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Abstract 

Carbon fiber reinforced polymer (CFRP) is widely used for strengthening RC structures; 

however, the externally bonded reinforcement (EBR) method is often governed by premature 

debonding at the CFRP-concrete interface, preventing CFRP from reaching its full tensile 

capacity. Current design provisions limit the effective strain to control debonding, but most are 

based on test results conducted using thin CFRP layers, leaving uncertainties in their 

applicability to thick CFRP systems.  

This study investigated the maximum debonding strain, load-carrying capacity, and 

failure behavior of RC T-beams strengthened with multiple layers of thick CFRP sheets (V-Wrap 

C400HM) using the epoxy resin V-Wrap 770. The experimental program included ten RC T-

beams, which were divided into two groups: low-strength concrete (2.86 ksi) and normal 

strength concrete (4.44 ksi). Each group included a control beam, three beams strengthened with 

one to three thick CFRP layers, and one hybrid beam using an externally bonded reinforcement 

on grooves (EBROG) technique, where the soffit was pre-grooved and filled with epoxy putty 

before applying one thick CFRP layer. All specimen were tested under four-point bending, using 

displacement – controlled loading at a constant rate of 0.05 in/min. 

Experimental results showed significant strength enhancement with CFRP, with the peak 

performance observed in the two-layer systems, which provided the best strength – ductility 

balance. Specimens with three CFRP layers exhibited premature debonding or cover 

delamination, indicating a practical limit for effective CFRP thickness without additional 

mechanical anchorage. The hybrid grooved-putty configuration improved bond performance 

when applied in the normal strength concrete series compared to a single-layer externally bonded 
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system. Among evaluated design guidelines, ACI 440.2R-23 provided most reliable prediction as 

compared to TR55, CNR-DT 200, fib-14, and JSCE.  
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Chapter 1 – Introduction 

1.1 General  

 Reinforced concrete (RC) structures are extensively used in buildings, bridges, and 

infrastructure due to their strength, durability, and cost efficiency. However, many existing RC 

members experience deterioration or insufficient capacity over time because of aging, 

reinforcement corrosion, increased service loads, changes in design standards, or construction 

deficiencies. Therefore, strengthening and rehabilitation are essential to restore or enhance their 

structural performance. 

Fiber-reinforced polymer (FRP) composites have become a widely accepted solution for 

strengthening RC structures. Their advantages include high tensile strength-to-weight ratio, 

resistance to corrosion, and ease of installation. Among the available FRP types, carbon fiber-

reinforced polymer (CFRP) is commonly used for flexural strengthening of RC beams by 

bonding CFRP laminates or sheets to the tensile face using epoxy adhesives. 

Despite its effectiveness, the externally bonded reinforcement (EBR) technique is often 

limited by premature debonding at the CFRP – concrete interface before the CFRP reaches its 

ultimate strength. As a result, the actual strain developed in CFRP at failure is significantly 

below its tensile capacity. Existing design guidelines attempt to limit this effective strain to 

prevent debonding, but most provisions are derived from tests using thin CFRP layers, making 

their applicability uncertain for thick CFRP applications involving multiple layers. 

To address this gap, this experimental program investigates the maximum debonding 

strain developed in thick CFRP layers bonded to RC T-beams. A total of ten beams were tested, 

which were divided into two series, including low-strength and normal-strength concrete. Each 
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series consisted of one un-strengthened control beam and three beams strengthened with one, 

two, and three layers of externally bonded CFRP sheets, respectively. Additionally, one hybrid 

specimen was included in each concrete strength series to examine the influence of a modified 

bond interface on CFRP performance. In this configuration, two longitudinal NSM grooves 

along the soffit and filled with epoxy putty prior to installing a single CFRP layer (EBROG). 

This specimen was designed to determine whether surface modification alone can improve bond 

behavior and increase strength compared to the conventional single-layer CFRP strengthening 

configuration. All beams were tested under four-point bending with displacement-controlled 

loading to characterize flexural capacity, load-deflection behavior, strain distribution, and failure 

mechanisms, with particular emphasis on CFRP debonding strain behavior. The experimental 

results were complemented by numerical analysis, and the maximum CFRP debonding strain 

was compared against prediction models from various design guidelines to evaluate their 

conservativeness for thick CFRP strengthening systems. 

1.2 Problem Statement 

Premature debonding remains the most critical limitation in the application of externally 

bonded CFRP for flexural strengthening. Existing design guidelines provide formulations to limit 

the effective FRP strain to prevent debonding. However, these expressions are primarily 

calibrated using data from specimens strengthened with a single or thin CFRP layer. When two 

or more layers are used to enhance the reinforcement ratio and improve flexural capacity, the 

bond stress distribution along the CFRP–concrete interface changes, potentially altering the 

effective strain that can be developed before debonding occurs. 

There is currently limited experimental evidence quantifying the relationship between 

CFRP thickness and maximum debonding strain, particularly for thick CFRP laminations bonded 
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to RC T-beams. Furthermore, the applicability of existing strain-limit provisions to thick CFRP 

layers remains uncertain. As a result, engineers may use conservative strain limits in design, 

which may underestimate the strengthening contribution of CFRP and lead to uneconomical or 

overdesigned systems. Conversely, overestimating the debonding strain may result in premature 

FRP failure and threaten structural safety. Therefore, there is a need for a systematic 

experimental investigation to characterize the debonding strain behavior of thick CFRP layers in 

flexural strengthening applications. 

1.3 Research Objectives 

The primary objective of this study is to evaluate the maximum debonding strain developed 

in thick CFRP layers bonded to RC T-beams under flexural loading. The specific objectives are: 

1. To experimentally investigate the flexural behavior of RC T-beams strengthened with 

thick high-modulus CFRP sheet (V-Wrap C400HM) using one, two, and three bonded 

layers.  

2. To quantify the maximum CFRP debonding strain and evaluate the influence of CFRP 

layer thickness and concrete compressive strength (low vs. normal strength series).  

3. To evaluate the strengthening effectiveness of a grooved–putty hybrid configuration by 

comparing its flexural performance to that of a single-layer CFRP-strengthened beam. 

4. To compare experimental results with numerical analysis predictions to validate strain 

development and load response. 

5. To evaluate the applicability of existing debonding strain limits for thick CFRP 

applications. 
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1.4 Scope of Study 

 This study focuses on the flexural strengthening of RC T-beams using externally bonded 

unidirectional CFRP sheets applied to the tension face. The experimental program includes ten 

full-scale beams divided into two concrete-strength series: low-strength (approximately 3 ksi) 

and normal-strength (approximately 4.5 ksi). Each series consists of one control beam without 

strengthening, three beams strengthened with one, two, and three CFRP layers, and One hybrid 

beam, in which two longitudinal NSM grooves were cut along the soffit and fully filled with 

epoxy putty prior to the installation of a single externally bonded CFRP layer, creating a 

modified bond interface. All beams were tested under four-point bending with displacement-

controlled loading and loaded until FRP failure to examine load–deflection behavior, strain 

distribution, and debonding failure. Numerical analysis is conducted in parallel to simulate 

flexural behavior and predict failure load and debonding strain for comparison with experimental 

findings. 

1.5 Thesis Organization 

This thesis consists of five chapters. Chapter 1 provides an overview of the research 

background, problem statement, objectives, and scope. Chapter 2 presents a comprehensive 

review of previous research on FRP strengthening techniques, bond behavior, debonding 

mechanisms, and strain-limit provisions. Chapter 3 describes the experimental program, 

including specimen design, material properties, strengthening configurations, and 

instrumentation setup. Chapter 4 presents and discusses the experimental results alongside 

numerical analysis and code comparisons. Finally, Chapter 5 summarizes the key conclusions of 

the study and provides recommendations for future research. 
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Chapter 2 – Literature Review 

2.1 Background  

Carbon Fiber Reinforced Polymer (CFRP) is a composite material that has gained 

widespread use in structural engineering, particularly for the strengthening and rehabilitation of 

reinforced concrete (RC) structures. Composed of high-strength carbon fibers embedded in a 

polymer matrix, typically epoxy, CFRP offers exceptional mechanical properties such as high 

tensile strength-to-weight ratio, corrosion resistance, and ease of installation. These advantages 

make CFRP an attractive alternative to traditional strengthening methods like steel plate bonding 

or section enlargement. Since the 1990s, CFRP has been increasingly applied in externally 

bonded reinforcement (EBR) systems for flexural and shear strengthening of beams, columns, 

slabs, and bridge elements. Its use is especially valuable in repair scenarios where minimal 

disruption, rapid application, and long-term durability are required. However, issues such as 

premature debonding between CFRP and concrete, long-term environmental effects, and 

variability in bond performance continue to be active areas of research, driving the development 

of improved materials, bonding techniques, and design guidelines. 

In typical flexural strengthening application, the stresses are transferred to the CFRP 

through the bond between the two materials. Thus, the bond becomes an important factor that 

controls the level of strengthening achieved. In applications involving wrapping of columns, 

tensile stresses are produced in the CFRP by concrete bearing pressure against the FRP where the 

bond has relatively little importance. The CFRP provides confinement to the concrete, which 

increases the load carrying capacity and the ductility. For use of CFRP in bond sensitive 
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applications such as in flexural or shear strengthening of beams, the behavior of the bond 

between FRP and concrete must be well understood. 

Today, CFRP continues to evolve, driven by advancements in material science and 

engineering design, offering sustainable alternatives to traditional construction materials and 

extending the lifespan of critical infrastructure. 

