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Abstract 
 

Fibre Reinforced Polymer (FRP) composites have lately become a popular choice for 

strengthening and/or repairing of reinforced concrete (RC) structures due to their 

advantageous properties such as high strength- to-weight ratio, high corrosion resistance 

and easy application process. As the performance of FRP bonded RC structures depends 

on the effective stress transfer between FRP and concrete, extensive research has been 

conducted on the FRP-concrete bond system under short term loads. However, studies 

on the long term performance of FRP-concrete bond subjected to environmental 

conditions are very limited.  

Experimental studies on the long term performance of FRP strengthened structures to-

date include the study of the effect of various environmental conditions using a variety 

of test set-ups such as pull-off, bending tests of beams and direct shear tests. However, 

the available studies based on various conditions and set-ups make it difficult to 

compare the findings. As the effectiveness of FRP-strengthening schemes, either used 

for flexural or shear strengthening, lies in the shear stress transfer between FRP and 

concrete, study of FRP-concrete bond subjected to different environmental conditions 

by direct shear tests were suggested by some of the researchers.  Even sensitivity of this 

set-up to environmental conditions was also reported. Therefore, more research with 

similar test set-ups to create a large database of FRP-concrete bond behaviour under 

various environmental conditions can be of immense value. In addition, using very high 

temperature for accelerated ageing was found to be very common in available 

literatures. However, in reality structures may not be exposed to such high temperatures 

and using high temperature may lead to conservative prediction of long-term properties. 

Moreover, unavailability of test data for FRP-concrete bond subjected to natural ageing 

observed in the existing literatures necessitates the investigation on FRP-concrete 

behaviour under natural environment. 

In regards to the short term performance of reinforced concrete beams strengthened 

and/or repaired with FRP, extensive research have been conducted to-date in terms of 

experimental and analytical study. Some of these studies have also proposed design 

guidelines. However, the equations for prediction of load carrying capacity of severely 
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damaged repaired beams, especially, considering the strain hardening after yielding are 

not recommended. 

Considering the identified gaps in the previous research on long term performance of 

FRP-concrete bond system and the short term performance of RC beams strengthened 

and/or repaired with FRP, the research study presented in this dissertation has mainly 

focused on the experimental investigation of the long-term performance of carbon FRP 

and glass FRP-concrete bond under three separate environmental conditions, namely, 

temperature cycles, wet-dry cycles and outdoor environment up to 18 months. The 

secondary objective is to investigate the effectiveness of typical FRP-strengthening 

schemes, used for strengthening of reinforced concrete beams, in the repair of severely 

damaged beams. 

The long term performance of two types of FRP (CFRP and GFRP)-concrete bond is 

studied by extensive experimental investigations using single shear tests (is referred to 

as pull-out tests). The maximum temperature of the temperature cycles is intentionally 

kept below the glass transition temperature of epoxy resin to avoid any over-

degradation. In the wet-dry cycles, temperature close to ambient is maintained. Also, 

outdoor environmental exposure is applied to address the unavailability of test data of 

natural ageing of FRP-concrete bond system. Pull-out tests conducted after exposure 

durations are analysed based on the pull-out strength, failure modes and strain 

distributions along the bond length. In addition, material properties, namely, CFRP 

tensile strength and modulus of elasticity, and concrete compressive strength are 

determined to understand the effect of changing material properties on the pull-out 

strength by correlation of bond strength with failure modes. Curve fitting of shear 

stresses against slips of only CFRP-concrete bond is conducted to determine the fracture 

energy release rate and the effect of environmental conditions on it. In addition, 

interface laws are proposed for control and exposed conditions based on an existing 

model. Results obtained for long term performance of bond systems provide interesting 

findings due to imposed environmental conditions. Based on the observations, strength 

reduction factors for CFRP and GFRP-concrete bond are proposed. 

The short term performance of FRP-repaired beams is investigated both experimentally 

and analytically. Three severely damaged beams, fabricated from conventional concrete 

(normal concrete with water, cement and aggregate) and non-conventional concrete 
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(concrete with additives such as fibres and rubbers) are repaired with CFRP for flexure. 

Anchorage provided by complete CFRP wrapping at two ends and mid-span is found to 

be effective for preventing the debonding of FRP at least partially. Analytical study is 

conducted to understand the effect of existing steel reinforcement on the response of 

repaired beams under flexure. Considering the strain hardening of steel after yielding, 

equations are also proposed for better prediction of load carrying capacity of the 

repaired beams and compared with experimental results. 

Finally, all the major findings of the two areas of research are summarised and 

recommendations for future research are made. 
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1 Introduction 
 

1.1 Preamble 

The older reinforced concrete (RC) structures often become structurally deficient due to 

the demand for increased load carrying capacity, aggressive environmental conditions 

and extreme loading conditions such as earthquake and blast loading. As a result, 

strengthening of the deficient structural elements with suitable technique becomes 

essential.  

Conventional strengthening techniques such as external post tensioning, bonding thin 

steel plates to the tension face of the member and concrete jacketing require complex 

anchorage details, and corrosion of steel plates can result in the deterioration of bond 

between steel and concrete. Additionally, such techniques impose additional load on the 

structure and are labour intensive.  

Fibre Reinforced Polymer (FRP) composites possess a number of advantageous 

properties over conventionally used techniques and have been found to be effective in 

repair and/or strengthening of concrete structures. Saadatmanesh and Ehsani (1991), 

Chajes et al. (1994), Arduini and Nanni (1997), Norris and Saadatmanesh & Ehsani 

(1997) reported the effectiveness of FRP on the strengthening of RC beams by 

experimental investigation, whereas research conducted by An, Saadatmanesh & Ehsani 

(1991), Picard, Massicotte & Boucher (1995), Saadatmanesh and Malek (1998) and 

Rasheed and Pervaiz (2003) provided design guidelines and analytical models for beam 

strengthening with FRP.  

The main advantages of using FRP over the other conventional techniques are its high 

strength-to-weight ratio and corrosion resistance. High strength-to-weight ratio makes 

site handling easier and reduces the labour cost, while high corrosion resistance ensures 

durability. Additionally, ease in cutting into different shapes is another advantage of 

FRP composites which leads to easy application process, especially, on curved surfaces. 

Compared to steel plates, FRP plates are stronger and lighter. Usually, FRP plates are at 

least two times stronger than steel plates and can be more than 10 times stronger, 
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whereas the weight of FRP plates is only 20% of that of steel (Teng 2002). Because of 

its high strength-to-weight ratio, it neither causes increase in cross-section size nor adds 

more load on the foundation. 

Use of FRP composites in aerospace engineering and their superior properties are well 

known. Limited use of FRP in civil engineering is generally attributed to its high cost. 

However, the price of FRP composites has been coming down rapidly (Teng 2002). In 

spite of its high price, overall cost for strengthening with FRP is less compared to other 

techniques because it reduces the labour cost and loss due to interruptions to services. 

Therefore, the use of FRP for strengthening of structures has become a popular choice 

lately. FRP plate/sheet bonding and column wrapping/confinement are widely applied 

strengthening techniques. FRP laminates in the form of rigid plates or flexible sheets are 

externally bonded to the tension faces of the RC elements with structural adhesive such 

as epoxy resin or polyester resin for flexural strengthening and FRP wrapping is 

commonly used for shear strengthening.  

Although using FRP composites have lately become a popular choice for strengthening 

and/or repairing of reinforced concrete (RC) structures, issues related to bonding of FRP 

to the concrete substrate still need to be resolved. In addition, the suitability of existing 

equations, recommended by design codes, for the repairing of damaged structural 

members requires to be assessed. 

 

1.2 Problem identification 

Based on an extensive literature review, two areas of research, namely, long term 

performance of FRP-concrete bond and repairing of severely damaged reinforced 

concrete members, have been identified as areas with limited information. The problems 

identified in these two areas are discussed in this section. 

