Figure 8: Pull-out test setup a) Schematics and b) photo of the test ................................................. 25 

Figure 9: Tensile test experimental results ...................................................................................... 27 

Figure 10: Tensile samples a) Before test b) After test .................................................................... 29 

Figure 11: TSS test curve for a) 6 mm b) 8 mm and c) 12 mm diameter GFRP rebars .................... 30 

Figure 12: a) Prepared TSS samples before testing, b) and c) tested samples of conventional and 

graphene-modified epoxy respectively ............................................................................................... 33 

Figure 13: Pull-out test results a) Pull-out force vs slip and b) Bond strength vs slip ......................... 35 

Figure 14: Failure mode of direct pull-out test ................................................................................. 38 

Figure 15: Comparison of experimental and analytical results of direct pull-out test a) and b) S_5Ø, c) 

and d) CE_5Ø, e) and f) GE_5Ø, g) and h) CE_10Ø and i) GE_10Ø .................................................. 47 

 

  



 

X 

LIST OF TABLES 

 

Table 1: Summary table showing the effect of graphene on mechanical properties ............................. 8 

Table 2: Effect of nanomaterials matrix modification on rebar-concrete bond performance ............... 17 

Table 3: Variables and scheme for mechanical testing ..................................................................... 20 

Table 4: Summary of variables for pull-out test ................................................................................ 23 

Table 5: Summary of the tensile test results .................................................................................... 28 

Table 6: Results summary of TSS test. ............................................................................................ 31 

Table 7: Result summary of the direct pull-out test .......................................................................... 36 

Table 8: Local bond stress-slip parameters resulted from analysis of the direct pull-out tests. ........... 48 

 

  



 

XI 

LIST OF ABBREVIATIONS AND SYMBOLS 

Abbreviations 

ACI  American Concrete Institute 

AFRP  Aramid Fiber Reinforced Polymer 

ASTM  American Society for Testing and Materials 

CEN  European Committee for Standardization 

CFRP  Carbon Fiber Reinforced Polymer 

CNTs  Carbon Nanotubes 

DPT  Direct Pull-out Test 

FTIR  Fourier-Transform Infrared Spectroscopy 

GFRP  Glass Fiber Reinforced Polymer 

GNP  Graphene Nanoplatelets 

GO  Graphene Oxide 

GPL  Graphene Platelets 

SEM  Scanning Electron Microscopy 

TSS  Transverse Shear Strength 

Wt%                  weight percentage 

 

 

Symbols 

Ab                   Cross-sectional area of GFRP bar  

c                     Concrete cover 

db                   Bar diameter 

Ecm                 Modulus of elasticity of concrete  

Ef                    Modulus of elasticity of GFRP bar  

fck                   Characteristic compressive strength of concrete  

fcm                  Mean compressive strength of concrete  

fctm                 Mean axial tensile strength of concrete  

fctm,sp             Mean splitting tensile strength of concrete  



 

XII 

ffu                   Ultimate tensile strength of GFRP bar  

fyk                   Characteristic yield strength of steel  

F                      Applied pullout force  

Fmax                Peak pullout force  

FR                    Residual pullout force  

Gf                     Fracture energy  

K                      Initial stiffness  

La                     Anchorage length  

Lb                     Embedment length / Bond Length 

Lc                     Distance between loaded section and LVDT attachment point 

sf                      Free-end slip  

sf,max                Free-end slip at peak load  

sl                      Loaded-end slip  

sl,max                Loaded-end slip at peak load  

𝑡                        Time  

δ                        Measured displacement / average LVDT reading  

ε                         Strain  

σ                        Stress  

σf                       Tensile stress in GFRP bar  

τ                         Local bond stress  

τavg                    Average bond stress  

τadh                    Adhesion bond stress  

τmax                   Bond strength / maximum average bond stress  

τn                       Normalized bond strength  

τU                       Transverse shear strength  

  



 

XIII 

 

THIS PAGE WAS INTENTIONALLY LEFT BLANK 

 





Chapter 1 | Introduction 

1 

1. INTRODUCTION 

The construction industry in Europe continuously seeks innovative materials that can improve the 

durability, service life, and sustainability of reinforced concrete structures. Conventional steel 

reinforcement has been widely used for decades due to its high strength and ductility; however, its 

susceptibility to corrosion in aggressive environments remains one of the major causes of structural 

degradation and high maintenance costs. Steel reinforcement corrosion can significantly reduce the 

service life of concrete structures, particularly in marine environments, bridges, parking structures, and 

wastewater treatment facilities. Consequently, there has been increasing interest in developing non-

corrosive alternatives capable of overcoming these limitations [1-3] 

In the range of possible options, glass fiber reinforced polymer (GFRP) bars have gained much popularity 

on account of their corrosion immunity, high strength-to-weight ratio, low density, and electromagnetic 

neutrality. However, although there are many advantages of GFRP bars, there are also several problems 

that hinder their structural use. Firstly, GFRP bars differ from steel reinforcement bars with regard to the 

mechanical characteristics owing to their anisotropic behavior and presence of a polymeric matrix. 

Secondly, stress transfer in GFRP bars is influenced by polymeric matrix, and is responsible for 

mechanical properties in the transversal direction as well as the bond behavior with surrounding concrete. 

[4-5] 

The recent developments in the field of nanotechnology provide some possible ways of enhancing the 

performance of FRPs. The use of several nanomaterials is possible; however, among all, graphene stands 

out as the most promising due to its unique mechanical strength, large surface area, and high interface 

strengthening ability. The addition of graphene to epoxy resin could help in enhancing the fiber-matrix 

interface, providing improved crack resistance and increased matrix-dominated property strength, which 

could ultimately enhance the mechanical strength of GFRP bars and their performance in concrete.[1], 

[5-7] 

1.1. Motivation 

The growing demand for durable and maintenance-free reinforced concrete structures has accelerated 

the use of Fiber Reinforced Polymer (FRP) reinforcing bars as an alternative to conventional steel 

reinforcement. Although GFRP bars eliminate corrosion-related problems, their structural performance is 

still influenced by the properties of the polymer matrix, particularly with respect to transverse shear 
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resistance and bond behavior with concrete. Since effective load transfer between fibers, matrix, and 

surrounding concrete is essential for structural performance, improving the characteristics of the epoxy 

matrix remains an important research challenge. 

Graphene has attracted significant research interest because of its ability to enhance the mechanical 

performance of polymer composites even at relatively low concentrations. Previous studies have reported 

improvements in epoxy-based composites through graphene incorporation; however, limited information 

is available regarding its influence on the combined tensile behavior, transverse shear strength, and 

concrete bond performance of GFRP reinforcing bars. Furthermore, the relationship between 

improvements in matrix-dominated properties and the resulting bond behavior has not yet been fully 

established. 

Motivated by these research gaps, this study investigates whether modifying the epoxy matrix with 

graphene can improve both the intrinsic mechanical properties of GFRP reinforcing bars and their bond 

performance with concrete. The outcomes of this work aim to contribute to the development of more 

reliable and durable GFRP reinforcement for future civil engineering applications. 

1.2. Objectives 

The main objective of this research is to investigate and study the influence of graphene modification of 

the epoxy matrix on the mechanical properties and bond behavior of GFRP reinforcing bars through an 

experimental study. To achieve this objective, tensile tests were performed to evaluate the tensile strength, 

elastic modulus, ultimate tensile strain, and failure behavior of conventional epoxy and graphene-modified 

epoxy GFRP bars. In addition, transverse shear tests following ASTM D7617/D7617M were conducted 

to investigate the effect of graphene on the matrix-dominated shear properties of the reinforcement. 

Lastly, direct pull-out tests were performed using ASTM D7913/D7913M standard [8] to assess the bond 

performance between GFRP bars and concrete by evaluating the bond stress–slip behavior, ultimate bond 

strength, and failure mechanisms. Through these experimental investigations, the study aims to 

investigate the effectiveness of graphene-modified epoxy in enhancing the overall performance of GFRP 

reinforcing bars and to provide a better understanding of its potential application in reinforced concrete 

structures. 
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1.3. Structure of the thesis 

Chapter 1 describes the background and motivation of the investigation, with special emphasis on the 

drawbacks and limitations of conventional GFRP rebars and the potential offered by epoxy resins 

reinforced with graphene. It also defines the research objectives, scope of the study, and the importance 

of the proposed research. 

Chapter 2 gives a review of the existing state of the art with respect to GFRP rebars. Mechanical 

characterization of GFRP rebars, namely, their tensile strength, transverse shear strength, and bond 

behavior of GFRP reinforcement in concrete are discussed. Also included in this chapter is an overview 

of the effect of graphene and other nanomaterials on FRP composite properties. 

Chapter 3 provides information on the sample preparation process and the experimental approach used 

in this research. It highlights the manufacturing process of traditional and graphene reinforced GFRP 

bars, as well as the concrete mixed design, and test methods conducted in accordance with the relevant 

ASTM standard. 

Chapter 4 presents and critically discusses the experimental results obtained from the tensile, transverse 

shear, and direct pull-out tests. The influence of graphene modification, bar diameter, and bonded length 

on the mechanical and bond performance of the GFRP bars is evaluated and compared. 

Chapter 5 demonstrates the analytical investigation of the local bond behavior using the inverse analysis 

approach. The experimental pull-out responses are compared with the analytical predictions, and the 

local bond-slip parameters and fitting accuracy are discussed for the different reinforcement 

configurations. 

Chapter 6 summarizes the main findings of experimental and analytical investigations and highlights the 

key effects of graphene modification and bonded length. Recommendations for future research are also 

presented, focusing on further optimization of graphene-modified GFRP systems, bond behavior, and 

analytical modelling. 
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2. STATE OF THE ART 

2.1. Materials characterization 

2.1.1. Tensile testing 

The FRP rebars, especially the GFRP rebars, have come up as an alternative for the use of steel as 

reinforcement bars due to their tensile strength, non-corrosive nature, lightweight and electromagnetic 

neutrality. However, the wide application of these materials in structures has not been possible owing to 

its brittle nature, anisotropic behavior and lesser elastic modulus than that of steel, thus making it 

necessary for tensile characterization.[9,10]. 

Typically, the tensile behavior of the GFRP rebars is characterized by three important properties: ultimate 

tensile strength, elastic modulus, and ultimate tensile strain. The third important property of the tensile 

behavior of GFRP rebars according to the Canadian code [11] is the Transverse Shear Strength (TSS). 

However, the accurate estimation of those three properties relies heavily on the chosen method. Unlike 

steel, the FRP bars cannot be tested through conventional jaws since the application of localized 

transverse pressure leads to premature fracture of the bar. According to Kocaoz et al. [12], an alternative 

method for tensile testing of the pultruded GFRP bars involves the use of anchors consisting of steel pipes 

and expansive cementitious grout. Other researchers decided that inserting some polymer/resin into the 

steel pipe was a better option (see ASTM discussion below), as this can avoid the problem of slippage of 

the sample within the testing device. 

Despite the extensive popularity of ASTM D7205/D7205M, there are still many other standards available 

to carry out the tensile tests on FRP rebars, such as ASTM D3916, CAN/CSA-S806, ISO 10406-1, EN 

17129, and GOST 31938 [13,14]. Different approaches to anchor selection, gauge length, strain 

measurements, as well as bar diameter definition result in substantial distinctions of test results. Wiater 

and Siwowski [13] have found that using “core” instead of “effective” diameter increases tensile strength 

by 4-16% and elastic modulus by up to 18%, proving that the influence of the test method cannot be 

ignored. 

Apart from the tensile test standards, tensile behavior of GFRP rebars depends heavily on their fiber 

volume fraction, resin type, orientation of fibers, void fraction, and quality of manufacturing process. You 

et al. [15] proved that improvements of fibers’ orientation, reduction of voids fraction and fiber pre-
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stressing during FRP rebar manufacturing made it possible to achieve tensile strengths of GFRP bars of 

up to 900 MPa. 