2.2 Review Previous Studies on FRP Flexural Debonding 

Teng, Smith, Yao, & Chen (2003) investigated intermediate crack (IC) debonding, a 

critical failure mode in reinforced concrete members strengthened with externally bonded FRP 

laminates. The purpose of the study was to understand the mechanism of intermediate crack (IC) 

debonding and to develop a rational model for predicting its onset. By analyzing test data and 

extending the Chen & Teng bond strength model, the authors proposed a predictive approach that 

showed reasonable agreement with experimental results, providing a practical design tool for 

assessing IC debonding in FRP-strengthened RC beams and slabs. 

Chen & Teng (2003) developed a rational design model for the shear capacity of FRP 

strengthened RC beams failing due to FRP debonding. They reviewed existing models, 

highlighting their limitations, and proposed a new model incorporating an effective FRP strain 

approach. This model was validated against experimental data from the literature and showed 

improved accuracy in predicting shear strength. The study emphasized the importance of 

considering debonding failure in design and provided a practical design approach for predicting 

shear capacity in RC beams strengthened by FRP. 

Cao et al. (2005) investigated RC beams shear-strengthened with complete FRP wraps, 

focusing on FRP debonding as a potential design limit state. Experimental results revealed that 

FRP strain distribution along critical shear cracks is nonuniform and influenced by the shear 
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span-to-effective depth ratio. The study applied Chen and Teng’s bond strength and strain 

distribution models to estimate FRP strains at debonding. An empirical model was proposed to 

predict the FRP contribution to shear strength, accounting for strain distribution and critical 

crack angle, and predictions showed good agreement with experimental observations, providing 

a conservative yet practical design approach. 

Laura Anania (2005) conducted experimental research on the structural response of RC 

beams strengthened with externally bonded CFRP laminates, with the objective of quantifying 

improvements in flexural behavior relative to un-strengthened control specimens. The research 

specifically assessed bearing capacity, flexural stiffness, and ductility under four-point bending. 

Experimental results showed that CFRP strengthening increased ultimate load capacity by more 

than 70%, nearly doubled flexural stiffness, and produced a threefold increase in ductility. These 

findings confirm the effectiveness of CFRP in significantly enhancing flexural performance 

without contributing additional self-weight to the structure. 

Teng et al. (2006) examined debonding failures in reinforced concrete beams 

strengthened in flexure using near-surface mounted (NSM) CFRP strips. Through a 

comprehensive experimental program, they identified two dominant failure mechanisms: CFRP –

concrete interface debonding and concrete cover separation. The study demonstrated that 

premature debonding is strongly influenced by bonded length, groove detailing, and concrete 

cover thickness. Results showed that adequate embedment length and improved anchorage 

detailing significantly delay debonding and increase load-carrying capacity. This work provided 

fundamental insights into bond mechanics for NSM strengthening and laid the groundwork for 

bond-based design provisions in later NSM design guidelines. 
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Ali-Ahmad et al. (2006) conducted an experimental study to investigate the debonding 

behavior between concrete and fiber-reinforced polymer (FRP) sheets. The purpose of the paper 

was to understand the fracture mechanics at the concrete - FRP interface and to characterize the 

interfacial shear response during debonding. Using detailed experimental measurements, 

including displacement and strain analysis, the authors developed a nonlinear cohesive law for 

the interface. The study concluded that debonding initiates at the interface and propagates 

progressively, with the fracture energy quantified, providing valuable insights for the design and 

performance prediction of FRP-strengthened concrete structures. 

Leung (2006) investigated the mechanisms of FRP debonding from concrete substrates, 

challenging conventional assumptions that debonding initiates primarily at FRP plate ends. The 

study demonstrated that intermediate cracks often govern debonding initiation, and that end U-

shaped FRP anchors may have limited effectiveness in preventing failure. These findings 

emphasized the importance of accurately characterizing stress distribution and crack 

development in FRP-strengthened RC members. The experiment highlighted the need to 

reconsider current design approaches and anchorage strategies to ensure reliable performance 

against debonding in externally bonded FRP systems. 

Elsayed et al. (2007) investigated the interfacial behavior and debonding failures in FRP 

– strengthened reinforced concrete two-way slabs. The study employed finite-element analyses 

to simulate nonlinear load–deflection behavior and failure mechanisms, modeling the FRP - 

concrete interface with bond-slip relationships. The authors concluded that accurately 

representing the interface is essential for predicting ultimate capacities and failure modes. Their 

analyses demonstrated that increasing FRP width reduces interfacial stresses, while overlapping 
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laminates affect slips, highlighting the importance of proper bonding and anchorage in 

optimizing FRP strengthening configurations. 

Yao and Teng (2007) conducted extensive four-point and three-point bending tests on 

simply-supported RC beams bonded with thin FRP or steel plates to investigate plate end 

debonding, particularly concrete cover separation failures. Results showed that flexural 

debonding is governed by interfacial stresses between the steel reinforcement and the “composite 

plate” of bonded FRP and concrete cover, with stiffer plates and thicker covers reducing 

debonding load. In shear-dominated cases, failure modes included cover separation, 

intermediate-crack-induced debonding, and critical diagonal crack debonding. The study 

highlighted that interfacial stress distribution and plate geometry critically control debonding 

behavior. 

Iwashita et al. (2007) investigated the bonding and debonding behavior of FRP sheets on 

concrete and steel substrates under static and cyclic (fatigue) loading. The study identified 

multiple debonding modes and evaluated load-carrying capacity, interfacial fracture energy, and 

bond strength. Results indicated that specimens with higher aggregate shear strength exhibited 

greater interfacial fracture energy and higher debonding resistance. Fatigue loading reduced the 

FRP strain at debonding initiation compared to static tests, and effective bond length increased 

progressively before failure. The study emphasizes surface preparation and highlights the 

influence of cyclic loading on FRP-concrete interface performance. 

Nigro et al. (2008) conducted an experimental study to examine the debonding behavior 

of FRP-concrete interfaces under cyclic loading. Single shear and double shear specimens were 

subjected to repeated loading to simulate service conditions and seismic actions. The results 

showed progressive degradation of bond capacity due to cyclic slip accumulation at the interface. 
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Compared to monotonic loading, cyclic actions significantly reduced the ultimate debonding 

load and stiffness, especially in specimens with shorter bonded lengths. The study emphasized 

the importance of considering fatigue-induced debonding mechanisms in FRP-strengthened 

members subjected to seismic or repeated service loading. 

Oehlers et al. (2008) proposed an enhanced near-surface mounted (NSM) strengthening 

technique aimed at improving resistance to intermediate crack (IC) debonding in reinforced 

concrete beams. The study introduced a modified NSM configuration in which FRP plates were 

embedded deeper within the concrete cover to increase mechanical interlock and confine 

interfacial shear stresses. Experimental beam tests showed that deeper embedment delayed the 

onset of IC debonding and allowed greater mobilization of FRP tensile capacity before failure. 

The study concluded that embedment depth and anchorage detailing are critical parameters for 

mitigating premature debonding failures in NSM strengthening systems. 

Lijuan Li (2008) and his co-workers examined the flexural performance of plain and 

fiber-reinforced concrete beams strengthened with CFRP, GFRP, and hybrid CFRP–GFRP 

sheets. The purpose was to assess the combined effects of polypropylene fibers (PFs), steel fibers 

(SFs), and FRP strengthening on crack resistance, stiffness, and load capacity. Results indicated 

that PFs improved cracking resistance, SFs enhanced strength and crack control, and PF–SF 

hybrids further improved stiffness and ductility. CFRP sheets provided superior strength and 

stiffness gains, GFRP sheets enhanced ductility, and combined CFRP–GFRP systems offered 

balanced improvements in strength, stiffness, and toughness. 

Aram, Czaderski and Motavalli (2008) investigated debonding failure modes in 

flexurally FRP-strengthened reinforced concrete (RC) beams through experimental and 

analytical approaches. Their study identified several debonding mechanisms, including 
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intermediate crack (IC) debonding, plate-end debonding, and concrete cover separation. The 

study found that existing codes and guidelines produce widely varying predictions for midspan 

debonding, plate-end debonding, and concrete cover delamination, with some unconservative 

and others overly conservative. The authors recommended a combined FRP strain and bond 

shear stress limitation to improve prediction accuracy. Comprehensive bond models, like that of 

Neubauer and Rostasy, provided the best correlation with experimental data but are 

computationally complex, highlighting the need for practical and reliable design methods. 

Pan et al. (2010) systematically investigated FRP debonding in RC beams under the 

presence of either a major crack or multiple secondary cracks. The study identified limitations in 

existing models and introduced an analytical model incorporating delayed softening due to 

secondary crack openings. Experimental validation on eight beams showed that multiple cracks 

increased the maximum FRP strain by about one-third compared to single-crack cases. The 

proposed model closely predicted strain and stress distributions, demonstrating strong potential 

for practical application in evaluating debonding failure. 

Mostofinejad and Mahmoudabadi (2010) experimentally evaluated grooving as an 

alternative surface preparation technique to delay debonding of externally bonded FRP laminates 

in RC beams. Instead of conventional grinding, shallow grooves were introduced into the 

concrete surface prior to FRP installation to improve mechanical interlocking at the interface. 