 

1.2.1 Long term performance of FRP-concrete bond 

Despite the number of advantages that FRP composites possess, one of the major 

limitations of FRP composites is premature failure by debonding from concrete. 

Debonding, which is failure of FRP by peeling of FRP from concrete, limits the 
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effectiveness of FRP as the debonding strength is much lower than its rupture strength. 

To take into account the possibility of such premature failure in FRP repaired and/or 

strengthened structures, ACI 440.2R (2008) recommends the use of a bond reduction 

coefficient for the calculation of the effective strain of FRP reinforcement. The effective 

strain of FRP reinforcement should be calculated by multiplying the ultimate strain of 

specific FRP reinforcement with the bond reduction coefficient. 

Although extensive research has been conducted on debonding phenomenon under short 

term load, limited work has been done on investigating the long term performance of 

FRP-concrete bond subjected to environmental conditions. Chajes et al. (1995), 

Toutanji & Gómez (1997),  Myers et al. (2001) and Li et al. (2002) studied the long 

term performance of FRP strengthened concrete beams subjected to various 

environmental conditions such as freeze-thaw cycles, wet-dry cycles, combined 

environmental cycles, boiling water and UV radiation to investigate the degradation of 

ultimate strength and stiffness of beams. Homam et al. (2001), Dai et al. (2010), 

Benzarti et al. (2011) and Yun & Wu (2011) investigated FRP-concrete bond 

degradation under freeze-thaw cycles, temperature cycles, alkali solutions, moisture 

ingression, hydrothermal ageing with the help of various test set-ups such as pull-off, 

bend tests and single-lap-joint shear tests. Also, Tuakta & Büyüköztürk (2011b) studied 

the effect of moisture on FRP-concrete bond system by tri-layer fracture mechanics 

using peel and shear fracture tests. Research studies by  Litherland et al. (1981) , Dejke 

& Tepfers (2001) and Phani & Bose (1987) dealt with proposing long term prediction 

models for FRP and FRP in concrete environment based on the accelerated ageing rate 

using high temperature.  

From the previous research stated above (Chapter 2 provides a summary of previous 

research more extensively), it can be understood that various test set-ups and conditions 

used in the study of FRP-concrete bond under environmental exposures have posed 

difficulty in relation to comparison of research findings. As the effectiveness of FRP 

strengthening scheme, either used for flexural or shear strengthening, lies in the shear 

stress transfer between FRP and concrete, study of FRP-concrete bond, subjected to 

different environmental conditions, should be carried out by direct shear tests (Imani 

2010). Benzarti et al. (2011) also reported that single-lap-joint shear test (direct shear or 

pull-out test) is more sensitive to environmental conditions and should be used for 
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adhesive bonded joint. Therefore, more research need to be conducted with similar test 

set-ups to create a large database of FRP-concrete bond behaviour under various 

environmental conditions. Regarding the common practice of using high temperature as 

an accelerating factor for any degradation mechanism to develop long term prediction 

models of FRP and FRP-concrete bond, Robert et al. (2010) stated that high temperature 

may amplify the degradation of the properties which may lead to conservative 

prediction of long-term properties. This inherent conservativeness justifies further 

research by separating the high temperature from a specific degradation mechanism. 

Unavailability of data for natural ageing of FRP-concrete bond can be observed in the 

existing literatures, which suggests the importance of the investigation on FRP-concrete 

behaviour under natural environment. 

Considering the premature failure of FRP-concrete bond system and the identified gaps 

in the previous research, studies on the effects of environmental conditions on FRP-

concrete bond behaviour can be of great importance as the bond behaviour under 

aggressive environments may be critical. Moreover, determination of reduction factors 

for FRP-concrete bond system exposed to different environmental conditions and 

application of such factors in design of FRP strengthened and/or repaired structures may 

be required.  

 

1.2.2 Repairing of severely damaged reinforced concrete members with FRP 

Strengthening of reinforced concrete beams with FRP is well-established and design 

standards are also available. Guidelines recommended by ACI 440.2R (2008) can be 

noteworthy. However, the existing equations for strengthening of reinforced concrete 

beams with FRP are based on the consideration that the beams are loaded up to certain 

percentage of ultimate load carrying capacity (within serviceable limit) before the 

strengthening is applied. But local failure of structural members due to extreme loading 

such as earthquake or blast loading may require retrofitting of the severely damaged 

members to maintain partial functionality of the structure. A typical example may be 

where a bridge girder may have undergone some localised failure because of an extreme 

load event but partial traffic flow needs to be allowed temporarily.  But the equations 

for prediction of load carrying capacity of severely damaged repaired beams, especially, 
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considering the strain hardening after yielding are not recommended in the studies 

available in literatures. 

Hence, suitability of existing guidelines on the repair of severely damaged reinforced 

concrete beams should be assessed and if possible, modifications of existing equations 

for the application in the repair of such members should be carried out. 

 

1.3 Research objectives  

Based on the identified gaps in the field of strengthening and repairing of existing 

reinforced concrete structures with FRP, the primary objective of this research is to 

investigate the long-term performance of FRP-concrete bond under environmental 

conditions. The secondary objective is to investigate the effectiveness of typical FRP-

strengthening schemes, used for strengthening of reinforced concrete beams, in the 

repair of reinforced concrete beams. 

The objectives stated above can be elaborated further as follows: 

 study the effect of temperature cycles (up to one year), wet-dry cycles (up to 18 

months) and outdoor environment (up to 18 months) on the bond strength of 

carbon fibre reinforced polymer (CFRP) and glass fibre reinforced polymer 

(GFRP)-concrete bond under direct shear (pull-out) loading  

 study the effect of temperature cycles, wet-dry cycles and outdoor environment 

on the fracture energy of CFRP and GFRP-concrete bond under direct shear 

loading  

 investigate the effect of concrete and FRP material properties on the bond 

strength of CFRP and GFRP-concrete bond and on the fracture energy of CFRP-

concrete bond exposed to three environmental conditions 

 experimental and analytical study on the effectiveness of typical FRP 

strengthening schemes for the repair of three severely damaged conventional 

(made from concrete with cement, water and aggregate) and non-conventional 

(made from concrete with additives such as fibres and rubbers) RC beams with 

CFRP 

 study the effect of residual strength of steel reinforcement on the repair of 

damaged RC beams with CFRP  
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1.4 Significance of the research 

Although research on the FRP-concrete bond available in the literature consider the 

effects of high temperature, cyclic temperature, wet-dry cycles at different temperatures, 

freeze-thaw cycles, immersion in salt water, immersion in alkaline water and UV 

radiation, the effect of natural ageing of bond is missing in the database. Hence, the 

results obtained in this study will be of great importance in the design of CFRP and 

GFRP strengthening schemes for the rehabilitation of structures which are exposed 

directly to outdoor environment.  

The application of very high temperature, even more than the glass transition 

temperature of epoxy, to accelerate the ageing rate (using Arrhenius Principle) of any 

specific ageing mechanism can be found to be a common practice in the previous 

research. But the controversy of using high temperature as an accelerating agent was 

reported by Robert et al. (2010). The use of high temperature not only increases the 

degradation rate but also induces deterioration due to high temperature itself and may 

cause over degradation. However, in reality, structures may not be exposed to such high 

temperatures. Hence, the effect of temperature cycles and the wet-dry cycles on the 

CFRP and GFRP concrete bond were studied separately in this study. The maximum 

temperature for temperature cycles was selected as 40o C which was below the glass 

transition temperature of adhesive (epoxy resin) and temperature cycles were generated 

in a drying oven to incorporate the sole effect of temperature on the FRP-concrete bond. 

The wet-dry cycles were selected in such a way that the temperature was close to 

ambient temperature and the maximum relative humidity for wetting was at least 95%. 

Therefore, the results of these two conditions will be conducive to understanding the 

effect of two major environmental conditions, namely, temperature cycles and the wet-

dry cycles, separately on the CFRP and GFRP-concrete bond. 