In order to overcome problems associated with FRP bars, such as brittle fracture and inadequate ductility, 

contemporary research efforts are directed towards hybrid bar reinforcement and modification of the 

matrix system. Zhang and Gao [1] studied a carbon/glass hybrid FRP bar reinforced with graphene-

modified polymer matrix at 0.3 weight percent (wt.%) content level and observed an enhancement of 6.9% 

and 7.1% in initial and ultimate tensile strengths, respectively, along with an improvement in strain 

capacity and multistage stress-strain curve. This suggests that matrix modification with graphene can 

improve the properties of hybrid FRP bars. 

 

Figure 1: Failure mode of a) GFRP and b) CFRP rebars [4] 

Since the polymer matrix influences stress transfer, crack formation, and fiber-matrix interactions, epoxy 

modification has been one of the main subjects of research in composite material development. 

Traditional epoxy resin has been extensively used because of its excellent adhesion and chemical 

resistance properties, but its brittleness hinders optimal fiber performance. Graphene and graphene 

nanoplatelets (GNPs) have been widely investigated as nano-fillers because of their high intrinsic modulus, 

large surface area, and crack-bridging capability [16,17]. 

Regarding the resin stage, King et al. [18] demonstrated that by incorporating graphene nanoplatelets, 

the Young’s modulus of epoxy can be increased from 2.72 GPa to 3.36 GPa for 6 wt.% loading level, 

which means an approximate 23.5% increase in the mechanical property. According to Wang et al. [19] 

smaller graphene platelets usually show better strengthening and stiffening effects when compared to 

larger platelets; meanwhile, graphene agglomeration at higher loading levels might decrease tensile 

strength, although it increases stiffness. 
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Graphene has also shown greater reinforcing efficiency than CNT-based fillers in epoxy systems. Rafiee 

et al. [20] investigated GNP, single-walled CNTs, and multi-walled CNTs incorporated into epoxy resins at 

0.1 wt.% loading level, respectively, and found that graphene has 31% higher Young’s modulus and 40% 

tensile strength increase than the other two counterparts. Similar conclusions have been reported in 

broader review studies, which attribute the improved efficiency of graphene to its platelet geometry, larger 

effective contact area, and lower entanglement tendency compared with CNTs [21,22]. 

In glass fiber composites, the effectiveness of graphene depends strongly on its role within the composite. 

Topkaya et al. [23] reported that 0.2 wt.% GNP improved the tensile strength and modulus of GFRP 

composites, confirming the positive effect of low graphene content on fiber-reinforced systems. Dwivedi 

and Kumar [24] similarly observed that 4 wt.% graphene oxide increased the tensile strength of glass 

fiber/epoxy composites by 7.46% and elongation by 12.31%, indicating simultaneous improvement in 

strength and deformation capacity. 

There are a few examples of studies where interfacial modification is observed to exhibit remarkable 

effects on tensile performance. In one such study, Veerakumar et al. [25] showed that functionalized 

graphene nanoplatelets incorporated on functionalized glass fibers led to an increase in tensile strength 

of GFRP composites up to 16%. On the other hand, graphene incorporation into the composite matrix 

yielded more pronounced results in terms of fracture toughness. Another similar study conducted by 

Kumar et al. [26] also revealed notable enhancements in tensile and interfacial properties of glass fiber 

composites. 

Nevertheless, according to the literature, the introduction of graphene does not always yield positive 

effects in tensile properties. Poor dispersion, high amount of filler material, and increase in the viscosity 

of resin may cause poor wetting and stress concentration. Azraai et al. [27] noted that graphene 

modification of epoxy for pipeline repair, there was no considerable improvement in tensile strength at 2 

wt.% of graphene, though there was an increase in ductility. Conversely, Zhang et al. [28] observed 18.5% 

increase in tensile strength and 22.1% increase in fracture toughness at 0.3 wt.% graphene in a study 

involving the modification of epoxy vinyl ester resin through graphene and serving as a matrix for 

composite bars. The overall effect of graphene on FRP strength is summarized below Table 1.  
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Table 1: Summary table showing the effect of graphene on mechanical properties 

*GNP= Graphene nanoplatelet, GPL= Graphene Platelets, GO= Graphene oxide, NR= Not Reported 

 
The literature indicates that the tensile behavior of GFRP rebars is controlled by the following material 

parameters. Variation in fiber content, resin/hardener system, mixing method or dispersion quality, voids, 

and manufacturing process directly influence tensile strength, modulus, and strain, while differences in 

standards and bar area definitions can significantly alter the reported values [29-31]. At the same time, 

graphene-modified epoxy systems have demonstrated strong potential to improve stiffness, crack 

resistance, and fiber-matrix stress transfer in both neat resin and glass fiber composites [18], [28], [32]. 

The degree of improvement, however, remains highly dependent on graphene type, dosage, 

functionalization, and dispersion route as summarized in Table 1 above. These findings establish a clear 

basis for evaluating the tensile performance of GFRP rebars manufactured with conventional epoxy and 

graphene-modified epoxy matrices under standardized direct tensile testing. 

2.1.2. Transverse Shear Strength (TSS) Testing 

As opposed to the longitudinal tensile behavior of GFRP bars that depend on the reinforcing fibers, the 

TSS is mainly dependent on the polymer matrix and the fiber-matrix interface. The load transfer process 

Paper System 
Graphene 

wt.% 

Ultimate 

Tensile 

Strength 

Elastic Modulus Tensile Strain Standard 

[18] GNP / epoxy 1–6 -54.3% (6 wt.%) +23.5% (6 wt.%) -81.3% (6 wt.%) ASTM D638 

[20] GPL / epoxy 0.1 + 40% +31% NR Uniaxial tensile 

[29] 
Graphene / 

epoxy vinyl resin 

0.1, 0.3, 

0.5 

+ 18.5% 

(0.3 wt.%) 
+10.8% (0.3 wt.%) +7.1% (0.3 wt.%) 

GB/T 2567-

2008 

[23] 
GNP / GFRP, 

CFRP, AFRP 
0.1–0.3 

+ 8.1% 

(0.2 wt.%) 
+7.1–11.6% NR ASTM D3039 

[24] 
GO / GFRP 

laminate 
4 + 8.1% NR - 

Not explicitly 

stated 

[28] 
GNP / C-G HFRP 

bar 
0.3 + 4.6–14.9% ≈ No change +4.4–14.9% ASTM D7205 

[22] GNPs-coated CF 0.5 

+ 14% (mono) 

/ 

+ 71% (multi) 

NR 
Qualitative 

increase 

GB/T 31290-

2014, GB/T 

3362-2005 

[22] 
GNPs/CNTs-

coated CFRP 
0.5 + 70% NR NR 

GB/T 3354-

2014 
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during transverse loading occurs through the resin-rich areas where the stresses between adjacent fibers 

get transmitted. Hence, the matrix and the fiber-matrix interface become the key aspects that control the 

TSS. As such, TSS becomes a measure of the structural integrity of the FRP composites. GFRP bars used 

in reinforced concrete structures can be subjected to transverse shear stresses as a result of dowels, 

anchorages, connectors, bent reinforcements, and other shear transfer mechanisms. That is why a 

standardized double shear test has been developed as specified in ASTM D7617/D7617M [33,34]. 

 

Figure 2: (a). Transverse shear testing set-up (b). Failure mode of GFRP rebars [35] 

Transverse shear characteristics of GFRP bars are controlled by several parameters, such as fiber 

arrangement, reinforcing pattern, shape of the bar surface, as well as matrix properties. According to Gao 

et al., increasing rib depth improved the transverse shear strength from 247.9 MPa to 263.5 MPa, while 

increased rib spacing lowered the ultimate shear strain. Moreover, Gao et al.[36] found out that fiber 

arrangement and hybrid reinforcement have an important impact on shear strength, which makes stress 

transfer inside the composite very essential. Similar results were obtained by Genikomsou et al [37]., 

who stated that transverse shear testing is an effective tool for assessing internal quality of the material 

because removing the outer layer had no impact on shear strength. It means that transverse shear 

strength of GFRP bars depends more on their inner composite structure and fiber/matrix interface than 

on the surface treatment. 

The durability of the polymer matrix is another factor that contributes significantly to ensuring good 

transverse shear strength. According to Sawpan [38], GFRP bars exhibited about 91% of their original 
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transverse shear strength after 20 months of exposure to seawater at 75°C, and the drop in strength 

was due primarily to the degradation of the matrix and fiber-matrix debonding instead of fiber degradation. 

The results indicate that the transverse shear behavior is very susceptible to the resistance of the polymer 

matrix, and thus enhancing matrix properties will improve shear strength. 

Given the matrix-dominated behavior of transverse shear failure, recent research has been directed at the 

use of nanomaterials within polymer resins for strengthening interfacial bond and mechanical properties. 

Ogrodowska and Urbański [39] found that using 3 wt.% of nanosilica to modify an epoxy resin improves 

fiber-matrix interphase and increases both elastic modulus and thermal stability of hybrid FRP bars. 

Similarly, Alaei et al. [40] found that addition of 0.25 wt.% of graphene nanoplatelets (GNPs) to vinyl ester 

based GFRP bars not only increased transverse shear strength by 6% but also interlaminar shear strength 

by 10%. Moreover, the use of GNPs reduced the water absorption rate by 43% and retained 97% of its 

original shear strength even after alkaline immersion. Graphene nanosheet (GNS) modification enhanced 

the transverse shear strength of carbon/glass composite FRP tendons by 40.9% on average due to 

enhanced crack bridging, interfacial bonding and stress transfer [41]. It can be seen from these studies 

that matrix modification using graphene-based nanomaterials can successfully address the problem of 

interfacial defects and improve the transverse shear strength of the materials. Graphene-modified epoxy 

GFRP reinforcing bars have been studied insufficiently until now. As transverse shear behavior is mainly 

dependent on the polymer matrix and fiber-matrix interface, testing transverse shear strength of graphene-

modified epoxy GFRP bars would allow for the evaluation of the effectiveness of graphene introduction 

and will complement tensile and bond-strength studies discussed in this thesis. 

2.2. Concrete bond performance 

The behavior of bond between glass fiber reinforced polymer (GFRP) reinforcing bars and concrete is 

among the governing factors affecting the performance of FRP-reinforced concrete structures. In contrast 

to steel reinforcements, GFRP bars display anisotropic behavior, lower modulus of elasticity, and linear-

elastic stress–strain behavior up to failure. For this reason, the process of force transmission between 

GFRP reinforcement and concrete is completely different from steel reinforcement. Good bond behavior 

is very important for ensuring good stress transfer, crack control, and anchorage performance of FRP-

reinforced concrete structures throughout their entire lifetime [42], [43]. 

The bond between GFRP bars and concrete is generally developed through three primary mechanisms: 

chemical adhesion, friction, and mechanical interlock as shown in Figure 3. Chemical adhesion governs 
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the initial stage of loading and is associated with the bonding between the polymer surface and hydrated 

cement paste. As loading increases, adhesion is progressively lost and frictional resistance develops due 

to relative movement between the bar and surrounding concrete. Mechanical interlock, which is generated 

through surface deformations such as ribs, grooves, helically wrapped fibers, sand coatings, or surface 

indentations, is generally considered the dominant bond mechanism in commercial GFRP bars [3], [42], 

[44]. The contribution of each mechanism depends on the bar surface configuration, matrix 

characteristics, concrete properties, and confinement conditions. 

 

Figure 3: Bond stress transfer mechanism between GFRP bar and concrete [3] 

Characterization of the bond behavior of GFRP bars is normally achieved using bond-slip relations 

established using the direct pull-out test. Bond-slip relations are usually plotted as an ascending section, 

a peak bond stress region, and then a descending section, which indicates increasing debonding and 

friction. At low loads, the adhesion between the two materials and micro-mechanical interlock govern the 

behavior. When the load continues to rise, damage occurs to the interface and results in peak bond 

stress. After reaching the peak bond stress, debonding of the two materials takes place; hence, bond 

stress decreases with an increase in slip. The residual bond behavior is governed by friction and micro-

mechanical interlock [45], [46] 

2.2.1. Surface treatment / features: 

Various studies have attempted to study the effect of surface treatment on the bond behavior of GFRP 

bars. Surface characteristics have proved to be one of the main factors affecting bond strength and failure 

mechanism. Sand-coated bars create high surface roughness and good adhesion at the early stages of 

the applied loads; however, there is a risk of reducing the bond capacity due to the separation of sand 

particles from the resin surface. Bond capacities are usually higher for ribbed and helically wrapped bars 

due to mechanical interaction between these bars and the surrounding concrete matrix. It has been 
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proven through experiments that ribbed bars can have bond capacities similar to those of steel 

reinforcements in confined concrete specimens, while smooth bars show significantly lower bond 

capacities [45], [47], [48]. Figure 4 presents commercially used FRP rebars of various surface forms. 