Four-point bending tests demonstrated that grooving significantly increased debonding load and 

allowed greater utilization of FRP tensile capacity. The method also reduced premature peeling 

failures by enhancing interfacial shear transfer. Their findings highlight surface preparation as a 

critical parameter for improving bond performance in EB-FRP strengthening systems. 
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Chen et al. (2011) developed a nonlinear finite-element model to simulate intermediate 

crack (IC) debonding in FRP-plated reinforced concrete beams, a prevailing failure mode in 

flexural strengthening applications. The study incorporated nonlinear concrete behavior, bond–

slip effects at the FRP – concrete interface, and tension stiffening to accurately capture the 

initiation and propagation of IC debonding. The numerical results demonstrated strong 

agreement with experimental data and highlighted the significance of interfacial fracture energy 

and shear stress transfer in predicting debonding failures. Their work provides a reliable 

analytical framework for understanding IC debonding mechanisms and improving FRP 

strengthening design. 

Bilotta et al. (2011) conducted an experimental study to calibrate a capacity model for 

FRP-to-concrete interface debonding. The authors performed 34 single-shear tests and compiled 

an extensive database of 139 tests to analyze debonding behavior in sheets and plates. Their 

study showed that existing design codes tend to underestimate debonding loads for sheets and 

overestimate them for plates. A new calibration of the coefficient 𝑘ீ  was proposed, improving 

the prediction of debonding loads and enhancing the efficiency and safety of externally bonded 

FRP systems. 

Kim and Shin (2011) investigated the flexural strengthening of RC beams using hybrid 

FRP sheets with different layering orders, including both preloaded and non-preloaded 

conditions. The study aimed to evaluate how hybrid FRP configuration and preloading influence 

strength, stiffness, and ductility under four-point bending. Results showed that hybrid FRPs 

effectively enhanced ultimate load and stiffness, with the best performance achieved when glass 

fiber was applied before carbon fiber. Strengthening was more effective in non-preloaded beams, 
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though epoxy crack repair mitigated preloading effects. Failure occurred before FRP rupture, 

indicating the need for improved strengthening design. 

Wu et al. (2011) proposed an improved hybrid bonded FRP (IHB-FRP) technique to 

prevent debonding in externally bonded FRP (EB-FRP) systems. The method incorporates 

mechanical anchors to enhance interfacial bond strength. Experimental results demonstrated that 

the IHB-FRP system effectively prevented debonding, with the strengthened beams failing by 

FRP rupture even after seven plies of FRP strips. This approach significantly improved the shear 

capacity of the beams compared to traditional EB-FRP systems. The study provides a practical 

solution for enhancing the performance and reliability of FRP-strengthened concrete structures. 

Oller and Mari (2013) investigated the long-term bond performance and debonding 

behavior of cracked reinforced concrete members strengthened with externally bonded FRP 

sheets. The study considered sustained loading conditions to simulate service environments and 

examined time-dependent effects such as creep in concrete and viscoelastic deformation in the 

adhesive layer. Results showed that sustained loading leads to progressive redistribution of bond 

stresses and gradual degradation of the FRP–concrete interface, which may trigger delayed 

debonding even at service load levels. The authors emphasized the importance of accounting for 

long-term bond-slip behavior in design and highlighted the need for durability-based bond 

models for FRP-strengthened structures. 

Dong et al. (2013) researched on the flexural performance of RC beams strengthened 

with different layers of CFRP sheets, including both preloaded and non-preloaded specimens, 

under four-point bending. The study aimed to evaluate the effects of FRP layering, preloading, 

longitudinal reinforcement ratio, and concrete cover on cracking, load capacity, and ductility. 

Results showed that two-layer CFRP strengthening increased crack load by 23%, ultimate load 
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by 22%, and reduced mid-span deflection by 39%. Strengthening improved overall performance 

relative to the control beam, while preloading reduced both ultimate flexural strength and 

ductility, and thicker concrete covers did not enhance ultimate load. 

Choi (2013) experimented the flexural strengthening of small RC beams with a half-

depth saw cut at mid-span using different layers of CFRP or GFRP sheets under three-point 

bending. The study aimed to evaluate the influence of FRP type, thickness, layering order, and 

resin on debonding behavior. Results indicated that stiffer and thinner CFRP layers achieved 

higher debonding strengths than thicker, less stiff GFRP layers. Layering order was critical, with 

higher strengths observed when CFRP was applied before GFRP. Debonding was also 

significantly affected by the resin type, highlighting its role in the performance of hybrid FRP 

systems.  

Hawileh et al. (2014) examined the flexural behavior of reinforced concrete beams 

strengthened with externally bonded hybrid FRP systems that combined carbon and glass fibers. 

The objective was to improve ductility and delay debonding while maintaining adequate strength 

enhancement. Experimental results showed that hybrid FRP configurations reduced the 

brittleness typically associated with carbon FRP systems by enabling a more gradual post-yield 

response. However, intermediate crack debonding remained the dominant failure mode, 

particularly in beams with insufficient bonded length or without proper anchorage. The study 

concluded that hybridization can enhance energy absorption capacity but does not eliminate the 

need for bond-dependent design considerations in FRP strengthening. 

Yu et al. (2017) developed a three-dimensional finite element model to investigate 

debonding behavior at FRP-to-concrete interfaces under mixed-mode loading. The model 

utilized a bilinear cohesive zone approach to simulate fracture mechanisms at the interface and 
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incorporated traction–separation laws calibrated from single-lap shear and peeling tests. The 

simulation successfully reproduced progressive crack propagation and interfacial softening, 

demonstrating strong agreement with experimental results. The study highlighted the significant 

influence of mixed-mode fracture energy and interfacial stiffness on debonding capacity, offering 

improved numerical tools for predicting bond failure in FRP-strengthened RC structures. 

Mostofinejad & Hosseini (2017) present a finite-element study to simulate the 

debonding of externally bonded FRP sheets from RC beams. Using a smeared-crack approach 

and cohesive elements in ABAQUS, they modelled four beam cases drawn from literature and 

validated against experiments. Their procedure captures FRP-concrete interface separation and 

tracks failure progression. Parametric analyses showed that increasing FRP sheet length and 

width enhances load capacity and mid-span displacement before debonding onset. The proposed 

modelling approach offers a practical tool for predicting debonding behaviour in FRP-

strengthened RC beams. 

Mohammadi et al. (2017) conducted both experimental and numerical investigations 

into the bond behaviour of FRP–concrete interfaces in the presence of intermediate-crack (IC) 

debonding. Their experimental setup used simple notched RC-beam specimens to induce IC 

debonding, while the numerical model combined a concrete damaged plasticity framework with 

an XFEM-based cohesive interface model to simulate the FRP – concrete interaction. They found 

that IC debonding initiates at the tip of a flexure-shear or diagonal crack and then propagates 

under shear stress at the interface, regardless of the moment – shear ratio at the crack location. 

The study advances understanding of bond-slip relationships under IC debonding conditions. 

Chen and Cheng (2017) developed an analytical model to predict the flexural fatigue 

performance of RC beams strengthened with externally bonded FRP, emphasizing debonding 
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failure under cyclic loading. The model incorporated a trilinear bond - slip relation at the FRP-

concrete interface and was validated against experimental results. They concluded that bond 

behavior progresses through bonded, softening, and debonding stages, and that higher concrete 

strength, larger rebar diameter, and greater FRP stiffness enhance fatigue life. The study offered a 

closed-form solution as a foundation for design-oriented applications. 

Nerilli and Vairo (2018) conducted an experimental investigation to examine the 

debonding behavior of basalt fiber–reinforced polymer (BFRP) sheets bonded to concrete 

substrates. Through a series of single-lap shear tests, the study evaluated bond strength, 

interfacial slip mechanisms, and fracture characteristics. Results indicated that debonding 

initiated at the loaded end and propagated in a brittle manner along the adhesive–concrete 

interface. Increasing bonded length enhanced ultimate load capacity but showed diminishing 

returns beyond the effective bond length. The findings provide essential bond–slip parameters for 

modeling BFRP–concrete interfaces and advancing FRP strengthening design involving basalt 

composites. 

Min et al. (2020) experimentally investigated the initiation and propagation of 

debonding along the FRP-concrete interface under fatigue loading. The study monitored strain 

profiles on CFRP plates and used visual observation to track debonding growth. A new predictive 

model was proposed, showing excellent agreement with test results, and indicated that fatigue 

load range and level strongly influenced debonding growth rate and bond life. Friction between 

the FRP and concrete also affected fatigue behavior. The research provides key insights for 

predicting and mitigating fatigue-induced debonding in FRP-strengthened RC members. 

Li, Tan, and Fung (2020) experimentally investigated the dynamic debonding behavior 

of CFRP laminates bonded to concrete substrates. Using drop-weight impact tests, the study 
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examined the influence of loading rate on interfacial fracture and bond performance. Results 

showed that dynamic loading increased debonding strength and delayed crack initiation 

compared to quasi-static loading due to strain-rate effects in the adhesive and concrete. Despite 

the higher resistance, failure remained brittle and propagated along the FRP–concrete interface. 

The study highlights the importance of incorporating rate-dependent bond properties when 

designing FRP-strengthened RC structures exposed to impact or seismic loading conditions. 