The experimental and analytical study on the repairing of three damaged beams with 

CFRP will be helpful to understand the efficacy of typical strengthening schemes 

provided in the design guidelines and codes. As the steel reinforcements of the beams 

before repairing with CFRP reached or exceeded the yield strain, the analytical study 

considering and ignoring the residual strength of steel reinforcement for the prediction 

of load carrying capacity of repaired beams and comparison of the analytical results 

with experimental ones may provide valuable information for the future improvement or 
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modification of available design guidelines. In addition, the proposed equations for the 

prediction of load-carrying capacity of repaired beams considering the strain hardening 

of steel will contribute to the design of repair schemes as no previous studies considered 

strain hardening of steel for repairing of damaged beams. Moreover, the selection of one 

beam from conventional concrete and two beams from non-conventional concrete will 

provide information regarding the effect of concrete types on the CFRP repairing. 

 

1.5 Layout of the thesis 

The thesis has been divided into nine chapters. Each chapter is associated with sections 

and subsections based on different aspects and foci of the chapters. In addition, figures 

and tables have been included to explain the findings of the study. Additional figures 

and tables, which are not included in the chapters for explanations, have been provided 

in appendices. Among the chapters, Chapter 8 has been dedicated only to the repairing 

of damaged reinforced concrete beams. 

Chapter 1 provides a general introduction and background of strengthening and 

repairing of reinforced concrete structures with FRP. Also, problem identification, 

objectives and significance of the research have been included in this chapter.  

Chapter 2 has focused on a comprehensive summary of research undertaken to-date on 

the bond between FRP and concrete, long term performance of FRP-concrete bond and 

prediction models, as well as strengthening of reinforced concrete beams with FRP. 

Also, background information on the FRP composites and a critical review on the 

research to-date have been provided. 

Chapter 3 discusses the experimental program undertaken to investigate the long term 

performance of FRP-concrete bond subjected to three environmental conditions. The 

material properties and the change of material properties for three environmental 

exposures have also been included in the chapter. In the last part of this chapter, the test 

results for unexposed FRP-concrete bond are provided. 

The findings of the long term performance of FRP-concrete bond subjected to 

temperature cycles, wet-dry cycles and outdoor environment have been discussed in 

Chapters 4, 5 and 6, respectively. 
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Chapter 7 focuses on determination of fracture energy from the shear stress-slip relation 

of CFRP-concrete bond under three environmental conditions. The changes of peak 

shear stress and fracture energy with exposure durations have been explained for three 

environmental conditions in this chapter. In addition, shear stress-slip relationships for 

exposed conditions have been proposed based on an existing model. 

In chapter 8, experimental and analytical study on the short term performance of CFRP-

repaired beams have been included. Finally, comparison of analytical results with 

experimental ones has been provided. 

In the final chapter; i.e. Chapter 9, conclusions from the findings of both long term 

performance of FRP-concrete bond and short term performance of CFRP-repaired 

reinforced concrete beams have been drawn. At the end of this chapter, suggestions for 

future studies have been provided. 
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2 Literature review 
 

2.1 Introduction 

This chapter focuses on providing a summary of previous research, available in 

literatures, on long term performance of FRP-concrete bond system and short term 

performance of RC beams strengthened/repaired with FRP. Literature review on short 

and long term performance of reinforced concrete structures retrofitted with Fibre-

Reinforced-Polymer (FRP) composites can be divided into several categories in the 

context of basic information on FRP composites, bond strength and bond strength 

models of FRP strengthened concrete structures, durability of FRP and FRP concrete 

structures, long-term prediction models, durability of FRP-concrete bond and 

repairing/strengthening (short term performance) of reinforced concrete (RC) beams 

with FRP. Section 2.2 of this chapter mainly introduces the FRP composites and 

describes briefly the formation of FRP composites, its mechanical behaviour and usage 

in reinforced concrete structures. Whereas sections 2.3 to 2.6 provide information on the 

bond strength of FRP-concrete structures and bond strength models, durability of FRP 

and FRP-concrete structures, long term prediction models on the durability of FRP and 

FRP-concrete structures, and previous experimental studies conducted on the durability 

of FRP-concrete structures. Section 2.7 provides a brief description on the repairing of 

reinforced concrete beams with FRP and includes a summary of previous research on 

the retrofitting of concrete beams with FRP and design guidelines recommended by 

different researchers. Finally, a critical review on the previous research in the field of 

FRP-concrete bond, durability of FRP-concrete structures and strengthening of RC 

beams with FRP is presented in section 2.8. 

 

2.2 Fibre Reinforced Polymer (FRP) composites 

FRP composites consist of two parts: continuous fibres and resin matrix.  The 

continuous fibres which can be carbon, glass or aramid, are embedded in a resin matrix. 

Fibres are the main load carrying components, while, resin matrix is used to bind the 
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fibres together. The common types of resins used are epoxy resins, polyester resins and 

vinyl ester resins. Polymeric resins can be used both to provide matrix for the FRP and 

to provide adhesive bond between FRP and concrete. Epoxy resins are usually used 

when bonding function is of high importance, such as, in the flexural and shear 

strengthening of beams. Figure 2.1 shows the schematic cross section of a FRP sheet 

formed in wet lay-up method.  

FRP composites can be classified into three types based on the types of fibres used in 

the composites: Carbon-Fibre-Reinforced-Polymer (CFRP) composites, Glass-Fibre-

Reinforced- Polymer (GFRP) composites and Aramid-Fibre-Reinforced-Polymer 

(AFRP) composites. 

 

2.2.1 Methods of forming FRP composites 

There are two common methods of forming FRP composites for strengthening of RC 

structures, namely, wet lay-up method and pre-fabrication of FRP composites (Teng 

2002). The wet lay-up method is the most common method which is the in-situ 

application of resin either to woven fabric or a unidirectional tow sheet. Tow sheet is a 

fibre product that consists of continuous flat fibres held together by a very lightweight 

scrim cloth (Bank 2006). The second method includes pultrusion of plates for flexural 

strengthening and filament winding of shells for column strengthening. 

 
Figure 2.1 Cross section of a FRP sheet formed by wet lay-up process (taken from 

Shrestha (2009)) 
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The wet lay-up method facilitates versatile site applications as it is applicable for 

bonding to curved surfaces and wrapping around corners, whereas, prefabrication 

assures better quality control. A third method, namely resin infusion method, which is 

similar to wet lay-up method but is not commonly used for structural engineering 

applications. In this process, dry fibre forms, usually fabrics, are arranged on moulds 

and then the entire fibre form is infused with resin and cured (Bank 2006).  

 

2.2.2 Mechanical properties of FRP composites 

All three types of FRP, namely, CFRP, GFRP and AFRP are linear elastic up to final 

brittle rupture in tension. Table 2.1 provides the mechanical properties of three types of 

FRP composites, taken from Head (1996), for FRP composites with unidirectional 

fibres. The ranges shown in this table are indicative only and a product may have the 

properties beyond these ranges depending on the fibre content and thickness of the FRP 

composite.  

Figure 2.2 depicts typical tensile stress-strain curves for CFRP, GFRP and mild steel 

Teng (2002). These curves show the strength differences between these materials as 

well as a clear contrast between the ductile behaviour of steel and the brittle nature of 

FRP composites.  The brittle nature of FRP has two major structural consequences. 

First, their brittleness may limit the ductile behaviour of RC members strengthened with 

FRP as they do not possess the ductility that steel has. Second, redistribution of stresses 

is restricted due to the lack of ductility. Therefore, the design of FRP strengthened 

structures cannot follow the existing design methods for RC structures with FRPs 

simply treated as equivalent steel reinforcement. Consequently, existing design methods 

for RC structures need to be modified considering the brittleness of FRPs based on 

research. 