 

Figure 4: Different types of commercially available FRP rebars[49] 

Studies carried out with respect to helically wound GFRP bars in UHPC showed that the good mechanical 

interlock created by the presence of surface deformation along with the ability of UHPC to create a high 

level of confinement led to significant advancements in terms of bond characteristics. Bond failures in 

the UHPC system were found to occur due to localized failure of the GFRP surface rather than concrete 

failure, which signifies that the bond strength was governed by the interface itself. This is additional 

evidence that matrix behavior and surface treatments govern bond performance for high strength concrete 

systems [50]. 

2.2.2. Bar diameter: 

There has been much consideration for the effect of bar diameter in literature. Majority of the studies 

observed that there is a reduction in the average bond strength when there was an increase in the bar 

diameter. The reason for this could be due to the uneven distribution of bond stress and confinement 

efficiency, as well as the possibility of defects during the manufacturing process. Smaller diameter bars 

have been noted to display high bond efficiency since the stresses were evenly distributed throughout the 

bonded length. Baena et al. concluded that an increase in bar diameter led to a decrease in average bond 

strength regardless of the surface treatment method used [46]. Similar observations have been studied 

and reported in subsequent experimental studies and analytical reviews [42], [51]. 
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2.2.3. Bond length: 

Bond (Embedment) length is another major factor that affects bond behavior. Several studies have shown 

that increase in the embedment length causes an increase in the pull-out resistance but causes a 

decrease in the average bond stress since the stress distribution becomes less uniform for longer bond 

lengths. For longer bond lengths, there are stresses at the loaded end; therefore, their bond efficiencies 

decrease. Increase in the embedment length also increases energy dissipation and slip resistance but 

decreases the average bond stress [43], [52]. 

2.2.4. Concrete compressive strength: 

Several studies have shown that there is a positive relationship between the compressive strength of 

concrete and bond strength. The higher compressive strength makes the concrete more resistant to local 

crushing and radial stresses due to deformations of the bars. On the other hand, there are some studies 

finding that beyond around 30 to 40 MPa, increasing the strength of concrete does not lead to significant 

improvements in bond strength, as the limiting factor is no longer concrete crushing but interfacial 

damage near the FRP surface [50], [52,53]. 

2.2.5. Concrete confinement: 

Concrete cover and confinement levels have a great influence on the bond characteristics and failure 

mechanism. Proper confinement controls crack growth radially and postpone splitting failure; thus, the 

interface is able to sustain high bond stress values. In specimens with insufficient cover depth, radial 

stresses created under load can cause early splitting of concrete before complete utilization of bond 

strength. Transverse reinforcements, fibers, or any form of confinement system contribute positively to 

bond behavior by restraining crack development and confining pressure of reinforcement [47], [54]. 

Reported failure mechanisms from the available literature include pull-out, splitting, and surface damage 

failure types. Pull-out failure is normally linked to proper confinement level and involves gradual debonding 

along the bonding interface. When the induced radial stress exceeds tensile strength of concrete, splitting 

failure happens and causes longitudinal cracks along with bond failure. Surface damage of GFRP bars 

that includes rib shearing, separation of sand coating, or delamination of polymer layer is another type of 

failure. Determination of failure mechanisms largely depends on a combination of several factors such 

as reinforcement bar dimensions, concrete, length of embedment, and confinement level [42], [46] 
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2.2.6. Environment/Temperature: 

The resistance of the composite formed by the interaction of the GFRP bars and the concrete against the 

effects of the environment is one of the essential topics for researchers as more and more FRPs are used 

as reinforcements in harsh environments. GFRP bars placed in concrete undergo the influence of 

alkalinity, wetting/drying cycle, freezing/thawing, thermal cycling, and high temperatures. Such factors 

can affect the interface between fibers and the matrix and, therefore, change the properties of the 

composite bond. The effect of elevated temperatures deserves particular attention, as the polymer matrix 

softens near the glass transition temperature. It was proven experimentally that bond strength dropped 

significantly above the glass transition temperature of the conventional polymer matrix. Therefore, the 

stability of the matrix is of paramount importance [42], [45]. 

There has been considerable attention focused on sustainable concrete systems reinforced by GFRP bars 

over recent years. Studies on bond properties have been done on seawater concrete, recycled aggregate 

concrete, Limestone Calcined Clay Cement (LCC), Ultra-High-Performance Concrete (UHPC), and Ultra-

High-Performance Fiber-Reinforced Concrete (UHPFRC). While there is a difference in the material 

composition, research suggests that GFRP bars show satisfactory bond performance with proper surface 

treatment and confinement. The sustainable concrete system showed bond strength similar to 

conventional concrete while providing added environmental benefits [43], [54]. 

Besides regular concrete, recent works have also shown an increasing interest in studying the bond 

performance of GFRP bars in advanced cement composites, like UHPC and UHPFRC, which are 

characterized by higher tensile and compressive strengths, as well as higher resistance against 

environmental degradation, than those of regular concrete. The denser microstructure, along with the 

increased confinement effect created by adding steel or synthetic fibers, can provide better interface 

interaction between the GFRP bars and cement composites. Some studies found that UHPC specimens 

demonstrated higher peak bond stress levels, as well as better post-peak behavior, than specimens made 

from normal concrete [50], [53]. 

In order to describe the behavior of GFRP bars within concrete, various bond slip models have been 

suggested. The most popular ones include the Bertero–Popov–Eligehausen (BPE) bond-slip model, the 

modified BPE bond-slip model, the Cosenza–Manfredi–Realfonzo (CMR) bond-slip model, and different 

empirical models based on the pull-out test data. All those models try to describe the ascending part of 

the slip curve, its peak, and its descending branch. While different models work well under certain 

circumstances, no universal bond-slip model has been found that would be suitable for all GFRP systems 
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because bond characteristics depend significantly on such parameters as surface geometry, composite 

material type, concrete strength, and confinement [46], [55]. 

2.2.7. Matrix modification: 

While there has been much research carried out on traditional GFRP bars, recent studies have focused 

on the development of better materials for the polymer matrix. The polymer matrix is essential for ensuring 

proper fiber orientation, load transfer between fibers, fiber protection from the environment, and the 

maintenance of surface deformation features. Currently, some of the most frequently used polymers in 

commercial GFRP bars include epoxy, vinyl ester, and polyester resins. In terms of performance, epoxy 

is known to outperform other resins in terms of mechanical strength, thermal resistance, low shrinkage 

rate, and good fiber adhesion. Nevertheless, the high price of epoxy resin has led researchers to seek 

new solutions for improving inexpensive polymers [43]. 

Nanotechnology has emerged as one of the most promising approaches for improving the mechanical 

and durability performance of polymer composites. Nanomaterials such as nano-silica, nano-titania, 

carbon nanotubes (CNTs), and graphene nanoplatelets (GNPs) have demonstrated significant potential 

for enhancing matrix properties. These nanomaterials possess extremely high surface areas and 

exceptional mechanical characteristics, allowing them to interact effectively with the polymer network. 

Their incorporation into polymer matrices can improve stiffness, fracture toughness, crack resistance, 

thermal stability, and interfacial bonding [56]. 

Research on nanomaterial-modified concrete systems has shown that nanomaterials can significantly 

improve the bond between FRP bars and concrete. The microstructural study showed that nanomaterials 

help in refining the hydrates, lowering porosity and increasing the density of interfacial transition zone of 

FRP bars. According to Wang et al., adding nanomaterials enhances the bonding strength of GFRP bars 

to 16.2%, along with lowering the slip at maximum load and increasing the residual bonding strength 

[56]. The scanning electron microscope studies also suggested that nanomaterials helped in decreasing 

the number of defects in the duplex film area, which is considered the most vulnerable part regarding 

interfacial failure. 

Graphene is considered one of the most promising nanomaterials due to the excellent properties such as 

mechanical, thermal, and physical characteristics that make this material unique. This material 

demonstrates an elasticity modulus close to 1 TPa and high strength that outperforms most engineering 

materials, and in addition, this material is light. Graphene nanoplatelets are easily added to the polymer 

composites in small amounts and prove their efficiency as fillers. It has been proved that graphene is 



Chapter 2 | State of the art 

16 

preferable to use as filler instead of carbon nanotubes in polymer composites because it is less expensive, 

more convenient to handle, and better dispersed within polymer system [43]. 

Main mechanisms of graphene effect on polymer properties are described as crack bridging, crack 

deflection, load transfer improvement, and restriction of polymer chain movement. Due to these 

mechanisms, stiffness of polymer matrix increases, while number of microcracks decreases. The 

improvement of adhesion between fibers and matrix results in more effective transfer of loads from matrix 

to the fibers and increase of composite mechanical properties. Also, graphene promotes thermal stability 

of the material [57]. 

Though there is extensive literature on graphene-polymer nanocomposites, only limited research has 

focused on the effect of graphene modification on the bonding properties of FRP reinforcement bars 

within concrete structures. In one of the notable works related to this topic, Bueno and Bittencourt 

evaluated the bonding properties of graphene-enhanced polymeric matrix material used for manufacturing 

FRP bars undergoing pull-out testing. It was found that the addition of graphene had enhanced the 

bonding properties of polyester FRP reinforcement bars by up to 49% at ambient temperatures and also 

had reduced the degradation of bonding characteristics under high temperatures [43]. This shows that 

graphene has the ability to overcome the weaknesses of existing polyester matrix materials. 

The second crucial findings from these studies on graphene-based bonds is the enhancement of thermal 

resistance. Traditional polymer-based matrices suffer great losses in terms of stiffness and bond capability 

when subjected to elevated temperatures close to the glass transition point. The graphene-based matrices 

revealed reduced bond loss and better capability of maintaining their bond capability when subjected to 

high temperatures. This is because graphene nanoplatelets were able to minimize the movement of 

polymer chains at higher temperatures. In this respect, graphene-based bonds can become a good 

solution to increase the fire resistance of GFRP reinforcement  [43], [57]. 

Despite the encouraging findings obtained from experimental work carried out to date, there are still many 

gaps in existing knowledge regarding graphene modification of bonds. Specifically, several research 

studies concerning graphene have been carried out on tensile, flexural, and thermal properties of polymer 

composite materials rather than their bond characteristics. Moreover, while some research has been 

conducted to examine the influence of graphene on GFRP bar bond, most such experiments have involved 

consideration of only one graphene dosage level. The impact of graphene dosage level, dispersion quality, 

bar size, surface condition, embedment length, and concrete strength has yet to be established. 

[49] shows that considerable advancements have been made in the field of bond characteristics of GFRP 

bars. Factors such as surface preparation, bar diameter, embedment length, concrete grade, 
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confinement, and environmental effects have been recognized as factors affecting bond performance. 

However, recent innovations in the area of UHPC, sustainable concrete technology, and nanoparticle 

reinforcement of composite materials have widened the scope of study on FRP-concrete interaction 

phenomena. It is noted that little comparative research has been conducted between the bond 

characteristics of traditional epoxy-embedded GFRP bars and graphene-reinforced epoxy matrices. 

Therefore, further experimental investigation is required to establish the effectiveness of graphene 

modification in enhancing bond performance and to support the development of reliable design 

recommendations for future GFRP-reinforced concrete structures. Following table shows a summary of 

the effect of nanomaterial modified matrix on the GFRP-concrete bond performance. Table 2 summarizes 

the findings reported in the literature regarding the effects of different nanomaterials incorporated into 

the polymer matrix on the bond performance of GFRP reinforcing bars with concrete. 