Zaki, Rasheed, Roukerd, and Raheem (2020) evaluated the flexural performance of 

reinforced concrete T-beams strengthened with externally bonded CFRP sheets and anchored 

using CFRP splay anchors. The study aimed to mitigate premature debonding by enhancing 

laminate anchorage near critical regions of stress transfer. Experimental four-point bending tests 

showed that the use of CFRP splay anchors significantly increased load capacity, delayed 

intermediate crack debonding, and enabled higher utilization of CFRP tensile strain. Anchored 

specimens also exhibited improved ductility and reduced interfacial slip compared to unanchored 

counterparts. The study confirmed that anchorage systems are effective in controlling debonding 

failures in CFRP-strengthened T-beams. 

Mohammed A. Zaki and Hayder A. Rasheed (2021) illustrated the experimental results of 

debonding strain in sand-lightweight high strength RC beams strengthened with CFRP sheets. 

under four-point bending. The study aimed to evaluate the effects of concrete type, CFRP 

layering, and bonding on debonding strain and structural performance. Results showed no 

significant difference in debonding strain between lightweight and normal-weight beams, though 

lightweight concrete exhibited slightly lower values. Thicker CFRP layers increased 

effectiveness, with four layers performing similarly to two layers. Experimental and numerical 
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results were in close agreement, supporting current design provisions with minor adjustments for 

lightweight concrete. 

Al Shboul, Raheem, and Rasheed (2021) investigated the debonding behavior of all-

lightweight reinforced concrete T-beams strengthened in flexure using externally bonded CFRP 

sheets. The study focused on the effect of lightweight aggregate concrete on interfacial bond 

performance and failure mechanisms. Experimental four-point bending tests revealed that 

intermediate crack debonding remained the predominant failure mode, similar to normal-weight 

concrete beams, but occurred at lower load levels due to reduced tensile strength and stiffness of 

the lightweight substrate. The authors also reported a shorter effective bond length and lower 

achievable CFRP strain at debonding. The findings highlight the need for bond-dependent design 

provisions specific to lightweight concrete members strengthened with CFRP 

De Maio et al. (2022) investigated debonding mechanisms in FRP-strengthened RC 

members using a coupled cohesive/volumetric finite element modeling strategy. The approach 

combined a volumetric damage model for concrete with cohesive zone elements at the FRP–

concrete interface to simulate both cracking and interfacial separation. Analytical results 

accurately reproduced common debonding failure modes, including intermediate crack (IC) 

debonding and end debonding. Parametric analyses revealed that interfacial fracture energy and 

adhesive layer thickness strongly influence debonding initiation and propagation. The proposed 

modeling framework provides an effective numerical tool for predicting complex debonding 

behavior in EB-FRP strengthening systems. 

Min et al. (2023) proposed a nonlinear prediction model to simulate the progressive 

debonding of FRP–concrete interfaces under fatigue loading. The model integrates a cohesive 

zone approach with a fatigue damage evolution law to capture the degradation of interfacial bond 
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strength under repeated loading. Using a traction–separation relationship calibrated from 

experimental data, the model successfully reproduced stiffness reduction, slip accumulation, and 

fatigue-induced debonding propagation. Parametric analysis revealed that fatigue life is highly 

sensitive to interfacial fracture energy and load amplitude. This study provides a mechanistic 

framework for evaluating long-term bond performance in FRP-strengthened RC structures. 

Hu et al. (2023) developed machine learning models to predict debonding failure in 

reinforced concrete beams strengthened with externally bonded FRP. A database of more than 

four hundred experimental tests was compiled, incorporating key parameters such as FRP 

stiffness, bonded length ratio, concrete compressive strength, adhesive layer thickness, and 

shear-span ratio. Among the models examined, the gradient boosting regression method provided 

the highest prediction accuracy with strong generalization capability. Parameter sensitivity 

analysis showed that effective bond length and FRP stiffness were the most influential factors 

affecting debonding resistance. The study demonstrated that data-driven methods can capture 

nonlinear trends in bond behavior more effectively than traditional empirical models. 

Salahat, Rasheed, and Ashqar (2024) investigated the mechanics of concrete cover 

delamination in reinforced concrete beams strengthened with externally bonded CFRP. The study 

focused on explaining the delamination failure mechanism triggered by flexural – shear 

interaction and crack-induced stress concentrations at the termination of the CFRP laminate. 

Through a combination of experimental testing and mechanics-based modeling, the authors 

demonstrated that cover separation is governed by the tensile capacity of the concrete cover and 

dowel action from internal reinforcement. A simplified design oriented model was proposed to 

predict delamination onset based on interfacial shear stress and normal stress interaction. The 
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study emphasized that anchorage detailing and crack control are essential for mitigating 

premature delamination failures in CFRP-strengthened beams. 
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Chapter 3 – Test Specimens Preparation 

3.1 General  

The research involved designing and testing ten reinforced concrete (RC) T-beams 

divided into two series: low-strength concrete and normal-strength concrete, with five specimens 

in each series. Each series included one un-strengthened control beam and one beam 

incorporating NSM groove preparation, in which two longitudinal grooves were cut along the 

soffit and filled with epoxy prior to the application of externally bonded CFRP. The remaining 

three beams in each series were strengthened with externally bonded CFRP sheets applied to the 

tension face with varying numbers of layers. All beams were tested under four-point bending 

using displacement control to evaluate flexural behavior and identify CFRP failure modes. The 

results contributed to understanding the maximum debonding strain of thick CFRP layers in 

flexural strengthening applications. 

3.2 Beam Geometry 

 The dimensions of the T-beams were 6 in x 12 in (width x depth), whereas the depth 

includes the thickness of the flange, as illustrated in Figure 3.1. The flange was 16 in wide and 4 

in thick. For flexural reinforcement, all beams were equipped with 2#5 steel bars, while the 

compression steel included 4#3 bars, primarily used to support the shear reinforcement cage with 

#3 stirrups spaced at 5 in along the span length. All specimens have a span length of 16 ft with a 

clear span of 15.5 ft. 
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Figure 3.1: T-beam cross section details 

3.3 Material Properties 

3.3.1 Concrete  

The concrete used for casting consisted of a mixture of Type I Portland cement, water, 

sand, gravel, and crushed stone. The ready-mixed concrete batches were designed for a nominal 

compressive strength of 3 ksi and 4.5 ksi for low-strength and normal-strength series, 

respectively. According to the batch tickets, each concrete load consisted of KDOT FAA 

aggregate (Kansas Department of Transportation Fine Aggregate for Air-Entrained concrete), 

ASTM C33 #5 coarse aggregate (standard graded stone meeting ASTM C33 size #5), Portland 

cement, an air-entraining admixture (AIR1), and water. The mix properties for each series were 

shown in Table 3.1 & 3.2.  

 

Table 3.1 Mix design proportions for low-strength concrete 
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Table 3.2 Mix design proportions for normal-strength concrete 

 For each concrete batch, six standard cylindrical specimens were prepared for 

compressive strength testing. The cylinders measured 4 in in diameter and 8 in in height and 

were tested in accordance with ASTM C39 (ASTM, 2011) using a compression testing machine 

in the Civil Engineering Laboratory at Kansas State University (Figures 3.2 a & b). After 28 days 

of moist curing, the average compressive strengths (𝑓′௖)  were 2.86 ksi and 4.44 ksi for the low-

strength and normal-strength series, respectively. The detailed compressive strength results were 

presented in Tables 3.3 & 3.4.                                   

 

Figure 3.2: Testing the cylinders: (a) before testing; (b) after testing 
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Table 3.3: The test results of the cylinders for low-strength series 

 

Table 3.4: The test results of the cylinders for normal-strength series  

3.3.2 Steel Reinforcement  

 According the manufacturer, the longitudinal #5 reinforcing bars had a modulus of 

elasticity of 29000 ksi and a yield strength of 79.8 ksi, while the #3 bars used for compression 

reinforcement and stirrups exhibited a modulus of elasticity of 29000 ksi and a yield strength of 

70.3 ksi. 
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Figure 3.3 Typical stress – strain curve for #3 rebar per manufacturer mill certification 

 

Figure 3.4 Typical stress – strain curve for #5 rebar per manufacturer mill certification 

3.3.3 Carbon Fiber Reinforced Polymer (CFRP) 

The externally bonded CFRP reinforcement consisted of V-Wrap C400HM unidirectional 

carbon fiber sheets supplied by Structural Technologies. As specified by the manufacturer, the 

CFRP fibers of C400HM sheets are oriented longitudinally along one direction of the beam axis 

only (0°). The corresponding mechanical and physical properties of the CFRP system are 

presented in Table 3.5. 
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Table 3.5: Laminate properties of a single CFRP sheet 

3.3.4 Epoxy Adhesive 

The epoxy adhesive V-Wrap 770 was used to saturate the carbon fiber and bond it to the 

concrete surface. V-Wrap 770 was a multi-purpose epoxy that serves both as a primer/tack coat 

and as a saturating resin for V-Wrap carbon and glass fiber systems. This epoxy consists of two 

parts A and B, which were mixed by weight in a 3:1 ratio (A:B) according to manufacture 

proportions to achieve a high strength composite bonding. The epoxy physical properties were 

shown in Table 3.6.  

 

Table 3.6: Properties of V-Wrap™ 770 epoxy adhesive. 
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3.4 Specimens Design 

 A total of ten reinforced concrete beams were constructed following a consistent 

procedure. The process began with the preparation of wooden formwork to establish the desired 

beam geometry and provide support during casting. Steel reinforcement cages were then 

fabricated in accordance with the design specifications. Each cage was instrumented with two 

strain gauges positioned at midspan to measure strain responses during later testing. Once 

completed, the reinforcement cages were placed inside the formwork and secured to ensure 

proper alignment and concrete cover. Finally, concrete was poured into the formwork, compacted 

to eliminate air voids, and finished to produce uniform beam specimens suitable for structural 

testing. 