The tensile properties of FRP composites are usually determined by preparing flat 

coupons according to a suitable test standard (e.g. ASTM D3039/D3039M (2008)). 
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Table 2.1 Typical mechanical properties of CFRP, GFRP and AFRP composites (Head 

1996) 

Unidirectional 

advanced 

composite 

materials  

Fibre content 

(% by weight) 

Density 

(kg/m3) 

Longitudinal 

tensile 

modulus (GPa) 

 

Tensile 

strength (MPa) 

Carbon/epoxy 

CFRP laminate 

65-75 1600-1900 120-250 1200-2250 

Glass 

fibre/polyester 

GFRP 

laminate 

50-80 1600-2000 20-55 400-1800 

 

Aramid/epoxy 

AFRP 

laminate 

60-70 1050-1250 40-125 1000-1800 

 

 
Figure 2.2 Typical FRP and mild steel tensile stress-strain curves (Teng 2002) 
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2.3 Bond strength and bond strength models  

The strengthening of reinforced concrete structures with FRP are usually accomplished 

by external bonding of FRP to concrete using epoxy resins. The effectiveness of the 

strengthening mainly depends on the effective stress transfer between FRP and concrete. 

In reinforced concrete (RC) beams with flexural strengthening, two distinct stress 

transfer mechanisms are liable to cause interfacial or local concrete failure. The first one 

is interfacial stress transfer from the highly stressed FRP plate to concrete under a major 

flexural crack and the failure occurs by the crack propagation in the concrete parallel to 

the bonded FRP plate and adjacent to the adhesive-concrete interface. This failure mode 

can be referred to as intermediate flexural crack induced debonding (Teng 2002, p. 11). 

Although the interfacial stress developed at intermediate flexural crack has both shear 

and normal stress components, the shear stress is the dominant one in this stress transfer 

mechanism and is usually simulated by single or double shear tests of FRP strip bonded 

concrete prisms and referred to as Mode II fracture in fracture mechanics. The other 

type of interfacial stress which develops at the ends of FRP plate is known as interfacial 

peeling stress (stress normal to the plate surface) and the debonding due to peeling 

stress is referred to as Mode I fracture in the context of fracture mechanics. 

 According to Chen & Teng (2001) there are six possible types of failures for single or 

double shear tests of FRP-to-concrete bonded joints. The failure modes are as follows: 

- Concrete failure 

- FRP tensile failure 

- Adhesive failure 

- FRP delamintation for FRP-concrete joints 

- Concrete-to-adhesive interfacial failure 

- FRP plate-to-adhesive interfacial failure 

 

Among these failure modes, FRP delamination from concrete substrate is the most 

common mode of failure in a FRP-to-concrete bonded joints and the location of failure 

is generally a few millimetres from concrete-to-adhesive interface. 
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One of the most recognised definitions of ‘interface’ was provided by Yuan et al. (2004) 

as the adhesive layer which represents not only the deformation of the actual adhesive 

layer but also that of the materials adjacent to the adhesive layer. 

 

Studies over the past two decades have tried to develop constitutive laws in order to 

model the interface between FRP and concrete and predict the delamination of FRP 

from concrete. These proposed models can be divided into three categories: i) empirical 

models, ii) fracture mechanics based models and iii) damage mechanics based models. 

A brief explanation of some of the proposed models is presented in this section. 

 

Empirical models were developed directly by the regression of test data from a variety 

of test set-ups with different specimen, geometries and material properties (Hiroyuki & 

Wu 1997; Maeda et al. 1997; Tanaka 1996). But these models are only applicable for 

similar test set-ups. 

 

Tanaka (1996) provided a simple empirical relationship between the average bond shear 

stress at failure τmax and bond length L (mm) based on shear tests: 

 

Lln13.6max , MPa                                                                                               (2.1) 

 

Hiroyuki & Wu (1997) also proposed a similar relationship based on a set of double 

shear tests on carbon fibre sheet (CFS) strengthened reinforced concrete members as 

follows: 

669.0
max 88.5 L , MPa                                                                                                (2.2) 

where the bond length (L) is measured in cm. 
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The above two models used ultimate bond strength of the bond as Pmax given by 

multiplying τmax by the width bf and bond length L of the bonded area. 

 

Maeda et al. (1997) developed a model in which effective bond length was considered. 

In this model, the following relationship was proposed between τmax, modulus of 

elasticity Ef (MPa) and thickness tf (mm) of the bonded plate.  

ff tE6
max 102.110 , MPa                                                                                     (2.3) 

The ultimate bond strength Pmax can be determined by multiplying τmax by the effective 

bonded area Lebf where Le is given by the following equation: 

ff tE
e eL ln580.013.6

,  mm                                                                                                (2.4) 

where Ef tf is in GPa-mm. 

Although the model proposed by Maeda et al. (1997) considered the effective bond 

length, the relationship is invalid when bond length L < Le (Teng 2002, p. 15). 

 

Linear elastic fracture mechanics (LEFM) were used by some of the researchers 

(Bazant, Daniel & Li 1996; Täljsten 1996) in order to determine the mode II (pure 

shear) fracture energy of CFRP-concrete and steel- concrete interfaces. 

 

Täljsten (1996) studied the FRP or steel-concrete beams by LEFM and proposed the 

directly proportional relationship between the maximum transferable load and the 

square root of the interfacial fracture energy in an adhesive-bonded joint. Both 

symmetric and non-symmetric joints were considered in his study. In a further study by 

Täljsten (1997), the concept of the effective bond length (the length of the bonded steel 

or FRP plate beyond which no further load can be carried by the plate)  was introduced. 

Some other studies also included the effective bond length in their studies and Yuan et 

al. (2004) provided a definition of effective bond length as the length of the bond 

required for reaching the 97% of the applied load, whereas Lu et al. (2005) defined that 
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the effective bond length is the length of the bonded plate at which 99% of the bond 

strength is achieved. Ali-Ahmad, Subramaniam & Ghosn (2007) in their numerical 

analysis showed that increasing the bond length beyond the effective length results in 

snap-back i.e.; both the load and displacement decrease simultaneously. 

Bazant, Daniel & Li (1996) showed the effect of specimen sizes on the strength of 

quasi-brittle materials and this size effect results in difficulties to compare the test 

results of different studies carried out with different materials and specimen geometries. 

 

A series of double shear tests were carried out by Neubauer & Rostasy (1997) on 

CFRP-concrete bonded joints and concluded that the shear stress-slip relationship of 

FRP-concrete joints can be represented by a triangular model (Figure 2.3) with an 

ascending trend followed by a descending trend.  

 

 

 

 

 

 

 

 

Figure 2.3 Triangular shear-slip model 

 

Also, Neubauer & Rostasy (1997) provided a relationship between the fracture energy, 

Gf and concrete surface tensile strength fctm (MPa) as: 

ctmff fcG , N-mm/mm2                                                                                                                 (2.5) 

where the average value of cf (a constant obtained from the regression analysis) was 

0.204 mm with a standard deviation of 0.053 for 51 specimens. They proposed a model 

for bond strength Pmax applicable both for CFRP and steel plates: 

τf 

1

τ 

f
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ctmffff ftEbkP 64.0max  if eLL                                                                          (2.6)  

or 
ee

ctmffff L
L

L
LftEbkP 264.0max  if eLL  

where 
ctm

ff
e f

tE
L

2
                                                                                                     (2.7) 

and fk = is a geometrical factor related to the width of bonded plate bf and width of the 

concrete member bc and was expressed as follows: 

4001

2
125.1

f

c

f

f b
b

b

k                                                                                                                                 (2.8) 

 

Barenblatt (1962) introduced the Cohesize Zone Model (CZM) to overcome some 

limitations involved in LEFM. This model was developed to simulate mode I fracture 

and was extended for mode II fracture by Högberg (2006) considering the tangential 

traction and separation instead of normal ones. 

 

The non-linear fracture mechanics approach (NLFM) was used by many of the 

researchers in the study of FRP-concrete interface (Ali-Ahmad 2006; Dai, Ueda & Sato 

2005; Mazzotti, Ferracuti & Savoia 2004; Yuan et al. 2004; Yuan, Wu & Yoshizawa 

2001). The non-linear fracture mechanics approach was supported by the results of 

experimental research conducted by Chajes et al. (1996), Bizindavyi & Neale (1999) 

and Yao, Teng & Chen (2005).  