Table 2: Effect of nanomaterials matrix modification on rebar-concrete bond performance 

Reference Nanomaterial Key Bond Result 

Wang et al. [56] 
Nano-silica (NS), Nano-titania (NT), Carbon 

nanotubes (CNTs), Multilayer Graphene (MLG) 
Bond strength +16-42% 

Bueno and 

Bittencourt [43] 
Graphene-enriched polymer Bond strength +49% 

Al-Zu'bi [57] Graphene/CNT-modified epoxy 
Improved adhesion, toughness, 

and stress transfer 
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3. EXPERIMENTAL CAMPAIGN  

This chapter highlights the sample preparation and experimental methodology used in this study. Sample 

preparation and manufacturing process of both the conventional and graphene reinforced GFRP bars, as 

well as the preparation process of the concrete samples to be used in bond tests are included in this 

section. This chapter describes the experimental program developed to test the performance of GFRP 

bars in terms of materials characterization i.e. tensile strength, transverse shear strength and concrete-

GFRP bar bond performance. All experimental procedures, specimen configuration, loading conditions, 

measurement processes and data analysis are done following the guidelines of the respective ASTM 

standards for each test. The nomenclature of specimen used for materials characterization is CE/GE_X 

where CE and GE mean conventional epoxy and graphene-modified epoxy respectively while X represents 

the bar diameter (6,8 or 12 mm). For the direct pull-out test CE/GE/S_5Ø or 10Ø is used where CE and 

GE has same meaning as previously defined, S is used for Schock company rebar which is taken as a 

benchmark, while 5Ø and 10Ø represent bond length which is 60 mm and 120 mm respectively as the 

bond test is performed only for the 12mm diameter rebar. 

The graphene content incorporated into the epoxy matrix was maintained at less than 1 wt.%. The precise 

graphene dosage cannot be disclosed due to confidentiality restrictions by the Portuguese supplying 

company (GRUN). Therefore, the present study focuses on evaluating the effect of graphene modification 

rather than the influence of its specific concentration. 

3.1. Materials characterization 

3.1.1. Tensile testing 

The experimental variables considered in this test were the matrix type and the bar diameter. Conventional 

epoxy and graphene-modified epoxy GFRP reinforcing bars with nominal diameters of 6 mm and 8 mm 

(received from the Portuguese company GRUN, manufactured via pultrusion process) were investigated 

to evaluate the influence of graphene incorporation on the tensile performance of the composite 

reinforcement. For each specimen category, two identical specimens were tested to ensure the 

repeatability of the experimental results. Below table 3 summarizes the experimental program adopted 

for Mechanical testing. 
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Table 3: Variables and scheme for mechanical testing 

Series Matrix Bar Diameter No. of Specimens Purpose 

CE_6 Conventional epoxy 6 mm 2 Reference specimen 

GE_6 Graphene-modified epoxy 6 mm 2 Effect of graphene 

CE_8 Conventional epoxy 8 mm 2 Reference specimen 

GE_8 Graphene-modified epoxy 8 mm 2 Effect of graphene 

The mechanical properties of the GFRP reinforcing bars were determined according to the ASTM 

D7205/D7205M [14], Standard test method for tensile properties of fiber reinforced polymer matrix bars 

with a modification in sample length due to the constraint of the MTS machine. The test was conducted 

to evaluate the influence of graphene-modified epoxy on the tensile behavior of GFRP reinforcing bars by 

comparing their tensile strength, elastic modulus, strain at failure, and failure modes with those of 

conventional epoxy GFRP bars. 

Each specimen had a total length of 450 mm, consisting of a 150 mm steel anchorage (18 mm diameter 

with 2 mm thickness) at each end and a 150 mm free gauge length between the anchorages. The steel 

tubes were used for anchorage systems so that uniform load transfer could be achieved from the testing 

machine to the GFRP bars while preventing premature gripping failure. Bonding of the GFRP bars within 

the steel tubes was achieved through S&P Resin 220 epoxy adhesive. The bonding was done according 

to the instructions by the manufacturer of the resin material. The tensile test specimen configuration and 

the experimental setup are illustrated in Figure 5 below. 

 

Figure 5: Mechanical testing schematics and photo of the test 
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The tensile tests were conducted using MTS tensile testing machine equipped with an appropriate load 

cell of maximum capacity of 100kN under displacement-controlled loading condition with the loading rate 

specified in ASTM D7205/D7205M [14]. The applied tensile load and corresponding displacement (via 

DIC camera optical extensometer) were continuously recorded throughout the test until specimen failure. 

The maximum tensile load was used to calculate the ultimate tensile strength, while the stress–strain 

response was used to determine the elastic modulus and ultimate tensile strain according to the 

recommendations and formulas mentioned in ASTM D7205/D7205M standard [14]. 

After conducting the test, the failure modes of each sample were analyzed to ensure that they met the 

requirements for failure according to the standard and to investigate the effect of graphene addition on 

the tensile failure mode. The tensile performance of the conventional epoxy and graphene-modified epoxy 

GFRP bars was then compared in terms of ultimate tensile strength, elastic modulus, ultimate tensile 

strain, and failure characteristics. 

3.1.2. Transverse Shear Strength (TSS) testing 

The transverse shear strength (TSS) of the GFRP reinforcing bars was evaluated in accordance with ASTM 

D7617/D7617M-11 [34] using a double-shear fixture mounted on a Universal Testing Machine (UTM). 

This test was performed to investigate the effect and influence of graphene-modified epoxy on the 

transverse shear performance of GFRP reinforcing bars. Since the transverse shear behavior of GFRP 

bars is primarily governed by the polymer matrix and the fiber–matrix interface, it provides an effective 

means of evaluating the influence of graphene incorporation on the matrix-dominated mechanical 

properties of the composite. The schematic illustration of the test configuration and the corresponding 

experimental setup adopted in the present study are shown in Figure 6 below. 

 

Figure 6: Transverse shear strength test schematics and photo of the test 
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Conventional epoxy and graphene-modified epoxy GFRP reinforcing bars with nominal diameters of 6 mm, 

8 mm, and 12 mm were investigated. The GFRP bars were cut into 225 mm long specimens in 

accordance with the requirements of ASTM D7617/D7617M-11 [34]. For each bar diameter and material 

configuration, five specimens were tested to ensure the repeatability and reliability of the experimental 

results. 

Each specimen was carefully positioned in the double-shear fixture to ensure proper alignment before 

testing. The tests were performed under displacement-controlled loading, and the loading rate was 

selected in accordance with ASTM D7617/D7617M-11 to ensure specimen failure within the time interval 

specified by the standard. During testing, the applied load and crosshead displacement were continuously 

recorded until complete specimen failure. 

The transverse shear strength was calculated from the maximum failure load using the equation specified 

in ASTM D7617/D7617M-11 [34]: 

                                          𝜏𝑢 =
𝑃𝑠

2𝐴
                                               (3.1) 

where 𝜏𝑢 is the transverse shear strength (MPa), 𝑃𝑠 is the maximum failure load (N), and 𝐴 is the nominal 

cross-sectional area of the GFRP reinforcing bar (mm²). 

The evaluation of transverse shear properties of the conventional epoxy and graphene-modified epoxy 

GFRP reinforcement bars was done through comparison of their ultimate transverse shear strength and 

failure modes, specifically with respect to the effects of graphene on matrix dominated nature of the 

reinforcement material. 

3.2. Concrete bond performance 

The experimental variables used in this research work are the epoxy matrix and bond length. The two 

bond lengths used were 5Ø and 10Ø in order to determine the effect of embedment length on the bond 

behavior of GFRP bars. Furthermore, a comparison was made between traditional epoxy GFRP bars and 

graphene added epoxy GFRP bars to find out the effect of graphene addition to the epoxy matrix. Schöck 

rebars [58] (from German company and commercially available in market) with a bond length of 5Ø were 

also tested as benchmark specimens for comparison with the GFRP rebar from GRUN. For each test 
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configuration, two identical specimens were prepared and tested for each series. Below Table 4 

summarizes the experimental program adopted for the direct pull-out tests. 

Table 4: Summary of variables for pull-out test 

Series Matrix 
No. of 

Specimens 
Purpose 

S_5Ø Vinyl ester 2 Benchmark specimen 

CE-5Ø Conventional epoxy 2 Reference GFRP 

GE-5Ø Graphene-modified epoxy 2 Effect of graphene 

CE-10Ø Conventional epoxy 2 Effect of bond length 

GE-10Ø Graphene-modified epoxy 2 
Combined effect of graphene and 

bond length 

Prior to concrete casting, the GFRP bars were positioned and aligned within the formwork, as illustrated 

in Figure 7(a). PVC tubes were placed around the rebars to isolate the unbonded region and to ensure 

that the interaction between the GFRP bar and concrete occurred only along the predefined bonded length 

of 5Ø (60 mm) or 10Ø (120 mm). Particular attention was given to maintaining the position of the bars 

during casting and to sealing the passages through the formwork to prevent concrete leakage and 

displacement of the specimens as shown in Figure 7(b). 

The concrete was then placed into the moulds and mechanically compacted using an internal vibrator to 

reduce entrapped air and ensure adequate consolidation around the GFRP bars, as shown in Figures 7(c) 

and 7(d). After casting, the exposed concrete surfaces were levelled, and the specimens were maintained 

under the adopted curing conditions before being transferred to the laboratory. The pull-out tests were 

performed after a total curing period of 28 days. 

Prior to testing, steel tube anchorages were prepared at the loaded end of the GFRP bars using the same 

anchorage concept adopted for the tensile specimens. The bars were centered within the steel tubes and 

bonded using S&P Resin 220 epoxy adhesive to provide adequate load transfer from the testing machine 

to the GFRP reinforcement and to prevent premature gripping failure. Figure 7(e) shows the preparation 

of the steel tube anchorage, while Figure 7(f) presents the pull-out specimens after anchorage installation 

and prior to testing. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 7: Preparation of direct pull-out specimens: (a) positioning of GFRP bars and PVC sleeves in the 
formwork; (b) fixation and sealing of the bars prior to casting; (c) concrete casting; (d) concrete 

compaction using an internal vibrator; (e) and (f) preparation of testing 

The bond behavior between GFRP reinforcing bars and concrete was evaluated through direct pull-out 

tests (DPT) in accordance with ASTM D7913/D7913M [8]. The specimens consisted of 12 mm diameter 

ribbed GFRP bars centrally embedded in 200 mm × 200 mm × 200 mm concrete cubes. As mentioned 
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before, two embedment lengths, corresponding to 5Ø (60 mm) and 10Ø (120 mm), were adopted. The 

remaining embedded portion of the bar was isolated using a PVC pipe to eliminate bond outside the 

intended bonded region, ensuring that load transfer occurred only within the specified anchorage length. 

The concrete was casted according to the ACI standard and left for 10 days at construction site which 

later shifted to the lab for putting steel tube anchorages (same as used for tensile test samples). A total 

of 28 days were given (according to the standard) for the samples. Three standard cubic (150x150x150 

mm3) specimens for concrete compressive strength were also casted and then tested (after 28 days) and 

the strength found 25.1 MPa (concrete class: C20/25).  The schematic illustration and the experimental 

setup adopted for direct pull-out test are shown in Figure. 8. (a) and Fig. 8. (b), respectively. 

 

Figure 8: Pull-out test setup a) Schematics and b) photo of the test 

The pull-out tests were performed using a testing frame at the structural laboratory of civil engineering 

department in University of Minho with the testing frame of loading capacity of 300kN under 

displacement-controlled loading at a constant loading rate of 0.021 mm/s, following the 

recommendations of ASTM D7913/D7913M [8]. The applied pull-out load was continuously recorded 

using the machine load cell. 
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The relative displacement between the GFRP rebar and concrete was recorded using two Linear Variable 

Differential Transformers (LVDTs) positioned parallel to the loading direction. One LVDT was installed at 

the loaded end, where it was attached to the GFRP bar through a circular clamp while its probe remained 

in contact with the concrete surface to measure the loaded-end slip. The second LVDT was positioned at 

the free end, with its probe directly contacting the free end of the GFRP bar to record the corresponding 

free-end slip. The arrangement of the LVDTs is illustrated in Figure 8. During each test, the applied load 

and the corresponding slips at both the loaded and free ends were continuously recorded until bond 

failure occurred and the specimen freely slipped. The average bond stress was determined according to 

ASTM D7913/D7913M [8] using the formulas discussed in the results and discussion chapter of this 

thesis. 