3.4.1 Formwork and Steel Cage 

 The wooden formwork was constructed in the Civil Engineering wood shop at Kansas 

State University. Since the available plywood sheets in the shop measured only 48 in × 96 in, the 

beam forms had to be fabricated in two separate sections and subsequently joined to achieve the 

required overall length of 16 ft (Figure 3.6). Dimensional accuracy, alignment, and adequate 

stiffness of the assembled forms were ensured to prevent deformation or leakage during casting.  

 

Figure 3.5: Wood formworks 



28 
 

The steel reinforcement cages were prepared in the steel fabrication shop at K-State Civil 

Infrastructure Systems Laboratory (CISL). Shear reinforcement stirrups were bent to the 

specified dimensions using a rebar bender to achieve uniformity and precision. The longitudinal 

reinforcement bars were then placed according to the design configuration and securely tied to 

the stirrups with steel rebar ties, ensuring proper spacing, alignment, and structural integrity of 

the cage.  

 

Figure 3.6: Steel cages 

3.4.2 Casting 

 Concrete casting was carried out in two separate batches: one for the low-strength 

specimens and another for the normal-strength specimens. The low-strength beams were cast 

with ready-mix concrete having a target compressive strength of 3 ksi, while the normal-strength 

beams were cast with 4.5 ksi concrete. At the same time, six standard concrete cylinders were 

cast from each batch for quality control testing. All specimens were cured for at least 28 days. 

The beam curing was performed by covering with plastic sheets to minimize moisture loss, while 
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the cylinders were stored in a controlled moisture room until testing. The compressive strength of 

the cylinders was then determined at 28 days to establish the average concrete strength. 

3.4.3 Installation Procedure for CFRP Strengthening 

 The flexural strengthening of the reinforced concrete beams using externally bonded 

(EB) CFRP sheets was performed in accordance with recommended practices in ACI PRC 440.2-

23 and installation guidelines from the manufacture. Prior to installation, the FRP reinforcement 

was installed using V-WRAP C400 HM sheets with a width of 150 mm and a length of 4572 

mm, and the concrete substrate was inspected to verify that it satisfied the minimum surface 

integrity and moisture requirements specified in ACI PRC 440.2-23. The general installation 

procedure was as follows: 

Step 1: Surface Preparation – The concrete soffit was mechanically ground and cleaned 

to remove laitance, dust, and contaminants, producing a roughened bonding surface 

consistent. 

 For the specimens with NSM groove: two longitudinal grooves were saw-cut 

along the soffit before FRP installation. 

Step 2: Epoxy Application – A thin layer of structural epoxy adhesive was applied to fill 

surface voids and enhance adhesion at the FRP–concrete interface. 

Step 3: Putty Application – An epoxy-based leveling putty was applied to eliminate 

surface irregularities and provide a uniform bonding surface for the CFRP laminate. 

 For the specimens with NSM groove: the epoxy putty was also used to completely 

fill the pre-cut grooves to restore surface continuity prior to laminate installation. 



30 
 

Step 4: CFRP Saturation – The dry CFRP fabric was positioned on a flat working 

surface and saturated with the mixed resin. The resin was worked into the fibers using a 

roller to achieve full impregnation and eliminate dry spots. 

Step 5: Application of Saturated CFRP Sheet – Saturated CFRP sheets were placed on 

the resin-coated surface and aligned longitudinally along the beam axis. Additional 

saturating resin was applied over the sheet for multiple layers. 

Step 6: Impregnation and Rolling – A stiff rubber or aluminum roller was used to 

smooth the fabric and eliminate any trapped air bubbles, ensuring full contact with the 

substrate. 

The resin-saturated composite must be allowed to cure completely. Curing can happen at 

room temperature or be accelerated with heat, depending on the specific resin used. All steps 

were illustrated in Figure 3.7. 
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Figure 3.7: Procedure of FRP installation 

3.5 Test Setup 

 The debonding tests were conducted in the structural testing laboratory at Kansas State 

University. All beams were tested under four-point bending using a 4 ft long steel spreader beam 

and a 50 kips hydraulic actuator, as shown in Figure 3.8. The beams were simply supported with 

a pinned support at one end and a roller support at the other, positioned 3 in from each edge to 

provide a clear span of 15.5 ft. The shear span on each side of the applied loads was 5.75 ft. 

Midspan deflection was recorded using two linear variable displacement transducers (LVDTs). 

Strain instrumentation consisted of two electrical resistance strain gages embedded on the 

longitudinal reinforcement at midspan prior to casting, two strain gages affixed to the top surface 
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of the concrete to capture compressive strains, and two strain gages bonded to the externally 

bonded CFRP sheets at the critical midspan section to monitor FRP tensile strains. Load 

application was displacement-controlled at a constant rate of 0.05 in/min until FRP debonding.  

 

Figure 3.8: Experimental Setup 
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Chapter 4 – Testing 

4.1 Numerical Analysis  

4.1.1 Computer Program 

The analytical model for FRP debonding strain was developed under the following 

constitutive assumptions. A linear strain distribution across the section depth was imposed in 

accordance with shallow beam theory. The compressive stress - strain response of concrete was 

represented by the Hognestad parabola, whereas the tensile behavior was considered linear 

elastic up to sudden brittle cracking. Reinforcing steel in both tension and compression was 

modeled as elastic - perfectly plastic. The FRP reinforcement in tension was assumed to follow a 

linear elastic response up to the governing failure mechanism, defined as either debonding, 

rupture, or crushing. These assumptions established the basis for quantifying the strain state at 

debonding and for evaluating the corresponding failure criteria. Debonding strain of FRP was 

calculated according ACI PRC-440.2-23.  

An Excel-based analysis program was developed at Kansas State University to conduct 

nonlinear analysis of concrete beams reinforced with mild steel and strengthened with FRP. The 

program performs iterative analysis up to the governing limit state, defined by either FRP 

debonding strain, FRP rupture strain, or concrete crushing strain, whichever occurs first. A 

graphical interface is incorporated to display the beam cross-section, reinforcement layout, 

applied loads, and results of the flexural analysis, thereby providing both computational and 

visual assessment of the behavior’s specimens.  
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Figure 4.1: Output interface for the Excel analysis program 

4.1.2 Debonding Strain Equations in Various Design Codes  

 This study compares general debonding strain equations proposed in major international 

design guidelines, including ACI PRC-440.2-23, TR 55-2012, CNR-DT 200, fib Bulletin 14-

2001, and JSCE. Since the original formulations are expressed in SI units, all equations were 

rigorously converted into U.S. customary units to maintain consistency with the experimental 

program. 

4.1.2.1 American Concrete Institute (ACI PRC-440.2-23) 

The ACI PRC-440.2-23 guideline limits the design tensile strain in the FRP to prevent 

intermediate crack-induced debonding. The allowable effective strain in the FRP is given by: 

 ε୤ୢ = 0.41ට
୤ౙ
ᇲ

୬୉౜୲౜
 ≤ 0.9ε୤୳  (1)  

Where:  

𝑓′஼: Concrete compressive strength (MPa) 
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𝑛: Number layers of FPR  

𝐸௙: Modulus of elasticity of FRP (MPa) 

𝑡௙: Thickness of FRP (mm) 

𝜀௙௨: Design rupture strain of FRP 

4.1.2.2 UK Concrete Society Technical Report 55 (TR 55-2012)  

The TR55 guideline limits the FRP strain using a simplified equation: 

 ε୤ୢ =
ఌ೑ೖ

ఊಷೃು,೘ಶ
 ≤ 0.008  (2) 

Where:  

𝜀௙௞: Characteristic ultimate strain of FRP 

𝛾ிோ௉,௠ா: Design partial safety factor for FRP strain  

 𝛾ிோ௉,௠ா = 𝛾ிோ௉,ఌ𝛾ிோ௉,௠  (3) 

4.1.2.3 Italian Guidelines (CNR-DT 200) 

The CNR-DT 200 R1/2013 guideline adopts a strain limit approach and introduces partial 

safety factors for material properties and interfacial bond behavior. The design debonding strain 

is calculated as: 

 𝑓௙ௗ,ଶ =
௞೜

ఊ೑,೏
ට

ா೑

௡௧೑
.