 

Qiao & Chen (2008) used damage mechanics approach to simulate mode I fracture of 

FRP-bonded concrete beams. Also, same approach was adopted before by Camanho & 

Davila (2002) to develop a bilinear interface law for composite laminates but the model 

was not for FRP-concrete interface. 
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Several constitutive laws were suggested by researchers to model the FRP-concrete 

interface subjected to pure shear loads considering different parameters (Ali-Ahmad 

2006; Bizindavyi & Neale 1999; Chajes et al. 1996; Chen & Teng 2001; De Lorenzis, 

Miller & Nanni 2001; Maeda et al. 1997; Mazzotti, Ferracuti & Savoia 2004; Nakaba et 

al. 2001; Wu, Yuan & Niu 2002; Yuan et al. 2004; Yuan, Wu & Yoshizawa 2001) but 

none of them are generally accepted. 

 

The bond and load transfer mechanism in FRP plates bonded to concrete were studied 

by Chajes et al. (1996) using a single shear test set-up. It was observed that interfacial 

strength is affected by the concrete surface preparation. They also found that the 

ultimate interfacial shear strength is proportional to the square root of compressive 

strength of concrete '
cf . 

 

Bizindavyi & Neale (1999) investigated the shear mode between the FRP sheets and 

concrete beams through single shear tests. It was found that the effective bond length 

depends on the properties and geometry of the specimens and on the surface 

preparation. It was further shown that the bond strength of externally bonded FRP 

laminates mainly depends on the quality of the surface preparation, and the quality of 

the concrete itself. 

 

De Lorenzis, Miller & Nanni (2001) investigated the parameters affecting the behaviour 

of bond between FRP and concrete and observed that the bond strength is not affected 

by the FRP width. Subramaniam, Carloni & Nobile (2007) studied the effect of the 

width of the FRP laminate on the interface properties in more details. They concluded 

that the fracture properties of the central portion of the interface away from the edges 

are independent of the width of the FRP which is similar to the conclusion of De 

Lorenzis, Miller & Nanni (2001) but the maximum load was found to be higher for 

wider laminates. 
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Dai, Ueda & Sato (2005) investigated the behaviour of FRP-concrete interface under 

shear loads. Different FRP materials (carbon, glass and aramid fibres), FRP stiffness 

and adhesives were used in their study. An analytical method to define non-linear bond 

stress-slip models of FRP sheet-concrete interface through pull-out tests was proposed 

in this study. This method does not require attaching many strain gauges on the FRP 

sheets to obtain strain distributions and local bond stress-slip relation, instead, the 

relationship between pull-out forces and loaded end slips can be applied to derive local 

bond stress-slip relations. Dai, Ueda & Sato (2005) used two LVDTs, at free end and 

loaded end of the bonded area, to determine the relative slip between the FRP and 

concrete. The assumption behind their model was that a unique relationship exists 

between the FRP strain and interfacial slip as follows: 

sf                                                                                                                        (2.9) 

where ε is the strain in FRP sheets at any location and s is the corresponding relative 

slip between FRP and concrete at that location. 

An exponential expression was fitted to the experimental results of shear tests for 

finding the relationship between the strains in FRP sheets and slips at loaded ends as 

follows:  

)exp(1 BsAsf                                                                                         (2.10) 

where A and B are experimental parameters. 

A first order derivative of ε with respect to x gives the following equation: 

sf
ds

sdf
ds

sdf
dx
ds

ds
sdf

dx
d                                                                        (2.11) 

Therefore, the interfacial bond stress for FRP-concrete interfaces can be expressed as: 

sf
ds

sdftE
dx
dtE ffff                                                                                  (2.12) 

Finally, the interfacial shear stress is obtained as a function of relative slip by 

substituting Equations 2.10 into Equation 2.12: 
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BsBstBEA ff exp1exp2                                                                       (2.13) 

where Ef tf   is the stiffness of FRP sheets (multiplication of modulus of elasticity and 

thickness). 

Also, the interfacial fracture energy can be obtained by the area under the stress-slip 

curve and leads to the following expression: 

fff tEAG 2

2
1

                                                                                                                                             (2.14) 

The above equation provides the relationship between parameter A, interfacial fracture 

energy and FRP stiffness. 

The theoretical maximum pull-out force can be obtained from the following equation: 

 ffff GtEbP 2max                                                                                                 (2.15) 

Based on the experimental maximum pull-out force and the Equation 2.15, the 

interfacial fracture energy can be calculated.  

Equation 2.15 was modified by adding an additional width 2Δbf considering the effect 

of concrete on both sides of the attached FRP sheets: 

fffff GtEbbP 22max                                                                                    (2.16) 

The empirical constants in this model were obtained by regression analysis of 

experimental results. It was observed that the interfacial fracture energy Gf is affected by 

the properties of concrete, adhesives and FRP stiffness. The shear stiffness of adhesive 

affects the interfacial fracture energy most, whereas the effect of concrete strength is 

much less than that of the adhesive but slightly greater than that of the FRP stiffness. 

The parameter B increases infinitely with the increase in FRP stiffness and significantly 

with the shear stiffness of adhesive. 

 

Mazzotti, Savoia & Ferracuti (2008)  used Popovics’ non-linear equation to analyse the 

data from push-pull single-shear tests. Popovics’ (1973) non-linear equation, mainly 
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introduced to relate the concrete strength and the strain distribution, was modified to 

apply for FRP-concrete interface as follows: 

n

s
sn

n
s

s

max

maxmax 1
                                                                    (2.17) 

where τmax is the peak shear stress, smax is the corresponding slip and n>2 is a parameter 

governing the softening branch of the τ-s curve. 

The fracture energy Gf, which is the area under τ-s curve, is written as: 

maxmax sngG ff                                                                                                     (2.18) 

where gf is an analytical function of exponent n: 

n
n

g
n

f 2sin

1
1

1
21

                                                                                                                       (2.19) 

The three unknown parameters i.e. τmax, smax and n were obtained through least square 

minimisation and the fracture energy, obtained from the asymptotic value of maximum 

transmissible force by an infinite bond length, was used as a constraint in the 

minimisation procedure. 

The effect of FRP plate width was also studied by Mazotti, Savoia & Ferracuti (2008) 

and it was found that the effect of plate width on the interface fracture energy and 

delamination force was not significant but the maximum shear stress τmax increased with 

the decrease in plate width. Also, the effect of primary notch was shown by using two 

test set-ups (with and without primary notch at loaded end of FRP-concrete bond) and 

for 50 mm bond length about 60% less delamination load was reported for the set-up 

without primary notch. 

 

Nakaba et al. (2001) also used Popovics’ (1973) equation for developing their model. 

They used double shear test set up for their research. Unlike Mazzotti, Savoia &, who 

Ferracuti (2008) applied least square minimization to obtain the maximum shear stress, 
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τmax, Nakaba et al. (2001) proposed an exponential function of concrete compressive 

strength as follows: 

19.0'
max )(5.3 cf                                                                                                         (2.20) 

Using types of fibre and concrete substrate as test variables, they observed that 

maximum interfacial shear stress τmax was not affected by the type of FRP but increased 

with the increase in concrete compressive strength. 

 

Popovics’ (1973) equation was also adopted by Pham & Al-Mahaidi (2007) to simulate 

the CFRP-concrete interface behaviour under single shear tests. But the value of “n” 

was chosen equal to 3, in order to simplify the problem, and find the two unknowns, τmax 

and smax.  

 

Woo & Lee (2010) proposed a bond-slip law with linear hardening and exponential 

softening branch. The studied the effects of bonded length, width, and concrete strength 

on the interfacial behaviour and a proposed the bond-slip model from the experimental 

results. 