The bond performance of conventional epoxy GFRP bars, graphene-modified epoxy GFRP bars, and 

benchmark Schock rebar were subsequently evaluated by comparing the bond stress-slip response, 

ultimate bond strength, bond stiffness, and failure modes. Particular emphasis was placed on assessing 

the influence of graphene modification and embedment length on the bond characteristics between the 

reinforcement and surrounding concrete.  
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4. RESULTS AND DISCUSSION 

This section presents and discusses the results obtained from the experimental characterization of the 

GFRP rebars and their bond performance with concrete. The specimen nomenclature adopted throughout 

this chapter follows that previously defined in Chapter 3, where the experimental campaign, specimen 

configurations, and testing procedures were described. 

4.1. Materials characterization 

4.1.1. Tensile testing 

Figure 9 shows the stress-strain curves of the CE and GE GFRP rebars having 6 and 8 mm diameters. 

Two specimens for each series were used, and their average values were graphed. As seen from the 

figure, all specimens exhibit a linear relationship until they reach failure, beyond which there is an abrupt 

reduction in stress values, thus indicating the brittle nature of tensile failure of the reinforcement. The 

lack of yielding zone signifies that the deformation process has been entirely elastic before failure, which 

is the case with the usual results reported in the literature. The corresponding tensile strength, tensile 

strain, and elastic modulus are summarized in Table 5. 

 

Figure 9: Tensile test experimental results 
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Table 5: Summary of the tensile test results 

Series  Tensile strength (MPa) Tensile strain (%) Elastic Modulus (GPa) 

CE_6 981.0 2.16 38.1 

GE_6 825.8 2.16 34.7 

CE_8 1068.3 2.24 46.7 

GE_8 895.3 2.36 39.2 

 

The increase in diameter of the bar from 6 mm to 8 mm improved the tensile behavior of the specimens 

of both epoxy types. The tensile strength of conventional epoxy increased from 981 MPa (CE_6) to 1068.3 

MPa (CE_8) and the elastic modulus from 38.1 to 46.7 GPa, respectively. In the same manner, the 

increase in the tensile strength of the graphene-filled specimens went from 825.8 MPa (GE_6) to 895.3 

MPa (GE_8) and their elastic modulus from 34.7 to 39.2 GPa. Based on the increase in both properties, 

the larger bar specimens had better tensile stiffness and load capacity. Nonetheless, the increase in the 

tensile strength was rather small when compared with the increase in elastic modulus, showing that 

diameter had a greater influence on stiffness than tensile strength. 

On the other hand, comparing the same rebar diameter reveals that addition of graphene in the epoxy 

matrix leads to a decrease in the tensile strength and elastic modulus. In the case of 6 mm diameter 

rebars, there was a decrease in tensile strength from 981 MPa in CE_6 to 825.8 MPa in GE_6, which 

corresponds to a decrease of about 15.8%, while the elastic modulus was decreased by about 9.0%. In 

the case of 8 mm rebars, the tensile strength decreased from 1068.36 MPa in CE_8 to 895.3 MPa in 

GE_8, which corresponds to a decrease of about 16.2%, while the elastic modulus decreased from 46.7 

to 39.2 GPa. The similar decrease in tensile strength for both diameters indicates that the observed 

phenomenon does not depend much on the diameter but on the changed polymer matrix. 

For comparison, Soares et al. [52] reported an average tensile strength of 1527.9 MPa and an elastic 

modulus of 69.0 GPa for Ø8 Schöck ComBAR GFRP rebars. These values are higher than those obtained 

in the present study for the same nominal diameter, where CE_8 exhibited a tensile strength of 

1068.36 MPa and an elastic modulus of 46.73 GPa, while GE_8 reached 895.3 MPa and 39.2 GPa, 

respectively. Compared with the Schöck rebar, this corresponds to reductions of approximately 30% in 

tensile strength and 32% in elastic modulus for CE_8, and approximately 41% and 43%, respectively, for 

GE_8. 

 

Nevertheless, this comparison should be interpreted with caution. The Schöck and GRUN rebars 

correspond to different GFRP systems, including differences in resin type, fiber content, manufacturing 
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process and surface configuration. Furthermore, due to laboratory constraints and the unavailability of 

the tensile testing machine previously used for this type of characterization, the experimental setup 

adopted in the present study had to be adapted, including a reduction of the specimen length to comply 

with the available MTS testing machine. Consequently, the differences observed cannot be attributed 

exclusively to the material composition or to the graphene modification, since the differences between 

the GFRP systems and the adapted experimental configuration may also have influenced the measured 

tensile properties. 

The lower tensile properties observed for the graphene-modified specimens, as well as the differences 

identified when compared with the Schöck reference values, do not necessarily indicate an intrinsically 

negative effect of graphene on the reinforcement system. Instead, it means that, for the current graphene 

amount, dispersion state, and manufacturing conditions used in the current work, the modified material 

does not show any significant improvement in fiber-to-matrix stress transfer. Effects including volume 

fraction of the fibers, non-uniform distribution of graphene, agglomerations or changes in matrix 

properties might lead to stress concentration and decrease in stress transfer efficiency between the matrix 

and fibers. These hypotheses cannot be proved by the tensile test data only, so they can be considered 

as possible options but not as conclusive evidence. 

 

Figure 10: Tensile samples a) Before test b) After test 

Figure 10 shows the tensile test specimen before and after test. Evidence of the brittle failure can be 

observed in the failed zone. Before testing, the GFRP bars were anchored at both ends using steel tubes 

as discussed in Section 3.1.1, leaving a centrally exposed region (gauge length) for tensile loading as 

shown in Figure 5. After testing, the fracture occurred within this exposed GFRP region near the 

anchorage, while the steel anchorage remained undamaged. The localized fracture and separation of the 

reinforcing fibers are consistent with the abrupt stress drop observed in Figure 8. Importantly, the absence 
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of the pre-mature anchorage failure indicates that the applied load was effectively transferred to the GFRP 

bars and that the measured failure was primarily associated with the reinforcement itself rather than 

failure of the gripping system. 

In general, the study showed that the diameter of the bar had a positive influence on tensile strength and 

stiffness, while the graphene content decreased these two parameters compared to the traditional or 

conventional epoxy matrix. Nevertheless, the relatively small differences in tensile strain indicate that the 

modification had a less pronounced influence on the deformation capacity. The tensile properties indicate 

that the graphene-modified matrix does not necessarily improve tensile performance and its effect may 

depend strongly on the specific mechanical property being evaluated while further deep study and some 

tests like Fourier-Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM) etc. 

needed to find the real reason for this decrease in the tensile strength. 

4.1.2. Transverse Shear Strength (TSS) test 

Shear properties were determined for the GFRP bars in order to study the effect of epoxy matrix 

modification with graphene as well as the diameter of the bar on the transverse resistance of the 

reinforcement. Fig. 11 shows the graphs of transverse shear strength-displacement relationships for the 

conventional epoxy (CE) and graphene-reinforced epoxy (GE) with diameters of 6, 8, and 12 mm. Table 

6 summarizes the mean maximum TSS strength, coefficient of variance (CoV), and displacement at 

maximum TSS strength. 

 

Figure 11: TSS test curve for a) 6 mm b) 8 mm and c) 12 mm diameter GFRP rebars 
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Table 6: Results summary of TSS test.                       

Series 
Max. TSS Displacement at max. TSS 

(mm) 

Mean (MPa) CoV (%) 

CE_6 151.8 5.51 3.8 

GE_6 132.3 11.21 3.7 

CE_8 137.8 4.80 4.5 

GE_8 145.2 7.02 5.0 

CE_12 115.7 6.13 5.7 

GE_12 151.2 10.31 6.9 

 

The TSS curves (Figure 11) show a generally increasing response with displacement up to the maximum 

strength, followed by a reduction in strength associated with transverse shear failure. However, the shape 

of the curves differs noticeably with bar diameter and epoxy type. In Figure 11a, the 6 mm bars, the 

conventional epoxy specimen reached the highest strength of 151.8 MPa at 3.8 mm displacement, 

whereas the graphene-modified specimen reached 132.3 MPa at 3.7 mm. Thus, graphene modification 

resulted in a reduction of approximately 12.8% in the maximum TSS strength for the 6 mm bars. The 

relatively similar displacement at maximum strength indicates that the modification affected the load-

carrying capacity more strongly than the displacement required to reach the peak. 

However, when 8 mm bars were taken into consideration, a different trend was observed. The maximum 

strength of the TSS was found to increase from 137.8 MPa of CE_8 to 145.2 MPa of GE_8, representing 

an improvement of about 5.4% using graphene-modified epoxy system. Moreover, the displacement at 

maximum strength was found to be 4.5 mm for CE_8 but 5.0 mm for GE_8. This indicates that, unlike 

the 6 mm bars, graphene-reinforced 8 mm GFRP bars could bear a slightly higher transverse shear stress 

over a larger displacement at maximum strength. The graph of Figure 11b clearly depicts that GE_8 had 

a high load value close to its peak and showed a gradual response prior to failure. 

There was also a much more noticeable impact of graphene modification seen with the bars of 12 mm 

in diameter as shown in Figure 11c. The conventional epoxy specimen demonstrated maximum TSS 

strength at only 5.7 mm, equal to 115.7 MPa, while the modified matrix one had the maximum TSS 

strength of 151.2 MPa at 6.9 mm, which means that there was an increase in maximum TSS strength 

of about 30.6%. The GE_12 curve continued to rise over a wider range of displacement than the CE_12 

curve, which proves increased resistance to transverse deformation before attaining its maximum 

strength. 

The TSS results obtained for the 12 mm bars can also be compared with those reported by Nepomuceno 

[3] for Ø12 Schöck GFRP rebars. For the unconditioned reference specimens, an average TSS of 
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166.2 MPa was reported. In the present study, CE_12 and GE_12 exhibited average TSS values of 115.7 

MPa and 151.2 MPa, respectively, corresponding to values approximately 30.4% and 9.0% lower than 

the Schöck reference. Therefore, although the graphene-modified bar did not reach the TSS of the 

commercial Schöck rebar, the GE_12 result was considerably closer to this reference value than that 

obtained for CE_12. This comparison supports the observed improvement associated with graphene 

modification for the 12 mm configuration. 

Nevertheless, the comparison should be interpreted as a benchmark rather than as a direct assessment 

of material performance. The Schöck bars investigated by Nepomuceno [3] consisted of a pultruded GFRP 

system with a vinyl-ester matrix and approximately 88% glass fiber by weight, whereas the bars 

investigated in the present work were produced with conventional or graphene-modified epoxy matrices. 

Similar to the tensile properties, described in the previous sub-section, differences in matrix composition, 

fiber content, manufacturing conditions and fiber–matrix interface may therefore contribute to the 

differences in TSS. Since transverse shear behavior is particularly dependent on the polymer matrix and 

fiber–matrix interface, these material differences are especially relevant when interpreting the results. 

From the analysis of the results, it is clear that the effect of graphene on the composite material varied 

from one diameter of the bars to another. A decrease was noted for the 6 mm diameter bars, whereas 

there were slight and significant increases for the other two diameters, 8 mm and 12 mm. Such diameter-

based variation implies that the interaction of the modified polymeric matrix with the reinforcing material 

used in the GFRP can be affected by the shape of the specimen and the resultant stress distribution upon 

transverse loading. Transverse shear strength is highly dependent on the matrix and fiber-matrix interface, 

and hence modifications of the matrix due to graphene could affect the redistribution of transverse 

stresses in the composite. 

The effect of bar diameter on the influence can also be seen through comparison of the conventional 

epoxy series. The highest TSS strength dropped from 151.8 MPa for CE_6 to 137.8 MPa for CE_8 and 

115.7 MPa for CE_12. It is evident that increasing diameter has not resulted in an equally increased 

shear strength. This is because TSS is a measure of stress and not total load; therefore, increasing 

diameter will not necessarily increase shear strength in the calculation. In contrast, the effect of graphene 

modification resulted in increased values in the TSS strengths from 132.3, 145.2, and 151.2 MPa for 

GE_6, GE_8, and GE_12 respectively. It can be suggested that with increasing bar diameter, the modified 

epoxy becomes relatively more efficient in resisting transverse shear strength. 
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Figure 12: a) Prepared TSS samples before testing, b) and c) tested samples of conventional and 
graphene-modified epoxy respectively 

The failure photos (Figure 12b and Figure 12c) give a clear physical link to the mechanical behavior. As 

illustrated in Figure 11b and c, the tested samples exhibited a clear localized shear failure area at the 

point of loading. The deformation occurs at the point where the transverse loading is applied, with a 

definite alteration in the bar’s shape and clear damage to the composite material. This localized damage 

is in agreement with the gradual increase in TSS in the curves and the subsequent drop after the peak. 