ଶ௞್௞ಸ

ி஼
ඥ𝑓௖௠𝑓௖௧௠  (4) 

 𝜀௙ௗ =
௙೑೏,మ

ா೑
 ≥  𝜀௦௬ − 𝜀௢  (5)  

Where:  
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𝑓௙ௗ,ଶ: The ultimate design strength for IC debonding (MPa) 

𝑘௤ : Empirical coefficient 

= 1 for concentrated loads 

= 1.25 for distributed loads 

𝑘௕: Geometric (width) factor  

𝑘௕ = ට
ଶି௕೑/௕

ଵା ௕೑/௕
                                           (6) 

𝑘ீ: Fracture energy coefficient  

= 0.023 mm for the average case  

FC = 1:  An appropriate confidence factor  

𝑓௖௠: Concrete compressive strength (MPa) 

𝑓௖௧௠: Concrete tensile strength (MPa) 

𝛾௙,ௗ= 1.2:  A partial safety factor for the FRP material properties 

𝐸௙: Modulus of elasticity of FRP (MPa) 

n: Number of FRP layers 

𝜀௦௬: Design strain of the existing reinforcement at the point of yielding 

𝜀௢: Pre-existing strain before the application of the strengthening at the extreme tensile flange 
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4.1.2.4 International Federation for Structural Concrete (fib Bulletin 14-2001) 

 The fib Bulletin 14 provides more detailed approaches, including the calculation of the 

interfacial shear stress limit and the effective bond length. The design stress in FRP is limited 

based on the fracture energy of the bond interface: 

  𝜀௙ௗ = 𝛼𝑐ଵ𝑘௖𝑘௕ට
௙೎೟

௡ா೑௧೑
 , if  𝑙௕ ≥  𝑙௕,௠௔௫   (7a) 

 𝜀௙ௗ = 𝛼𝑐ଵ𝑘௖𝑘௕ට
௙೎೟

௡ா೑௧೑
 

௟್

௟್,೘ೌೣ
൬2 −

௟್

௟್,೘ೌೣ
൰ , if  𝑙௕ <  𝑙௕,௠௔௫  (7b) 

 𝑙௕,௠௔௫ = ට
௡ா೑௧೑

௖మ௙೎೟
     (8) 

Where:  

𝛼: Reduction factor accounting for the influence of inclined cracks on the bond strength (𝛼=1 for 

beams with sufficient internal and external shear reinforcement and for slabs, otherwise 𝛼 =0.9).  

𝑐ଵ = 0.64 𝑎𝑛𝑑 𝑐ଶ = 2 for CFRP strips.  

𝑘௖:  Factor accounting for the state of compaction of concrete (if FRP bonded to concrete faces 

with low compaction 𝑘௖ = 1, e.g. faces not in contact with the form work during casting,  𝑘௖ = 

0.67) 

𝑙௕: FRP bond length. 

𝑘௕: Geometry factor. 

 𝑘௕ = 1.06ඨ
ଶି

್೑

್

ଵା
್೑

రబబ

   (9) 
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4.1.2.5 Japan Society of Civil Engineers (JSCE) 

To prevent IC debonding, the JSCE sets a limiting effective strain in the FRP material, 

calculated using the following equation: 

 𝜀௙ௗ = ට
ଶீ೑

௡ா೑௧೑
  (10) 

Where:  

𝐺௙: The interfacial fracture energy between FRP and concrete and its value can be taken as 

0.5N/mm. 

𝑛: Number layers of FPR  

𝐸௙: Modulus of elasticity of FRP (MPa) 

𝑡௙: Thickness of FRP (mm) 

4.2 Experimental Program  

The experimental program involved designing and testing ten reinforced concrete (RC) T-

beams divided into two series: low-strength concrete and normal-strength concrete, with five 

specimens in each series. Each series included one un-strengthened control beam and one beam 

incorporating NSM groove preparation, in which two longitudinal grooves were cut along the 

soffit and filled with epoxy prior to the application of externally bonded CFRP. The remaining 

three beams in each series were strengthened with externally bonded CFRP sheets applied to the 

tension face with varying numbers of layers. All beams were tested under four-point bending 

using displacement control at a constant rate of 0.05 in/min to evaluate flexural behavior and 
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identify CFRP failure modes. The results contributed to understanding the maximum debonding 

strain of thick CFRP layers in flexural strengthening applications. 

4.2.1 Beam Geometry  

 The dimensions of the T-beams were 6 in x 12 in (width x depth), whereas the depth 

includes the thickness of the flange, as illustrated in Figure 4.2. The flange was 16 in wide and 4 

in thick. For flexural reinforcement, all beams were equipped with 2 #5 steel bars, while the 

compression steel included 4 #3 bars, primarily used to support the shear reinforcement cage 

with #3 stirrups spaced at 5 in along the span length. All specimens have a span length of 16 ft 

with a clear span of 15.5 ft.  

 

Figure 4.2: Beam Cross Section 

4.2.2 FRP Layout  

In this study, two series of reinforced concrete beams were strengthened using 

unidirectional CFRP sheets (V-Wrap C400HM) applied in a layered configuration. The low-

strength series (L0LT, L1LT, L2LT, L3LT, L1LTG) and the normal-strength series (H0LT, H1LT, 

H2LT, H3LT, H1LTG). Control specimens L0LT and H0LT were left un-strengthened. Beams 

L1LT, L2LT, and L3LT in the low-strength series and H1LT, H2LT, and H3LT in the normal-
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strength series were strengthened along the soffit using externally bonded unidirectional CFRP 

sheets measuring 6 in × 15ft (width × length), applied in one, two, and three layers, respectively 

(Figure 4.3). The hybrid beams L1LTG and H1LTG were fabricated with two longitudinal 

grooves along the soffit, each with a cross-sectional dimension of 0.25 in × 0.75 in and a length 

of 15 ft. The grooves were filled with epoxy putty to restore surface continuity prior to the 

installation of a single externally bonded CFRP sheet measuring 6 in × 15 ft, as illustrated in 

Figure 4.4. 

 

Figure 4.3: Externally bonded CFRP layout 

 

Figure 4.4: NSM groove with externally bonded CFRP layer 

4.2.3 Low Strength Series 

 The geometry of the specimens in the low-strength series was illustrated in Figure 4.2. 

The concrete reached an average compressive strength of 2.86 ksi at 28 days. The longitudinal #5 

reinforcing bars had a modulus of elasticity of 29000 ksi and a yield strength of 79.8 ksi, while 
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the #3 bars used for compression reinforcement and stirrups exhibited a modulus of elasticity of 

29000 ksi and a yield strength of 70.3 ksi according the manufacturer. 

4.2.3.1 Control Specimen (L0LT) 

 The first specimen in the low-strength series, designated as L0LT, served as the control 

beam without any CFRP strengthening. The specimen was tested under four-point bending using 

displacement control at a loading rate of 0.05 in/min. The beam exhibited linear elastic behavior 

up to the onset of steel yielding, which occurred at an experimental load of approximately 12.01 

kips, as identified from the change in slope of the load–strain response of the tensile steel 

reinforcement (Figure 4.8). The experimental ultimate load was 12.74 kips with a corresponding 

mid-span deflection of 3.38 in, and failure was governed by concrete crushing in the 

compression zone after steel yielding. The numerical analysis predicted ultimate load of 12.8 

kips and a mid-span deflection of 3.03 in (Figure 4.6). The predicted failure load showed very 

close agreement with the experimental result. The failure mode of concrete crushing occurred 

immediately when the concrete compressive strain at failure approached the ultimate strain limit, 

with a recorded value to 0.0033 (Figure 4.7), confirming a flexural compression failure mode 

consistent with over-reinforced behavior. The final failure was characterized by crushing of the 

concrete in the compression zone near mid-span (Figure 4.5). 



42 
 

 

Figure 4.5: L0LT beam after testing 

 

Figure 4.6: Load– displacement response (L0LT) 
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Figure 4.7: Load – concrete strain response (L0LT) 

 

Figure 4.8: Load – steel strain response (L0LT) 

4.2.3.2 Specimen with One Layer of CFRP (L1LT) 

The L1LT specimen which was strengthened with a single layer of externally bonded 

CFRP sheet. Compared to the un-strengthened control beam L0LT, which failed at 12.74 kips, 
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the L1LT beam exhibited a significant increase in load capacity, reaching an experimental 

debonding load of 22.91 kips, representing an improvement of approximately 80%. The 

corresponding mid-span deflection at failure was 1.78 in, which is lower than that of L0LT (3.38 

in), indicating increased stiffness due to CFRP strengthening. The numerical analysis predicted a 

slightly lower ultimate load of 21.2 kips and a corresponding mid-span deflection of 1.53 in. The 

maximum FRP strain recorded experimentally was 0.0042, showing excellent agreement with the 

analytical prediction of 0.0042. (Figure 4.13). The comparison between the theoretical and 

experimental results of load-strain in concrete and steel were shown in Figures 4.11 and 4.12 

respectively.  

 

Figure 4.9: L1LT beam after testing 
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Figure 4.10: Load-displacement response (L1LT) 

 

Figure 4.11: Load- concrete strain response (L1LT) 
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Figure 4.12: Load- steel strain response (L1LT) 

 

Figure 4.13: Load- CFRP strain response (L1LT) 
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sheets. The beam failed by FRP debonding under four-point bending. The experimental 

debonding load was 28.68 kips, which is approximately 125% higher than the ultimate load of 
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multiple CFRP layers in enhancing flexural strength. The corresponding mid-span deflection at 

failure was 1.53 in, lower than both L0LT (3.38 in) and L1LT (1.78 in), indicating increased 

stiffness due to higher CFRP reinforcement. The numerical analysis predicted a failure load of 

23.1 kips and a deflection of 1.21 in, lower than the experimental capacity by approximately 

21% (Figure 4.15). The maximum recorded FRP strain was 0.0039, while the analytical model 

predicted a lower strain of 0.003 (Figure 4.18). The comparison between the theoretical and 

experimental results of load-strain in concrete and steel were shown in Figures 4.16 and 4.17 

respectively. 