 

Yuan et al. (2012) studied the bond behaviour based on two bond-slip laws. Firstly, The 

used the bond-slip law proposed by Woo & Lee (2010) and a simplified analytical law 

with linear softening branch for their study. They also obtained the analytical solutions 

for the simplified analytical law. Finally, they discussed the influences of the FRP bond 

length and stiffness on load–displacement curve and the ultimate load based on the 

analytical solutions of two laws. They also studied the effect of stiffness on the effective 

bond length. 

 

 Zhou, Wu & Yun (2010) proposed an analytical bond-slip model which is applicable to 

both short and long joints. They developed the bond-slip relationship for short FRP-

concrete bond (the bond length is less than the effective bond length) for the first time. 
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Coronado & Lopez (2006) used ranges of tensile strength of concrete between 0.5ft and 

2ft (where ft is the tensile strength of concrete) and reported that debonding is insensitive 

to concrete strength. Similarly, Qiao & Chen (2008) also stated that the concrete tensile 

strength does not have any effect on the failure of the FRP-concrete interface. The 

interface failure is basically the cohesive failure of concrete along the interface due to 

the fact that the interface cohesive strength is higher than the concrete tensile strength. 

Hence, the interface fracture behavior is not affected by concrete tensile strength and 

variation of the concrete tensile strength does not alter the interfacial load-displacement 

curve. 

 

Lu et al. (2005) carried out an assessment of twelve existing bond-strength models and 

bond-slip models using the test results of 253 pull-out specimens collected from 

existing literature and found that the model proposed by Chen & Teng (2001) is the 

most accurate and recommended it for design due to its simplicity.  

 

Chen & Teng (2001) adopted a linearly decreasing shear slip model (see Figure 2.4) as 

typical slip values of FRP-concrete bonded joints are δ1 = 0.02 mm (the slip 

corresponding to maximum shear stress) and δf  = 0.2 mm (maximum slip); i.e., δ1  is 

small compared to δf. Based on their model, the debonding stress in the FRP plate 

bonded to concrete is given as:  

f

cf
Lpf t

fE '

                                                                                              (2.21) 

The parameters α, βp, βL, Ef, 
'

cf and tf in the above equation represent an empirical factor 

(best fit model = 0.427), FRP width factor, FRP length factor, modulus of elasticity of 

FRP, compressive strength of concrete and thickness of FRP, respectively, and 

c

f

c

f

p

b
b
b
b

1

2
                                                                                                           (2.22) 
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e
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e

L LLif
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1
                                                                                                       (2.23) 

'
c

ff
e

f

tE
L                                                                                                               (2.24) 

where bf and bc are FRP width and concrete width, respectively, and Le represents the 

effective bond length. 

 

 

Figure 2.4 Shear slip model (adopted from Chen & Teng (2001)) 

 

Biscaia, Chastre & Silva (2013) analysed different existing analytical and numerical 

solutions for the debonding process of FRP-concrete bond. They used numerical 

integration process to find the solution of governing differential equation of FRP-

concrete bond. In the numerical process, they used five existing bond-slip models 

including three linear bond-slip relations. The numerical integration process was found 

to be in a good agreement with the analytical expressions determined for the linear 

bond-slip models and it was verified that maximum load transmittable to the FRP plate 

is influenced by the square root of the FRP stiffness and fracture energy even when 

nonlinear bond-slip relations are assumed. 
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2.4 Durability of FRP and FRP-concrete structures 

 According to Cousins, Lesko & Carlin (1998), the durability of structures is the ability 

of it to maintain its initial performance-properties over time (Imani 2010, p. 36). 

Karbhari et al. (2003) also defined ‘Durability’ of a material or structure as “its ability 

to resist cracking, oxidation, chemical degradation, delamination, wear, and/or the 

effects of foreign object damage for a specified period of time, under appropriate load 

conditions, under specified environmental conditions”. There are various factors 

involved in the study of durability of a structural system such as repeated loadings, 

changes in environmental conditions, chemical exposure and traffic loads. Alternating 

environmental conditions are considered to be one of the most important environmental 

effects (Imani 2010, p. 36) on the behaviour of a structural system. Environmental 

conditions can be referred to as temperature change, wet-dry and freeze thaw cycles, 

salinity, UV radiation, alkaline environment, acid rain and many other environmental 

compononents.  

Fibre Reinforced Polymer (FRP) composites are being used increasingly in retrofitting 

of civil engineering structures due to their convenient application methods and 

resistance to corrosion unlike steel. But the information regarding the long term 

durability of FRP is sparse. Karbhari (2003) stated that there are a number of myths 

regarding FRP composites and few of those are: 

- Composites can solve all the issues related to degradation of civil infrastructure; 

- Composites do not degrade and are not susceptible to environmental influences; 

- Glass fibre reinforced composites should only be used for architectural applications 

due to stress-rupture considerations. 

- Carbon fibre reinforced composites are not degradable and have infinite life. 

However, the reality is different from the myths stated above. FRP composites can 

degrade at the level of fibre, polymer, and/or interface under certain circumstances. The 

resin matrix allows moisture adsorption and may results in the degradation of polymer 

and fibre.  Also, temperature changes, especially when temperature approaches or 

exceeds the glass transition temperature (Tg), can degrade the performance of FRP 

composites. Glass transition temperature is the temperature at which resin matrix 

transforms from hard glass-like material to more rubber-like material. There are other 

factors which may also degrade the performance of FRP composites used in concrete 
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structures such as alkalinity, salinity and freezing and thawing. As a result, the effect of 

various environmental conditions on the FRP composites and the FRP-strengthened 

structures need to be obtained through extensive research to know the level of 

performance of the structure and the material itself after long term.  

 

2.5 Long term performance prediction for FRP and FRP-concrete structures 

Most of the existing long term prediction models for FRP stiffness and strength for 

concrete applications are based on the short term accelerated ageing tests. Accelerated 

ageing tests are carried out by exposing FRP composites and FRP reinforced concrete 

beams to elevated temperatures or freeze-thaw cycling under water, salt, alkaline, or 

acidic solution immersion (GangaRao, Taly & Vijay 2006) and accelerated ageing 

results are correlated to natural ageing. All these accelerated ageing are based on the 

Arrhenius principle (section 2.5.1). 

 

2.5.1 Arrhenius principle 

Arrhenius principle states that the chemical degradation rate depends on temperature. 

This principle is applied to determine the temperature dependence of polymers exposed 

to environmental conditions consisting of several temperature levels. The Arrhenius 

equation is as follows: 

RT
Ea

Aek                                                                                                              (2.25) 

where k = reaction rate constant with respect to a temperature T 

A = a constant of the test condition 

Ea = the activation energy of the chemical reaction 

R = the universal gas constant (8.3145 JK-1mol-1) 

T = the absolute temperature (K) 

In order to apply the Arrhenius equation it is assumed that the degradation is controlled 

by a single dominant mechanism.  
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Using Arrhenius principle, short term tests are conducted by using higher temperature to 

accelerate the degradation in a certain environmental condition. Several temperature 

levels are chosen to determine load, stress or other parameters at those temperatures and 

charts are prepared by time-temperature-stress superposition principle based on test 

results. Finally, accelerated ageing test data are correlated to natural ageing data. 

 

2.5.2 Time-temperature-stress superposition principle 

A certain property of polymer composite material such as time-dependent stress at one 

temperature can be used to find that property at another temperature (under certain 

limitations) and this principle is referred to as the time-temperature-stress superposition 

principle. This principle is used to correlate the accelerating aged test data to naturally 

aged test data and service life prediction can be performed for polymer composite 

subjected to certain environmental condition (GangaRao, Taly & Vijay 2006). 

 

2.5.3 Existing long term durability prediction models  

Long-term prediction models based on Arrhenius equations proposed by different 

researchers are popular in the study of long term performance of FRP and FRP-concrete 

structures. Litherland, Oakley & Proctor (1981) , Dejke & Tepfers (2001) and Phani & 

Bose (1987) proposed models based on Arrhenius principle. But these models are only 

applicable to certain type of FRP and certain environmental condition. Also, the validity 

of the assumption that the elevated temperature only increases the rate of deterioration 

but the deterioration mechanism remains the same is still open for debate. Robert et al. 