The existence of the localized shear failure area in all the tested samples is an indication that the failure 

process was dominated by the transverse shear loading conditions. 

4.1.3. Comparative analysis of mechanical performance 

The combined analysis of the tensile and transverse shear results demonstrates that the influence of 

graphene modification was strongly dependent on the mechanical property considered. Under 

longitudinal tensile loading, graphene modification resulted in reductions in both tensile strength and 

elastic modulus for the 6 mm and 8 mm rebars. In contrast, the transverse shear response showed a 

diameter-dependent trend: the TSS decreased by approximately 12.8% for the 6 mm bars, increased 

slightly by approximately 5.4% for the 8 mm bars, and increased significantly by approximately 30.6% for 

the 12 mm bars. These different trends are consistent with the distinct mechanisms governing the two 

loading conditions. Tensile behavior is predominantly controlled by the longitudinal glass fibers and the 

efficiency of load transfer along the fiber direction, whereas transverse shear behavior is considerably 

more dependent on the polymer matrix and the fiber–matrix interface. 

Among the TSS specimens, CE_6 exhibited the highest absolute transverse shear strength, reaching 

151.8 MPa. However, GE_12 presented the highest TSS among the graphene-modified series, with 

151.2 MPa, together with the largest displacement at maximum TSS. Furthermore, this value was only 

approximately 9% lower than the 166.2 MPa reported by Nepomuceno [3] for unconditioned Ø12 Schöck 

GFRP rebars. This comparison is particularly relevant because it indicates that, although the graphene-
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modified Ø12 bar did not reach the TSS of the commercial Schöck reference, its transverse shear 

performance approached the same order of magnitude. Nevertheless, the comparison should be 

considered only as a benchmark, since the two GFRP systems differ in matrix composition, fiber content 

and manufacturing characteristics. 

The graphene-modified series also consistently presented higher coefficients of variation than the 

corresponding conventional epoxy series, indicating greater scatter in the experimental response. The 

statistical analysis further indicated a significant effect of graphene modification for the 12 mm bars, 

although the overall effect of graphene considering all diameters was not statistically significant. 

Therefore, the present results do not support a general conclusion that graphene modification improves 

the mechanical performance of GFRP rebars. Instead, they suggest that its effectiveness is property- and 

geometry-dependent. In the present experimental conditions, graphene modification did not improve the 

longitudinal tensile response but showed clear potential to enhance matrix-dominated transverse shear 

behavior, particularly for the 12 mm rebars. 

4.2. Concrete bond performance 

The direct pull-out tests were performed to evaluate the bond behavior between the GFRP bars and 

concrete and to investigate the effects of bonded length and epoxy modification. The tested configurations 

comprised conventional epoxy (CE) and graphene-modified epoxy (GE) GFRP bars with bonded lengths of 

5Ø and 10Ø, together with the Schock specimen (S_5Ø) used as a benchmark. Figure 12 presents the 

pull-out force–loaded-end slip and bond stress–slip curves, while the principal experimental results are 

summarized in Table 7. 

The main parameters used to characterize the bond response were the maximum pull-out force (𝐹𝑚𝑎𝑥), 

maximum bond strength (𝜏𝑚𝑎𝑥), slip corresponding to the maximum pull-out force, normalized bond 

strength (𝜏ₙ), and fracture energy (𝐺ꜰ). The maximum pull-out force was obtained directly from the 

experimental force–slip curves. The average bond strength was then calculated by relating this force to 

the nominal bonded surface area: 

𝜏𝑚𝑎𝑥 =  
𝐹𝑚𝑎𝑥

𝜋Ø𝐿𝑏
  

(4.1) 

Where Ø is the nominal bar diameter, and 𝐿𝑏 is the bonded length. In the present study, corresponds to 

5Ø or 10Ø. 

To find the real loaded-end displacement 𝑆𝑙, the elastic deformation of GFRP bar must be subtracted 

from the LDVTs displacements using the equation: 
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𝑠ₗ =  𝛿𝐿𝑉𝐷𝑇𝑠  − 
𝐹𝐿꜀

𝐸𝑓𝐴𝑏
 

(4.2) 

Where 𝛿𝐿𝑉𝐷𝑇𝑠 is the loaded end displacement, F is the pull-out force, 𝐿꜀ is the distance between the 

loaded section and the location where the LVDT attachment clip is fixed to the rebar as shown in Fig. 8 

(a). 

To account for the influence of concrete strength when comparing the bond results, the bond strength 

was also normalized using the mean concrete compressive strength (𝑓𝑐𝑚) which is calculated as 25.1 

MPa as mentioned in section 3.2. 

The normalized bond strength was calculated using the equation: 

𝜏ₙ =  
𝜏ₘₐₓ

√ 𝑓𝑐𝑚

1𝑀𝑃𝑎

 (4.3) 

 

Figure 13: Pull-out test results a) Pull-out force vs slip and b) Bond strength vs slip 
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 Table 7: Result summary of the direct pull-out test 

Series 
𝐅𝐦𝐚𝐱 
(kN) 

𝛕𝐦𝐚𝐱 
(MPa) 

𝑮𝒇  

kN.mm 

𝝉ₙ 

(MPa) 
𝐒𝐥𝐦𝐚𝐱  
(mm) 

CE_5Ø 24.1 11.2 204.82 2.23 3.2 

GE_5Ø 25.6 10.6 197.40 2.11 2.9 

S_5Ø 27.0 10.5 152.46 2.10 1.5 

CE_10Ø 47.2 10.8 315.76 2.15 3.8 

GE_10Ø 47.4 9.8 377.34 1.95 6.3 

4.2.1. The Effect of bonded length and epoxy modification 

For the 5Ø bonded length, CE_5Ø reached a maximum pull-out force of 24.1 kN, corresponding to a 

bond strength of 11.2 MPa at a loaded-end slip of 3.2 mm. GE_5Ø exhibited a slightly higher maximum 

pull-out force of 25.6 kN, but its bond strength was lower at 10.6 MPa, with the maximum force reached 

at 2.9 mm slip. Therefore, although the graphene-modified specimen sustained approximately 6.2% 

higher maximum pull-out force, this increase did not translate into a higher average bond strength. In 

normalized terms, the bond strength decreased from 2.236 for CE_5Ø to 2.116 for GE_5Ø. This indicates 

that the graphene modification did not significantly enhance the average interfacial bond resistance for 

the shorter bonded length under the present experimental conditions. 

The schock benchmark, S_5Ø, reached the highest maximum pull-out force among the 5Ø specimens, 

with 27.0 kN, while its bond strength was 10.5 MPa and normalized bond strength was 2.096 which is 

consistent (on avaerge) what Nepomuceno [3] observed for schock rebar. Even though the maximum 

force of S_5Ø was about 12% greater than that of CE_5Ø, the normalized bond strength of S_5Ø was 

slightly less. The difference became even more evident in the case of slip at maximum force, as S_5Ø 

attained maximum bond strength at 1.5 mm, while it was 3.2 mm for CE_5Ø and 2.9 mm for GE_5Ø. It 

is clear from here that schock rebar attained maximum bond strength at much lesser deformation, but 

the GFRP rebars were more progressive in their load transfer mechanism but having more ductility. 

he increase in the bonded length from 5Ø to 10Ø has resulted in a large increase in the total pull-out 

force. For the conventional epoxy system, the force increased from 24.1 kN for CE_5Ø to 47.2 kN for 

CE_10Ø, an increase of approximately 96%. Likewise, for the graphene-epoxy system, the force increased 

from 25.6 kN for GE_5Ø to 47.4 kN for GE_10Ø, which is an increase of about 85%. This large increase 

highlights the significance of the bonded length embedded in concrete. 
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Nevertheless, the increase in the maximum pull-out force was not matched with any increase in average 

bond strength. In fact, CE showed a slight decrease in bond strength from 11.2 MPa at 5Ø to 10.8 MPa 

at 10Ø, while GE showed a decrease in bond strength from 10.6 to 9.8 MPa. Normalized bond strengths 

also followed the same pattern, decreasing from 2.23 to 2.15 for CE and from 2.11 to 1.95 for GE. Such 

behavior shows that an increase in the bonded length increases the total interface area for transferring 

loads, but the increase in bonded length does not have an even effect on the average bond stress. 

This may be attributed to the fact that the stress distribution along the length of the bonded section is not 

uniform. The area near the loaded end experiences higher stress levels at the interface, whereas lower 

levels of stress are transferred further down along the bonded section. With increasing bonded length, 

the extra interface thus contributes to the pullout force, yet it does not experience the same stress level 

as that of the highly stressed area near the loaded end.. 

4.2.2. Force–slip response and bond mechanisms 

From Figure 12, the current set of tests does not follow the typical pattern of response of only one phase 

of the pull-out process. Instead, CE_10Ø and GE_10Ø demonstrate a more gradual progression in the 

development of resistance, with variations in slope and periods of stability or increase in load before the 

peak force is achieved. The pattern is quite different from a typical pull-out response in which there is an 

increase of force to a peak and continuous decrease after the peak. 

Such response is a result of a gradual activation of the bond interface. When load is initially applied, the 

bond force is caused by the adhesion of the reinforcement to the surrounding concrete. As the slip is 

increased, the bond interface is damaged, causing adhesion to become less significant. Interlocking 

action by the ribs and friction between the surface ribs and concrete play a bigger role. Since these two 

factors may not occur in tandem for the whole bonded length, the force can still increase even when 

damage starts to occur. 

The model thus explains why the 5Ø and 10Ø samples show different shapes of their respective curves. 

The longer bonded zone of the 10Ø sample gives more room for the development of the stress 

redistribution process. Damage may therefore be initiated in one area, but the remaining areas of the 

interface would still be transferring the loads. This interaction between the damaged and undamaged 

parts of the interface will then give rise to the plateau and secondary hardening behavior of the curves. 
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Figure 14: Failure mode of direct pull-out test 

4.2.3. Failure observations 

The post-test photos confirm the mechanisms that were behind the response. As can be seen from Figure 

13, there is considerable damage to the ribs on the surface within the bonded area. Several ribs from the 

bonded area appear to have been sheared off and broken away. This confirms that the mechanism of 

failure was not limited to separation of the concrete and GFRP interface alone. The ribs themselves helped 

in providing mechanical interlocking, which then got damaged as the displacement progressed. 

The rib detachment becomes particularly important when considering the load-carrying capacity after the 

maximum pull-out load. Once the initial contribution from the adhesive has been stripped away, the rest 

of the load can be carried by friction and mechanical interaction between the rib geometry and the 

surrounding concrete. This explains the progressive drop in force seen in many curves. A different failure 

appearance was observed for the Schöck rebar. In contrast to the CE and GE rebars, no evident rupture 

or detachment of the Schöck surface ribs was observed after testing. Instead, concrete remnants 

appeared to remain attached between and around the intact ribs. A similar pull-out failure mode was 

reported by Nepomuceno et al [3]., where concrete remained attached to intact GFRP ribs after testing. 

This distinction is particularly relevant because the same concrete was used for all rebar configurations 

in the present experimental campaign. Therefore, the different post-test failure appearances are more 

likely related to differences in the surface geometry, matrix characteristics, and mechanical resistance of 

the GFRP rebars. While the CE and GE specimens exhibited pull-out accompanied by significant rib 

damage, the Schöck specimen showed a pull-out mechanism with intact ribs, indicating a different local 

failure mechanism at the GFRP–concrete interface. 
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4.2.4. Fracture energy 

The fracture energy (𝐺𝑓) was used to characterize the energy dissipated during the debonding and pull-

out process. It was determined from the area under the pull-out force versus loaded-end slip curve: 

𝐺𝑓  =  ∫ 𝐹 (𝑠)
𝑠𝑚𝑎𝑥

0

𝑑𝑠 (4.4) 

 

Where F represents the pull-out force as a function of loaded-end slip and is the selected maximum slip. 