 

Figure 4.14: L2LT beam after testing 

 

Figure 4.15: Load–displacement response (L2LT) 
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Figure 4.16: Load – concrete strain response (L2LT) 

 

Figure 4.17: Load – steel strain response (L2LT) 

0

5

10

15

20

25

30

35

0.0000 0.0005 0.0010 0.0015

L
oa

d 
(k

ip
s)

Strain (in/in)

Concrete Strain

Analysis

Experiment

0

5

10

15

20

25

30

35

0.0000 0.0010 0.0020 0.0030 0.0040 0.0050

L
oa

d 
(k

ip
s)

Strain (in/in)

Steel Strain

Analysis

Experiment



49 
 

 

Figure 4.18: Load – FRP strain response (L2LT) 

4.2.3.4 Specimen with Three Layers of CFRP (L3LT) 

The L3LT specimen, strengthened with three layers of externally bonded CFRP sheets, 

was tested under four-point bending and failed by FRP delamination. The experimental 

debonding load was 27.3 kips, which is approximately 114% higher than the control beam L0LT 

(12.74 kips) but slightly lower than the capacity of L2LT (28.68 kips). The mid-span deflection 

at failure was 1.19 in, significantly lower than L0LT (3.38 in) and also lower than L1LT (1.78 in) 

and L2LT (1.53 in), reflecting increased stiffness due to higher CFRP reinforcement. The 

numerical analysis predicted a failure load of 23.32 kN with a corresponding deflection of 0.95 

in, lower than the experimental capacity by approximately 15% (Figure 4.20). The maximum 

CFRP strain recorded during testing was 0.0035, whereas the analytical model predicted 0.0024 

(Figure 4.23). The comparison between the theoretical and experimental results of load-strain in 

concrete and steel were shown in Figures 4.21 and 4.22 respectively. 
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Figure 4.19: L3LT beam after testing 

 

Figure 4.20: Load– displacement response (L3LT) 
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Figure 4.21: Load – concrete strain response (L3LT) 

 

Figure 4.22: Load – steel strain response (L3LT) 
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Figure 4.23: Load – FRP strain response (L3LT) 

4.2.3.5 Specimen with One Layer of CFRP and Grooving (L1LTG) 

The L1LTG specimen was strengthened using a hybrid configuration combining two 
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L1LT (22.91 kips). The mid-span deflection at failure was 1.7 in, which was lower than L0LT 

(3.38 in) and comparable to L1LT (1.78 in), suggesting similar stiffness improvement due to 

CFRP strengthening (Figure 4.25). The maximum recorded CFRP strain was 0.0037, which is 

lower than that of L1LT (0.0043), indicating early attainment of the rupture strain in the NSM 

strips due to their higher stress concentration (Figure 4.28). The comparison between the 

theoretical and experimental results of load-strain in concrete and steel were shown in Figures 
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Figure 4.24: L1LTG beam after testing 

 

Figure 4.25: Load– displacement response 
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Figure 4.26: Load – concrete strain response  

 

Figure 4.27: Load – steel strain response 
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Figure 4.28: Load – FRP strain response 

4.2.3.6 Load – Deflection Performance of Low-Strength Series 

The load – displacement responses of the low-strength beam series are presented in 
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NSM strips with one EB-CFRP layer, failed by FRP rupture at 21.36 kips and 1.7 in deflection, 

exhibited improved performance over the control specimen. However, its enhancement was less 

pronounced than that of the single-layer EB-strengthened beam (L1LT), indicating that the 
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Figure 4.29: Load – Displacement response in low-strength series 
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corresponding mid-span deflection of 3.54 in, and failure was governed by concrete crushing in 

the compression zone. In comparison, the numerical analysis predicted a failure load of 13.41 

kips and a mid-span deflection of 4.78 in. The concrete compressive strain at failure approached 

the ultimate strain limit, with a recorded value to 0.0018 (Figure 4.32). The failure mode was 

concrete crushing.  

 

Figure 4.30: H0LT beam after testing 

 

Figure 4.31: Load– displacement response (H0LT) 
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Figure 4.32: Load – concrete strain response (H0LT) 

 

Figure 4.33: Load – steel strain response (H0LT) 
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failure was 1.92 in, lower than that of H0LT (4.78 in), indicating increased stiffness due to CFRP 

strengthening. The numerical analysis predicted a failure load of 24 kips and deflection of 1.75 

in, with the predicted failure load showing very close agreement with the experimental result 

(Figure 4.35). The maximum recorded FRP strain was 0.0064, which was slightly higher than the 

analytical prediction of 0.0052 (Figure 4.38). The comparison between the theoretical and 

experimental results of load-strain in concrete and steel were shown in Figures 4.36 and 4.37 

respectively. 

 

Figure 4.34: H1LT beam after testing 

 

Figure 4.35: Load– displacement response (H1LT) 
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Figure 4.36: Load – concrete strain response (H1LT) 

 

Figure 4.37: Load – steel strain response (H1LT) 
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Figure 4.38: Load – FRP strain response (H1LT) 

4.2.4.3 Specimen with Two Layer of CFRP (H2LT) 

The H2LT specimen, strengthened with two layers of externally bonded CFRP sheets. 

The failure mode of this specimen was FRP debonding. The specimen reached an experimental 

failure load of 32.79 kips, which showed a significant improvement of 148% over H0LT (13.23 

kips). The mid-span deflection at failure was 1.95 in, which is lower than H0LT (3.54 in) but 

slightly higher than H1LT (1.9 in), indicating increased stiffness due to CFRP strengthening. The 

numerical analysis predicted a failure load of 28.4 kips with a corresponding deflection of 1.38 

in. The maximum CFRP strain recorded experimentally was 0.0039, which was very close to the 

analytical prediction of 0.0038 (Figure 4.41). The comparison between the theoretical and 

experimental results of load-strain in concrete and steel were shown in Figures 4.41 and 4.42 
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Figure 4.39: H2LT beam after testing 

 

Figure 4.40: Load– displacement response (H2LT) 

0

5

10

15

20

25

30

35

0.0000 0.5000 1.0000 1.5000 2.0000 2.5000

L
oa

d 
(k

ip
s)

Displacement (in)

P - Δ

Analysis

Experiment



63 
 

 

Figure 4.41: Load – concrete strain response (H2LT) 

 

Figure 4.42: Load – steel strain response (H2LT) 
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Figure 4.43: Load – FRP strain response (H2LT) 

4.2.4.4 Specimen with Three Layer of CFRP (H3LT) 
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indicating increased stiffness but reduced ductility. The numerical analysis predicted a failure 

load slightly higher than the experimental result, estimating failure at 30.54 kips with a 

corresponding mid-span deflection of 1.2 in. The maximum recorded CFRP strain was 0.003, 

showing excellent agreement with the analytical prediction of 0.003. The results showed 

reasonable agreement between experimental and numerical strain development (Figure 4.48). 
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The comparison between the theoretical and experimental results of load-strain in concrete and 

steel were shown in Figures 4.46 and 4.47 respectively. 

 

Figure 4.44: H3LT beam after testing 

 

Figure 4.45: Load– displacement response (H3LT) 
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Figure 4.46: Load – concrete strain response (H3LT) 

 

Figure 4.47: Load – steel strain response (H3LT) 
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Figure 4.48: Load – FRP strain response (H3LT) 
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between the theoretical and experimental results of load-strain in concrete and steel were shown 

in Figures 4.51 and 4.52 respectively. 

 

Figure 4.49: H1LT beam after testing 

 

Figure 4.50: Load– displacement response 
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Figure 4.51: Load – concrete strain response 

 

Figure 4.52: Load – steel strain response 
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Figure 4.53: Load – FRP strain response 

4.2.4.6 Load – Deflection Performance of Normal-Strength Series 

The load–displacement responses of the normal-strength beam series are presented in 

Figure 4.54. The control specimen H0LT exhibited the lowest stiffness and ultimate load, 

reaching 13.23 kips at a relatively large deflection of 3.54 in before failing by concrete crushing. 

The CFRP-strengthened beams demonstrated a substantial increase in load capacity and stiffness. 

The flexural capacity increased progressively with CFRP strengthening, with H1LT and H2LT 

reaching ultimate loads of 24.39 kips and 32.79 kips, respectively, corresponding to increases of 

84% and 148% over H0LT. While H3LT, strengthened with three CFRP layers, reached a lower 

ultimate load of 28.35 kips, likely due to premature delamination caused by interfacial stress 

concentration from additional CFRP layering. The hybrid-strengthened beam H1LTG achieved 

an ultimate load of 26.96 kips with deformation was 2.48 in, demonstrating higher load capacity 

and greater deformability than the single-layer EB specimen (H1LT). This indicates improved 

bond efficiency and a more effective utilization of the CFRP reinforcement before failure. As 

expected, CFRP strengthening reduced ductility as shown by decreasing deflection at failure with 
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added strengthening. As a result, the H2LT specimen showed the highest load capacity in the 

series. Overall, the flexural response of the normal-strength series confirms that CFRP 

strengthening significantly improved stiffness and load capacity, but bond performance 

controlled the ultimate behavior. 

 

Figure 4.54: Load – Displacement response in normal-strength series 

4.3 Comparison of Debonding Strain in Various Design Codes 

In order to better interpret the experimental and analytical findings, it is essential to 

compare the predicted debonding strain limits against the provisions of established international 

design codes. Several guidelines have proposed different approaches for evaluating FRP 

debonding in reinforced concrete members, including ACI 440.2R-23, TR 55-2012 (UK), CNR-

DT 200 (Italy), fib Bulletin 14-2001, and JSCE (Japan). Each of these codes provides specific 
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formulations and assumptions that reflect regional practices, safety factors, and experimental 

backgrounds. Those equations were summarized in Table 4.1 

 

 

Table 4.1: Equations of debonding strain in different codes 
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 Table 4.2 compared the experimental FRP debonding strain (ε௙ௗ) with predictions from 

five major international design guidelines: ACI 440.2R, TR55, CNR-DT 200, fib Bulletin 14, 

and JSCE. For the low-strength series, both ACI 440.2R provided most accurate predictions 

relative to the experimental values, with differences of 0–31%. In contrast, TR55, CNR-DT 200, 

fib-14, and JSCE significantly overestimated the debonding strain by 39–116%. 