(2010) stated, regarding the use of high temperature as an accelerating factor, that high 

temperature may amplify the reduction of the properties which may lead to conservative 

prediction of long-term properties. They also commented that too high a temperature 

not only accelerate the degradation rate but may also alter the thermo-mechanical 

induced degradation mechanism which may not be experienced by the structure in real 

time ageing.  
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A model to predict the direct tensile strength of glass fibre strands in cement 

environment and the flexural strength of Glass Fibre Reinforced Cement (GRC) 

composites exposed to hot water at various temperatures was proposed by Litherland, 

Oakley & Proctor (1981). They used Arrhenius principle to predict the expected 

strength of GRC after hundred years of exposure. 

 

Phani & Bose (1987) developed a model to predict the flexural strength of random mat 

glass fibre reinforced polyester resin specimens exposed to hydrothermal ageing based 

on Arrhenius equation. Acousto-ultrasonic technique was used to predict the flexural 

strength in this study. Their research shows that the flexural strength, σ(t), after an 

exposure time, t, follows the following relation: 

tt exp0                                                                                  (2.26) 

where σ0 and σ∞ are the composite strength at times 0 and , respectively, and τ is a 

characteristic time, which is dependent on temperature. 

 

Dejke & Tepfers (2001) investigated the long term environmental influence of concrete 

on GFRP reinforcement bars. GFRP reinforcement bars were exposed to three different 

environmental conditions, namely, alkaline solution, concrete and tap water. They used 

elevated temperatures in the range of 7o C (average outdoor temperature in the south-

coast of Sweden) to 80o C to accelerate the ageing. Some of the specimens were 

embedded in concrete and exposed to outdoor environment at 100% relative humidity to 

simulate the real concrete structure in highly humid condition, whereas elevated 

temperatures were used to accelerate the degradation process and to determine the 

acceleration factor. The mechanical properties, namely, tensile strength and inter-

laminar shear strength were measured in this study. They also commented that time shift 

factor (TSF) for the ageing of glass fibre reinforced concrete at elevated temperatures 

suggested by Litherland, Oakley & Proctor (1981) is not applicable to GFRP immersed 

in alkaline solutions or embedded in concrete. So, they suggested a new approach to 
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quantify the time shift factor based on the tests of GFRP only. The time shift factor was 

calculated by the following equation: 

15.27315.273
exp

21 T
B

T
BTSF                                                                     (2.27) 

where TSF is the time shift factor, B is a constant determined using the time shift of two 

known curves and T1 and T2 are two temperatures between which TSF is calculated (T1 

is the smaller temperature value) 

After obtaining the value of B from the tested results at two temperatures, results at a 

given temperature, T, can be obtained by substituting the temperature T value in the 

above equation. 

 

Chen, Davalos & Ray (2006) proposed a procedure based on the Arrhenius relation to 

predict the long-term behaviour of glass fibre-reinforced polymer (GFRP) bars in 

concrete structures by obtaining the short term data from accelerated ageing tests. Two 

types of E-glass-vinyl ester-FRP reinforcing bars were exposed to simulated concrete 

pore solutions at 20, 40 and 60o C. Determination of tensile strengths of the bars were 

conducted before and after the exposure for periods of 60, 90, 120 and 240 days. Based 

on the test results, it was observed that there is a dominant degradation mechanism for 

GFRP bars in alkaline solutions which does not change with temperature or time. 

Finally, a modified Arrhenius analysis was included to evaluate the validity of 

accelerated ageing tests.  

According to the approach proposed in this study, first the relationship between tensile 

strength retention (the percentage of the residual strength over original tensile strength) 

of GFRP bars and exposure time for the accelerated test was defined as: 

tY exp100                                                                                                       (2.28) 

where Y = tensile strength retention value (%); t= exposure time: and τ =1/k. 

This equation is a modified form from the study of Phani & Bose (1987) by assuming 

that GFRP bars degrade completely at infinite exposure time. 
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In the second step, τ =1/k is substituted to another form of Arrhenius equation: 

RT
E

Ak
aexp11                                                                                                         (2.29)         

Finally, from the Arrhenius plots at different temperature values, long-term prediction 

was carried out for 20o C temperature.  

 

Karbhari & Abanilla (2007) studied the durability of unidirectional wet lay-up carbon-

epoxy laminates by varying the number of laminate layers. 2, 6 and 12 plies were used 

in their study and they observed that deterioration rate increased significantly with the 

increase of number of resin dominated layers. The specimens were immersed in water 

for 3 years at 23o C and based on the results obtained from tensile test, flexural test, 

short beam shear test and in-plane shear test, prediction equations were developed using 

two popular approaches, namely, Arrhenius method and Phani & Bose (1987) approach. 

It was observed that both methods were unable to account for the initial post-cure effect 

in ambient cured/carbon epoxy system. But the Arrhenius approach had better 

correlation with the experimental results than Phani and Bose approach after the post-

cure mechanism ceased. So, Karbhari & Abanilla (2007) provided a general form of 

equation  for the prediction of strength and modulus considering the post-cure effect as 

follows: 

BtA
P

tP ln
100

0 ;   0t                                                                                   (2.30) 

where P(t) and P0 are strength or modulus at time t (in days) and time 0 (unexposed), 

respectively, and A is constant denoting degradation rate and B is a material constant 

reflecting the early effects of post-cure progression. The value of B greater than 100 

represents the initial post-cure dominance over the moisture induced degradation. And B 

= 100 indicates fully cured material or null effect of post-cure progression.  
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2.6 Experimental study on durability of FRP-concrete structures 

Although extensive research have been conducted on strengthening of RC structures 

with FRP, research on long term durability of FRP-concrete bond are very limited. 

Some research have dealt with durability of concrete beams strengthened with FRP and 

showed the decrease in ultimate beam strength after various environmental exposures, 

whereas other research showed the degradation of bond strength between FRP and 

concrete under aggressive environment. In addition, these research involved variety of 

test set-ups and environmental factors. A summary of the previous research, carried out 

experimentally, on the durability of FRP-concrete structures have been included in this 

section. 

 

Chajes, Thomson & Farschman (1995) 

Chajes, Thomson & Farschman (1995) performed two sets of tests to determine the 

effects of a calcium chloride solution on concrete beams externally reinforced with FRP 

under freeze/thaw and wet/dry conditions. Three types of FRP, aramid, E-glass and 

graphite, were used. Each freeze-thaw cycle consisted of 16 hours in a freezer at -17oC 

followed by 8 hours of thawing at room temperature and a total of 50 and 100 cycles 

were applied to the beams, whereas, wet-dry cycle consisted  of 16 hours of wetting 

followed by 8 hours of drying at room temperature. The number of wet-dry cycles was 

50 and 100. Calcium chloride solution (4 g anhydrous calcium chloride per 100 ml of 

water) was used for both freeze-thaw and wet-dry cycles. Figure 2.5 shows the 

schematic diagram of the beam specimen and the test set-up. 
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Figure 2.5 Test Set-up (Chajes, Thomson & Farschman 1995) 

 

From the test results it was observed that graphite reinforced beams showed more 

durable performance than aramid and E-glass reinforced beams. Among the two tested 

conditions, wet/dry cycles caused slightly more degradation. Also, it was found that 

degradation can lead to changes in failure mode of the beams in addition to the 

reduction in ultimate strength. While control beams showed ductile flexural failure, all 

exposed aramid-reinforced beams failed because of debonding of the fabric. Failure of 

the E-glass and graphite-reinforced beams indicated deterioration of the concrete-

epoxy-fabric bond, evidenced by the lack of adherence of concrete to the fabric. 