In this study, the integration was performed up to 10 mm slip. The results shown in table 7. The CE_10Ø 

dataset available for integration terminated at approximately 8.02 mm; therefore, its calculated value of 

315.76 kN·mm represents the area up to the available experimental slip rather than a complete 0–

10 mm integration. 

The fracture-energy results provide an additional perspective that cannot be obtained from maximum 

bond strength alone. Although GE_5Ø had a slightly higher maximum pull-out force than CE_5Ø, its 

fracture energy was slightly lower. This indicates that the ultimate force and the overall energy dissipated 

during pull-out are not necessarily governed by the same mechanisms. In contrast, the substantially 

higher energy associated with GE_10Ø is consistent with its extended force–slip response and the larger 

displacement required to reach maximum pull-out force. Only one specimen was tested for the GE_10Ø 

configuration, as the second specimen failed during testing. Therefore, the corresponding force–slip curve 

represents a single-specimen response. Consequently, the observed increase in bond performance 

cannot be considered conclusive, even though the improvement was not statistically significant. 

4.2.5. Comparison of CE and GE systems 

The results indicate that the effect of graphene modification cannot be described simply as either 

beneficial or detrimental to bond performance. For the 5Ø configuration, GE exhibited a slightly higher 

pull-out force but lower bond strength and fractured energy than CE. For the 10Ø configuration, the 

maximum pull-out forces of CE and GE were almost identical, while GE exhibited a lower bond strength 

but a substantially more extended force–slip response. 

The reduction in normalized bond strength from CE to GE at both bonded lengths suggests that the 

graphene modification did not increase the average interfacial bond stress under the present conditions. 

However, the different curve shapes and the higher displacement associated with GE_10Ø indicate that 

the modification may have altered the way damage developed and propagated along the interface. 
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Changes in matrix properties, fiber–matrix interaction, and the local mechanical interaction between the 

modified GFRP surface and concrete may contribute to this behavior. Nevertheless, these mechanisms 

should be regarded as possible explanations rather than definitive conclusions without dedicated 

microstructural or interface-level characterization. 

Overall from the direct pull-out tests, it is clear that the effect of bonded length on the maximum pull-out 

force is far greater than the effect of bond strength. The increase in bonded length from 5Ø to 10Ø almost 

doubled the maximum pull-out force, but the average bond strength reduced slightly. Thus, it is evident 

that the increase in the embedded length increases the total anchorage capacity without increasing the 

average interfacial stress capacity. 

The modified epoxy showed less normalized bond strength than the conventional epoxy, but the effect of 

the graphene-modified epoxy on the force-slip behavior was more complicated. The progressive curve 

behavior, increased slip at peak force of GE_10Ø, and rib shearing show that the bond behavior was 

controlled by the joint effect of adhesion, friction, interlocking, progressive rib damage, and stress transfer 

along the bonded length. Therefore, evaluating the bond performance solely from maximum pull-out force 

or bond strength would not fully capture the differences between the two epoxy systems. The inclusion of 

normalized bond strength and fractured energy provides a more comprehensive assessment of interfacial 

behavior. 
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5. PARAMETRIC STUDY 

5.1. Analytical method for bond test 
 
 
To further investigate the bond behavior between the reinforcing bars and concrete, an analytical 

modelling procedure was adopted based on the local bond stress–slip (𝜏 − 𝑠) relationship. The analytical 

representation of the pull-out phenomenon can be established from the equilibrium of an infinitesimal 

element of the embedded reinforcing bar. In the present formulation, the bond behavior is described in 

terms of slip, and the local bond law is obtained through an inverse analysis procedure, in which the 

analytical pull-out response is iteratively adjusted to reproduce the experimental pull-out force–loaded-

end slip response. This approach has previously been applied successfully to different types of bonded 

reinforcement and pull-out configurations [59] 

Consider an infinitesimal element of the reinforcing bar embedded in concrete. Equilibrium of this element 

gives the relationship between the axial force in the bar and the interfacial bond stress:  

 

𝜎𝑓𝐴𝑓  +  𝜏 𝑃𝑓 𝑑𝑥 =  (𝜎𝑓 +  𝑑𝜎𝑓)𝐴𝑓 (5.1) 

 

Where 𝜎𝑓 is the axial stress in the reinforcing bar, 𝐴𝑓  is its cross-sectional area, 𝜏 is the local bond shear 

stress and 𝑃𝑓 is the perimeter of the reinforcing bar. Assuming linear-elastic behaviour of the reinforcing 

bar, 𝑑𝜎𝑓 = 𝐸𝑓 𝑑𝜀𝑓  and neglecting the deformation of the surrounding concrete in the evaluation of slip, 

the governing differential equation can be expressed as: 

 

𝑑2𝑠

𝑑𝑥2
=

𝑃𝑓

𝐸𝑓𝐴𝑓
𝜏(𝑠) 

(5.2) 

Where s the local slip is between the reinforcing bar and the surrounding concrete, 𝐸𝑓 is the longitudinal 

elastic modulus of the reinforcing bar,  𝐴𝑓 is its cross-sectional area and 𝑃𝑓 is its perimeter.  

The above equation demonstrates that the distribution of slip along the anchorage length is directly 

governed by the local bond stress acting at the bar–concrete interface. Therefore, once an appropriate 

𝜏 − 𝑠 relationship is defined, the local slip distribution and consequently the global pull-out force–slip 

response can be obtained. 
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5.1.1. Local bond stress–slip relationship 

In this study, the local bond law was represented by a two-branch relationship consisting of an ascending 

pre-peak branch and a descending post-peak branch:  

𝜏(𝑠) =  {

𝜏𝑚 (
𝑠

𝑠𝑚
)𝛼 , 𝑠 ≤ 𝑠𝑚

 𝜏𝑚 (
𝑠

𝑠𝑚
)ά, 𝑠 > 𝑠𝑚       

 

 

(5.3) 

where: 

• 𝜏(𝑠) = local bond shear stress at a given slip s 

• 𝜏𝑚 = maximum local bond stress 

• 𝑠𝑚 = slip corresponding to the maximum local bond stress  

• 𝛼 = parameter controlling the shape of the pre-peak/ascending branch 

• ά = parameter controlling the shape of the post-peak/descending branch  

The global pull-out force is then obtained by integrating the local bond response along the anchorage 

length. In the adopted formulation, the pull-out force is expressed as: 

 

𝑁 =  √2 𝐸𝑓𝐴𝑓𝑃𝑓 ∫ 𝜏(𝑠)𝑑𝑠
𝑠(𝑥=𝐿𝑏)

𝑠𝑓

 (5.4) 

 

Where 𝐿𝑏 is the anchorage length, 𝑠𝑓 and 𝑠(𝑥 = 𝐿𝑏) represent the relevant slip conditions along the 

bonded length. The formulation therefore establishes a direct connection between the local 𝜏 − 𝑠 

relationship and the experimentally measurable global pull-out force–slip response. 

5.1.2. Inverse analysis procedure 

The parameters defining the local bond stress–slip relationship, namely 𝜏𝑚, 𝑠𝑚, α and α′, cannot be 

obtained directly from the experimentally measured global pull-out force–loaded-end slip response. 

Therefore, these parameters were identified through an inverse analysis procedure in which the local 

bond law was iteratively calibrated until the corresponding analytical response provided the best possible 

agreement with the experimental curve. 
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The numerical procedure adopted in the present study follows the Genetic Algorithm (GA)-based inverse 

identification methodology previously applied by Correia et al. [60] for the identification of local FRP–

concrete bond laws. The underlying analytical formulation follows the inverse-analysis approach originally 

developed by J. Sena-Cruz [59]. For each candidate combination of 𝜏𝑚, 𝑠𝑚, α and α′, the governing 

differential equation presented in Eq. (5.2) was numerically solved along the bonded length, considering 

the corresponding boundary conditions. This solution provides the slip and bond-stress distributions along 

the bonded length and, consequently, the corresponding global pull-out force–loaded-end slip response. 

A Genetic Algorithm was used to identify the optimum combination of the four bond-law parameters. The 

GA was implemented using a population of 40 individuals and a maximum of 100 generations. Genetic 

recombination was performed using a crossover rate of 0.8, while population diversity was maintained 

using a mutation rate of 0.3. Mutation was introduced through a Gaussian perturbation with a standard 

deviation corresponding to 15% of the admissible range of each parameter. A stagnation criterion of 10 

generations was also adopted. When no improvement in the objective function was obtained during 10 

consecutive generations, the optimization was restarted to promote further exploration of the parameter 

space and reduce the possibility of convergence towards a local minimum. 

Following the procedure adopted by Correia et al. [60], the peak-slip parameter 𝑠𝑚, was searched 

between 0.01 and 1.50 mm, the maximum local bond stress 𝜏𝑚 between 5.0 and 40.0 MPa, and the 

shape parameters α and α′ between 0.1 and 1.0. The longitudinal elastic modulus of the GFRP 

reinforcement, obtained experimentally from the mechanical characterization presented in Section 4.1, 

was introduced directly into the analytical model and was therefore not considered an optimization 

variable. The geometrical parameters, including the GFRP cross-sectional area, perimeter and bonded 

length, were defined individually for each tested configuration. 

To improve the efficiency of the optimization, a hybrid initialization procedure was adopted for the first 

generation. Half of the initial population was generated randomly within the prescribed parameter ranges, 

while the remaining 50% was initialized using a physically informed estimate of the peak bond stress. 

This initial estimate was obtained from the experimentally measured maximum pull-out force and the 

bonded surface area according to: 𝜏𝑚𝑎𝑥 =  
𝐹𝑚𝑎𝑥

𝑝𝑓𝐿𝑏
  where 𝐹𝑚𝑎𝑥 is the experimental maximum pull-out 

force, m𝑝𝑓is the effective perimeter of the GFRP rebar and 𝐿𝑏 is the bonded length. This procedure 

provides the GA with initial candidate solutions located closer to physically meaningful regions of the 

search space while maintaining sufficient population diversity. 
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For each candidate parameter set, the numerical pull-out force–loaded-end slip curve was compared with 

the corresponding experimental response. The primary objective of the optimization was to minimize the 

area-based error, e, between the experimental and analytical curves. In addition, the differences between 

the experimental and numerical maximum pull-out force and the corresponding loaded-end slip were 

considered in the fitness evaluation. In the methodology adopted by Correia et al.[60], candidate solutions 

were considered feasible when the errors associated with the maximum pull-out force (eforce) and the 

slip at maximum force (eslip) were lower than 2%, with an additional weighted contribution of these peak 

errors used to refine the selection of the optimum solution. 

Through the successive processes of evaluation, selection, crossover and mutation, the population 

evolved towards parameter combinations producing progressively closer agreement between the 

numerical and experimental responses. The final values of 𝜏𝑚, 𝑠𝑚, α and α′ correspond to the optimum 

solution identified by the GA for each individual pull-out specimen. 

The inverse identification constitutes a nonlinear optimization problem and does not necessarily lead to 

a unique set of local bond-law parameters. Different combinations of parameters may potentially 

reproduce similar global pull-out responses. Therefore, the identified values should be interpreted as 

calibrated effective parameters of the adopted bond stress–slip law rather than as unique material 

constants. This procedure is particularly useful because the experimentally accessible quantity is the 

global pull-out force–loaded-end slip relationship, whereas numerical bond modelling requires a local 

bond stress–slip relationship. The inverse analysis therefore provides a means of translating the 

experimentally measured global response into a representative local constitutive law describing stress 

transfer along the bonded length. 