A similar pattern was observed in the normal-strength series, where ACI 440.2R again 

produced the most conservative estimates (0–19% difference), followed by TR55, which 

remained moderately conservative (–5% to –48%). Meanwhile, TR55, CNR-DT 200, fib Bulletin 

14, and JSCE models significantly underestimated the experimental strains, in many cases by 

40% to over 100%. Overall, these results indicate that ACI 440.2R provides the most reliable 

prediction for CFRP debonding strain in both low- and normal-strength concrete beams and 

therefore be adopted for analytical validation in this study. 

 

Table 4.2: Comparing debonding strain in different codes with experimental results 

 Table 4.3 compared the experimental ultimate loads with the corresponding numerical 

predictions for both the low-strength and normal-strength series. For the low-strength series, the 

analytical results showed close agreement with the experimental values, particularly for L0LT (-
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0.5% difference) and L1LT (7% difference). The difference increased for L3LT (15%) and was 

highest for L2LT (21%). The L1LTG specimen showed a slight difference of 1%, where the 

analytical model predicted very close to the experiment.  

 

Table 4.3: Comparing failure load between experimental and numerical results. 

For the normal-strength series, a similar trend was observed, with the closest match for 

H1LT (2%), followed by H0LT (-1%) and H2LT (13%). Larger deviations were observed for 

H3LT (-8%) and H1LTG (11%). Overall, the numerical analysis provided results that were in 

reasonable agreement with the experimental data across both concrete strength levels.  
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Chapter 5 – Conclusions and Recommendations 

5.1 Summary 

 This study investigated the flexural behavior and debonding strain characteristics of 

reinforced concrete (RC) T-beams strengthened with thick carbon fiber reinforced polymer 

(CFRP) sheets (V-Wrap C400HM). A total of ten beams were tested under four-point bending 

with displacement-controlled loading until FRP failure at a constant rate 0.05 in/min. The 

specimens were divided into two series based on concrete compressive strength: low-strength 

(2.86 ksi) and normal-strength (4.44 ksi) concrete. Each series included one un-strengthened 

control beam, three beams strengthened with one, two, and three layers of externally bonded 

CFRP sheets, and one hybrid beam with two NSM grooves filled with epoxy putty prior to the 

installation of one CFRP layer. The research quantified the effect of CFRP thickness, and 

concrete strength on flexural strength, ductility, and debonding strain. Experimental findings 

were compared with a numerical model, and debonding strain predictions were evaluated against 

equations from existing design guidelines. A summary of the results is presented in Table 5.1. 

 

Table 5.1: Summary of the experiment results for all specimens 
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5.2 Conclusions  

 For low-strength series, the results demonstrated that externally bonded thick CFRP 

sheets significantly enhanced flexural capacity compared to the control beam (L0LT). The beam 

strengthened with two CFRP layers (L2LT) demonstrated the most efficient strengthening 

performance, achieving a 125% increase in failure load (29.68 kips) over the un-strengthened 

beam. The three-layer specimen L3LT reached a failure load of 27.3 kips, showing improvement 

in flexural strength over both the control beam (L0LT) and the single-layer specimen (L1LT). 

However, its capacity remained lower than that of the two-layer configuration L2LT (29.68 kips), 

indicating that the incremental effectiveness of CFRP layering diminished beyond two layers. 

This reduction in efficiency is attributed to premature debonding and limited strain development 

caused by elevated interfacial stresses associated with increased CFRP thickness. The hybrid 

beam (L1LTG), which incorporated two longitudinal grooves filled with epoxy putty, achieved a 

68% strength increase, only slightly lower than the single-layer beam (L1LT, +80%). This 

indicates that surface modification alone did not significantly enhance bond behavior in low-

strength concrete, likely due to insufficient concrete substrate strength to resist interfacial 

stresses. Additionally, ductility decreased progressively with additional CFRP layers due to 

increased stiffness, although L1LTG showed slightly improved deformation capacity compared 

to L1LT, indicating improved bond stability from the grooved substrate. 

 A similar trend was observed in the normal-strength concrete series, where CFRP 

strengthening significantly increased load capacity. The two-layer CFRP beam (H2LT) again 

showed the highest strengthening efficiency, reaching a failure load of 32.79 kips (+148%), 

confirming that two layers of thick CFRP offered optimal performance for using thick sheet.  

Similar to the low-strength series, the three-layer specimen H3LT reached a failure load of 28.35 
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kips (+114%), which represented a significant improvement compared to the control beam, but 

its performance remained lower than that of the two-layer specimen H2LT (32.79 kips). This 

result again indicated that adding a third layer of thick CFRP sheet (V-Wrap C400HM) did not 

enhance flexural capacity and instead reduced strengthening efficiency. For thick CFRP sheets 

such as V-Wrap C400HM, the increased laminate thickness amplified interfacial shear stresses 

and induced significant shear transfer between CFRP layers. This condition promoted premature 

debonding and FRP delamination, which limited strain development and prevented full 

utilization of the additional CFRP material. In contrast to the low-strength series, the hybrid 

beam in the normal-strength group (H1LTG) demonstrated stronger performance compared to 

the single-layer specimen (H1LT), achieving a 104% increase in flexural capacity relative to the 

control beam, compared to 84% for H1LT. Moreover, H1LTG also achieve greater deformability 

than H0LT. This result showed that the modified bond interface created by the epoxy-filled 

grooves enhanced stress transfer and improved bond efficiency when combined with normal-

strength concrete. The stiffer and stronger concrete substrate in this series provided better 

confinement and resistance to interfacial shear stresses, which delayed debonding initiation. This 

is reflected in the greater CFRP strain development observed in H1LT (0.0064) compared to its 

low-strength counterpart L1LT (0.0042), confirming that concrete compressive strength plays a 

significant role in bond behavior and CFRP strain utilization. 

 Overall, the experimental results demonstrate a critical relationship between the number 

of CFRP layers, failure mode, and structural efficiency. Beams strengthened with two thick 

layers of CFRP in both series failed by debonding from the concrete substrate and achieved a 

highest ultimate load capacity. Conversely, the addition of a third, thick layer resulted in a 

reduction of the ultimate load capacity due to a shift in the governing failure mechanism to 
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premature delamination within the internal plies of the composite material itself. This indicates 

that while strengthening generally enhances capacity, there is an optimum number of layers 

beyond which efficiency decreases and a more brittle, less predictable failure mode 

(delamination) occurs. 

 The comparative evaluation of FRP debonding strain prediction models demonstrates 

clear variability in their ability to represent the experimental behavior of CFRP-strengthened RC 

beams. The ACI PRC 440.2-23 provision exhibited the closest correlation to the measured 

debonding strains, with deviations generally within a moderate range for both low- and normal-

strength concrete specimens. This consistency indicates that the ACI formulation captures the 

governing bond-failure mechanisms with a reasonable level of conservatism. Conversely, the 

TR55, CNR-DT 200, fib Bulletin 14, and JSCE models significantly underestimated the 

experimental strains, in many cases by 40% to over 100%, reflecting substantially more 

conservative assumptions regarding interfacial bond capacity and failure initiation. The results 

suggest that while all international guidelines aim to provide safe design limits, the non-ACI 

models may lead to overly restrictive strain predictions and sub-optimal utilization of CFRP 

reinforcement in flexural strengthening applications. Overall, the findings support the suitability 

of the ACI 440.2-23 approach for practical design, particularly for systems with proper surface 

preparation and anchorage provisions. 

5.4 Recommendations 

Based on the findings and limitations of this study, the following recommendations are 

proposed for future work: 
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1. Investigate anchorage techniques for thick CFRP systems 

Since premature debonding limited strain utilization beyond two layers, future research 

should explore the use of mechanical anchors, such as fan anchors to improve bond 

performance and delay debonding failure. 

2. Investigate additional hybrid interface configurations 

While this study examined a grooved–putty configuration, future work may evaluate 

other hybrid bond enhancement techniques, including modified groove spacing, adhesive 

keying, or fiber-reinforced epoxy fillers. 

3. Develop design recommendations for thick CFRP systems 

Current design guidelines are calibrated using thin CFRP laminates and underestimate 

effective strain when thick CFRP is used. Additional data should be compiled to develop 

revised strain limit equations and design guidelines specifically for thick CFRP 

strengthening. 

4. Increasing factor in FRP strain equation in ACI 440.2 for thick CFRP layers 

The experimental results in this study consistently show higher FRP strains at failure than 

those predicted by the ACI 440.2R debonding expression. Therefore, it is recommended 

to increase the debonding strain factor in the ACI equation for cases involving thick 

CFRP laminates to better reflect actual strain utilization and avoid overly conservative 

designs. 
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Appendix A – Concrete Mix Batch Tickets 

A.1 Concrete Mix Batch Tickets for Low-strength Concrete 
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A.2 Concrete Mix Batch Tickets for Normal-strength Concrete 
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Appendix B – Steel Material Properties 

B.1 Steel Material Properties for #3 Bar 
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B.2 Steel Material Properties for #5 Bar 

 

 

 

 