5.1.3. Comparison between experimental and analytical responses 

Figure 15 presents the comparison between the experimental and analytically predicted pull-out force–

loaded-end slip curves for the investigated reinforcing bars. The analytical curves were generated using 

the calibrated local bond stress–slip parameters described above. The comparison allows the ability of 

the adopted local bond law to reproduce the experimental response to be evaluated for the different bar 

types and anchorage configurations. Tables 8 are the summarized results and the parameter used in this 

parametric study. Same nomenclature is adopted as used in materials characterization and bond 

performance. Here S1 and S2 represent sample 1 and sample 2, as previously mentioned that two 

samples were for each series except GE_10 one sample failed so the plotted and table data is only for 

one sample in this specific case. 
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5.1.4. Schock reference bars 

For S1–S_5Ø, Figure 15(a), the experimental response increases almost linearly at the beginning of 

loading and reaches a maximum pull-out force of approximately 28 kN at a slip of about 1.5 mm. The 

analytical curve reproduces the initial ascending response and reaches a very similar maximum force. 

The corresponding parameters (shown in table 8) obtained from the inverse analysis are 𝑠𝑚= 1.50 mm, 

𝜏𝑚 = 13.2 MPa, 𝛼 = 0.84 and ά = 0.14. The relatively good agreement around the peak indicates that 

the adopted local bond law is capable of representing the dominant bond-transfer mechanism for this 

specimen. 

For S2–S_5Ø, Figure 15(b), the experimental maximum force is approximately 20.2 kN, occurring at a 

slip of approximately 1.5 mm. Again, the analytical response reproduces the ascending branch and the 

vicinity of the maximum response reasonably well. However, differences become progressively more 

evident in the post-peak region, where the experimental response exhibits a more gradual reduction in 

load than the analytical curve. 

5.1.5. Conventional epoxy GFRP bars 

Regarding S1-CE_5Ø, shown in Figure 15(c), the experimental maximum pull-out force is about 28 kN, 

and the analytical curve gives a good approximation of both the increasing and the peak regions. Yet, 

following the maximum point, the experimental curve is fluctuating and presents a longer residual load-

carrying region, whereas the analytical curve follows a smoother decreasing path. 

Similar observations are made for S2-CE_5Ø in Figure 15(d). The analytical curve gives an estimate of 

the initial increase of the pull-out force and of the position of the maximum point. Yet, the experimental 

curve keeps a relatively higher residual load during the subsequent slip range, whereas the analytical one 

predicts a continued decrease in bond strength. The reason behind such a difference is that the real post-

peak behavior of the bond involves progressive redistribution of stresses along the length of the anchor, 

whereas the proposed analytical method models it by a single branch. 

5.1.6. Graphene-modified epoxy GFRP bars 

Differences between experimental and analytical behavior become even more obvious for graphene-

enhanced GFRP bars. As for S1-GE_5Ø, Figure 15(e), the experimental curve achieves an initial peak of 

about 20 kN, after which it decreases and then recovers up to about 23-24 kN. The analytical behavior 
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achieves about 24.2 kN at at 𝑠𝑚= 1.63 mm and then decreases. Therefore, while the analytical model 

gives a fairly good prediction of the general level of loads, it fails to capture the intermediate decrease 

and recovery seen in the experiments. 

In the case of S2–GE_5Ø, Figure 15(f), analytical and experimental responses are clearly incompatible. 

After several optimization attempts, including runs in which the predefined parameter limits were relaxed, 

no satisfactory solution could be obtained. The best solution still presented errors greater than 70% for 

all three evaluation criteria: the area-based error, the error in the slip corresponding to the maximum 

force (𝒆𝒔𝒍𝒎𝒂𝒙), and the error in the maximum pull-out force (𝒆𝑭𝒎𝒂𝒙). Therefore, the simulation results for 

this case are not considered because the significant difference between two curves shows that the two-

branch local bond law used is not capable of reproducing the experimental response. 

Regarding S1-CE_10Ø, Figure 15(g), the analytical solution shows that the peak pull-out force is about 

45.1 kN, which is almost identical to the experimental peak of 45 kN. However, the analytical peak comes 

at smaller slip values and is then followed by a gradual decline, while the experimental response keeps 

increasing and even forms a second load-bearing zone at large slip values. 

With regard to S2-CE_10Ø, Figure 15(h), there is excellent agreement concerning the peak pull-out 

capacity. The experimental response attains a value of about 50 kN, while the analytical solution gives a 

value of 50.7 kN. Nonetheless, the experimental response sustains a relatively high residual load for large 

slip values, unlike the analytical post-peak branch. 

Finally, S1–GE_10Ø, Figure 15(i), exhibits one of the largest discrepancies. The experimental response 

continues to increase up to approximately 47 kN and maintains a high load level over a considerable slip 

range. In contrast, the analytical model reaches only approximately 31.6 kN before entering the 

descending branch. This result suggests that the adopted local bond law underestimates the sustained 

bond resistance of this particular graphene-modified GFRP configuration, the results are not sure in this 

case as only one specimen was tested, and one was failed during the test. 
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Figure 15: Comparison of experimental and analytical results of direct pull-out test a) and b) S_5Ø, c) 

and d) CE_5Ø, e) and f) GE_5Ø, g) and h) CE_10Ø and i) GE_10Ø 
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Table 8: Local bond stress-slip parameters resulted from analysis of the direct pull-out tests. 

Sample Series 
𝐒𝐦𝐚𝐱 
(mm) 

𝑭𝐦𝐚𝐱 
(kN) 

𝛕𝐦𝐚𝐱 
(MPa) 

α α' 
𝒆𝒂𝒓𝒆𝒂 

(%) 
𝒆𝑺𝒍𝒎𝒂𝒙 

(%) 
𝒆𝑭𝒎𝒂𝒙 

(%) 

S1 CE_5Ø 1.50 28.1 13.2 0.84 0.14 6.0 47.0 0.0 

S2 CE_5Ø 1.54 20.2 9.4 2.1 0.18 15.8 39.2 0.0 

S1 GE_5Ø 1.63 24.2 10.0 0.86 0.12 13.5 67.8 1.15 

S1 S_5Ø 1.56 28.0 11.0 0.66 0.53 6.8 0.0 0.0 

S2 S_5Ø 1.37 26.5 10.5 0.56 0.61 10.6 0.0 0.0 

S1 CE_10Ø 2.05 45.1 10.6 0.37 0.19 18.2 47.4 0.0 

S2 CE_10Ø 2.05 50.7 12.3 0.92 0.48 38.9 60.3 0.0 

S1 GE_10Ø 1.15 31.63 12.0 0.50 0.62 17.1 63.6 2.0 

* 𝒆𝒂𝒓𝒆𝒂= The area-based error between the experimental and analytical force–slip curves, 
   𝒆𝑺𝒍𝒎𝒂𝒙= The relative error in the maximum pull-out force 
   𝒆𝑭𝒎𝒂𝒙= The relative error in the loaded-end slip corresponding to the maximum pull-out force. 

 
Overall, the inverse-analysis approach provides a useful representation of the initial bond mobilization 

and maximum pull-out capacity for several of the investigated specimens. This is consistent with the 

original analytical methodology, in which numerical force–slip responses were obtained from calibrated 

local 𝜏 − 𝑠 laws and compared directly with experimental pull-out responses. The reference study 

reported that the same procedure could reproduce the principal characteristics of the experimental force–

slip curves.  

However, the present results also demonstrate an important limitation of the adopted formulation. The 

local bond law consists of only one ascending and one descending branch and therefore assumes a 

relatively smooth evolution of bond stress with slip. Several experimental curves, particularly those 

obtained for the graphene-modified GFRP bars, show multiple changes in slope, load drops, recovery of 

load and extended residual resistance. Such behavior cannot be fully captured by the adopted two-branch 

formulation. 

This difference is particularly important for the specimens with 10Ø anchorage length, where a larger 

bonded interface is mobilized. Previous experimental work has shown that increasing the anchorage 

length increases the maximum pull-out force because a larger contact surface between the reinforcing 

bar and concrete becomes mobilized. Therefore, once local damage develops near the loaded end, the 

remaining portion of the anchorage can continue contributing to load transfer. The resulting progressive 

redistribution of bond stresses can produce the extended residual and plateau regions observed 

experimentally. 
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Accordingly, the analytical model should be regarded as a simplified representation of the overall bond 

mechanism rather than an exact reproduction of every local fluctuation in the experimental response. The 

calibrated parameters, 𝑠𝑚, 𝜏𝑚, 𝛼  and ά represent important quantitative indicators of the local bond 

characteristics, but the differences between the experimental and analytical curves show the necessity of 

using more sophisticated bond models in the case of progressive rib deterioration and bond redistribution 

along the bar length. 
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6. CONCLUSION, FUTURE WORK AND RECOMMENDATIONS 

6.1.1. Conclusion 

The main conclusions obtained from the experimental and analytical investigation can be summarized as 

follows: 

• Modification of epoxy with graphene led to a property-specific effect instead of a general 

enhancement. The addition of graphene to the epoxy composite decreased longitudinal tensile 

strength and modulus in this case, but its impact on shear strength and adhesion was highly 

dependent on bar diameter and the mode of failure. 

• The tensile properties were compromised by the addition of graphene. The tensile strength was 

reduced by 15.8% for 6mm bars and 16.2% for 8mm bars, whereas the tensile strain did not 

change much. An increase in the diameter from 6mm to 8mm enhanced the strength and elastic 

modulus of both epoxy systems. 

• Transverse shear response was found to follow the reverse trend in the case of larger bars. 

Graphene decreased TSS of 6 mm by around 12.8%, while an increase of 5.4% and 30.6% was 

observed for 8 mm and 12 mm, respectively. This proves that the graphene reinforced matrix 

performs better under matrix and interface dominant transverse loads. Although the statistical 

analysis shows the overall effect of graphene modification is not significant. 

• Bond length had a strong influence on pull-out capacity. Increasing the bonded length from 5Ø 

to 10Ø approximately doubled the maximum pull-out force for both CE and GE systems, while 

the average bond strength does not change significantly. This indicates that a longer bonded 

region increases the total load-transfer capacity but does not proportionally increase the average 

interfacial bond stress.  

• Graphene did not provide a consistent improvement in bond strength. The GE specimens showed 

similar or slightly higher pull-out capacity in some cases, but their average bond strength was not 

higher than the CE specimens. Instead, graphene mainly influenced the shape and deformation 

capacity of the bond response, with some GE specimens exhibiting extended residual resistance 

and more pronounced post-peak behavior.  

• Bond failure was governed by progressive interfacial damage, involving adhesion, friction, 

mechanical interlocking and, importantly, shearing/removal of the surface ribs of the GFRP bars. 
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The observed rib damage explains the irregular post-peak responses and indicates that bond 

degradation occurred progressively rather than through an instantaneous loss of capacity.  

• The local bond-slip analysis successfully described the main response for several specimens, 

particularly the initial loading stage and maximum pull-out force. However, the adopted two-

branch law could not fully reproduce secondary load development, residual resistance and 

complex post-peak behavior, especially for some graphene-modified specimens.  

• Overall, the results demonstrate that graphene modification should be optimized for the specific 

performance requirement. Under the conditions investigated, it was more promising for 

transverse shear behavior of larger-diameter bars than for longitudinal tensile or average bond 

strength enhancement.  

6.1.2. Future work and recommendations 

• Prior characterization and verification of the fiber volume fraction in both conventional and 

graphene-modified GFRP systems are recommended to ensure that the comparison is conducted 

under equivalent material conditions and to distinguish the effect of graphene modification from 

variations in fiber content. 

• Future experimental campaigns should follow the applicable ASTM standards without 

modification, particularly regarding specimen dimensions, and number of samples. This would 

improve the consistency, repeatability, and reliability of the experimental results and facilitate 

more robust comparisons between the investigated systems. 

• Optimize graphene content and dispersion through systematic investigation of different graphene 

concentrations, dispersion conditions and manufacturing parameters to identify the optimum 

matrix formulation.  

• Investigate the underlying mechanisms using Scanning electron microscopy (SEM), FTIR and 

other microstructural techniques to relate graphene dispersion, fiber–matrix adhesion and 

damage development to the measured mechanical properties.  

• Enhance the bond experimental test program by testing more specimens and varying the bar 

diameters, bond lengths, concrete strengths, and confinement, especially for the GE_10Ø 

specimen. 

• Conduct a more advanced and detailed study on the local bond-slip law through incorporation of 

rib breakage, stress transfer, and residual friction in order to simulate the several phases in the 

experimentally observed force–slip response.  
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