 

Toutanji and Gómez (1997) 

Toutanji and Gómez (1997) studied the effect of wet/dry cycling using salt water on the 

performance of FRP-concrete beams and on the interfacial bond between the fibre and 

the concrete. Four types of FRP (two carbon and two glass) and three different types of 

two-part epoxy were used. The duration of the wet cycle was 4 hours, and that of dry 

cycle was 2 hours. Thus, the specimens were exposed for 75 days (300 cycles) and 

tested in flexure. 
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From the test results of the specimens exposed to room temperature, it was found that 

the ultimate flexural load increased significantly by externally bonding FRP sheets to 

the tension face of concrete beams. The ratio of the ultimate flexural load of 

strengthened beams to unstrengthened beams, under room temperature conditions, was 

between 2.2 and 5.1, depending on the type of FRP sheet and the type of epoxy resin 

system. Even after wet/dry cycles, the beams showed a significant increase in load 

carrying capacity when FRP sheets were externally bonded to the tension face. 

Depending on the type of FRP sheets and the type of epoxy resin, the ratio of the 

ultimate flexural load of strengthened beams to unstrengthened beams was 2.1 to 4.4 

under wet/dry cycles. But the increase in the ultimate load was reduced due to wet/dry 

condition.  

 

Green et al. (2000) 

An experimental investigation was carried out by Green et al. (2000) on the effect of 

freeze thaw cycles on the bond between unidirectional CFRP plates and concrete using 

both single- lap- joint shear and bond beam specimens. The exposure conditions applied 

were 0, 50, 150 and 300 freeze-thaw cycles consisting of  16 hours of freezing in cold 

air at -18o C and 8 hours of thawing in a warm water bath at +15o C. Freeze-thaw cycles 

up to 300 did not reveal any significant damage of FRP-concrete bond properties. 

 

Myers et al. (2001) 

Myers et al. (2001) conducted an experimental program to investigate the durability of 

bond between concrete and three types of FRP sheets (Carbon, Glass and Aramid) using 

pre-cracked concrete beams strengthened with FRP. The FRP strengthened beams were 

subjected to combined environmental cycles under various degrees of sustained loading 

in an environmental chamber. The exposure cycle consisted of a combination of freeze-

thaw cycles, extreme temperature cycles, relative humidity cycles and indirect ultra-

violet radiation exposure. After the exposure cycles, the beams were tested under four 

point bending.  
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The failure modes of all beams were due to peeling of FRP sheet from the concrete. The 

post-failure observation of the sheets indicated good bond between FRP and concrete 

even after the environmental exposure condition, although there was a relative 

deterioration in the bond. Exposed specimens showed much more rapid increase in 

strain with the increase in load as compared to control specimens. Specimens 

conditioned for 5 combined environmental cycles at sustained load of 40% of the 

ultimate load showed the largest degradation in terms of bond strength. GFRP 

strengthened beams exhibited more degradation in flexural stiffness than those of AFRP 

and CFRP strengthened beams.  

 

Homam et al. (2001) 

Homam et al. (2001) studied the durability of FRP-concrete bond using FRP bonded 

concrete prisms. Each specimen was fabricated using two separate concrete prisms with 

FRP laminates on two sides (Figure 2.6). Two types of FRP, Carbon and Glass, were 

used to investigate the bond. Specimens were grouped into batches of exposed and 

control, and placed in respective conditions. Six different exposure condtions were 

tested as listed below. 

a. Control Environment: 22oC and about 50% relative humidity 

b. Freeze-thaw: cycling between -18oC and +4oC submerged in water (50, 100, 200, 

and 300 cycles) 

c. UV radiation: exposure to UV-A lamp radiation at 156 watt/m2 and 38o C (1200, 

2400 and 4800 hours) 

d. Temperature variations: 4 cycles/day between -20oC and +40oC in dry chamber (28, 

56, 112, and 336 cycles) 

e. Alkali solutions: submersion in pH 10, pH 12 and pH 13.7 (normal pH 14) NaOH 

solution at 38oC (7, 14, 28, and 84 days) 

f. Water: submersion in water at 22oC room temperature (7, 14, 28, and 84 days) 

After the completion of exposure conditions, the specimens were tested by applying 

tensile load at the ends of the embedded steel rods. The FRP-concrete interface was 

subjected to shear due to bolts pulling apart. The bond failure took place at the epoxy-

concrete interface. In some specimens, small chips of concrete broke off from the 
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surface of the concrete. The average lap shear strengths of the unexposed CFRP and 

GFRP bonded specimens were about 3.10 MPa and 2.30 MPa, respectively. The 

average lap shear strength of GFRP specimens dropped only slightly because of the 

freeze-thaw exposure compared to that of control specimens. The average lap shear 

strength of CFRP specimens dropped about 5% due to freeze-thaw exposure. The 

degradation was slightly more severe than that of GFRP specimens. 

 

 
Figure 2.6 FRP bonded concrete prism (Homam, Sheikh & Mukherjee 2001) 

 

Regarding the effect of temperature cycles and pH 10, pH 12 and pH 13.7 NaOH 

solutions, there were drops of about 10% to 14% in the bond strength of all the exposed 

GFRP bonded specimens in the early stages of exposure. With the progress of exposure 

duration, the difference in the strength of specimens exposed to pH 10 and pH 12 

solutions and the control specimens disappeared. But the strength dropped about 15% 

for the temperature exposed specimens and about 5% for the pH 13.7 NaOH solution 

exposed specimens. 

At the early stages of exposure to temperature and pH 10, pH 12 and pH 13.7 NaOH 

solutions, CFRP-concrete bond strength increased for all exposures, possibly due to the 

higher temperatures of exposure. However, with the progress of exposure duration, the 



Chapter 2. Literature review 

M. I. Kabir  37 
 

strength of control specimens increased and the strength of exposed specimens did not 

change much. Also, there was a large scatter of the data for this series of tests. 

 

Li et al. (2002) 

Li et al. (2002) studied the long-term structural degradation of concrete beams 

retrofitted with FRP sheets through short-term accelerated conditioning tests. A total of 

eighteen 1700×152×762 mm steel RC beams were fabricated from 3 batches of 

concrete. Some of the beams were pre-cracked while some were uncracked and 

unconditioned. After pre-cracking and surface preparation of the beams, either CFRP or 

GFRP was bonded to the tensile face of the damaged beams. Seven day exposure to 

boiling water was used to study the structural degradation of CFRP and GFRP 

strengthened concrete beams. Also, UV radiation was used for 30 minutes during the 

exposure to boiling water and for an hour after draining the water out on the seventh 

day. After conditioning in accelerated or ambient environment, all specimens were 

tested under four-point bending. 

Comparison of the test results of FRP strengthened, pre-cracked and conditioned beams 

to the corresponding pre-cracked and conditioned control (without FRP strengthening) 

beams revealed that the average residual load carrying capacity of the FRP retrofitted 

beams was higher by 5-17%. This observation proved the strengthening ability of FRP 

even after harsh environmental exposure. However, comparing the FRP strengthened 

and conditioned beams with its corresponding FRP strengthened and unconditioned 

beams, it was found that about 57 -76% of strengthening efficiency was lost due to 

conditioning which implies significant structural degradation.  The interesting behaviour 

was that the conditioning minimised the difference of two types of FRP in the residual 

increases in ultimate load carrying capacity of FRP strengthened specimens. For 

unconditioned specimens, increases in load carrying capacity were 44% and 33% for 

CFRP and GFRP, respectively, whereas for conditioned specimens increases in laod 

carrying capacity were 17% and 14% for CFRP and GFRP, respectively. The 

explanation for this behaviour was that the deterioration of the FRP was due to the 

degradation of FRP matrix and fibres only played a secondary role. 
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Moreover, the failure mode of all FRP strengthened RC beams was concrete crushing at 

the compression zone, not by fracturing of the FRP layer which might be due to the high 

amount of FRP relative to the small specimen size. Therefore, the strength of the FRP 

layer was not reached, even for the degraded FRP layer. Li et al. (2002) suggested that 

the best way to enhance the long-term performance of FRP strengthened concrete 

structures is to increase the water and ageing resistance ability of polymer matrix. 

 

Grace (2004) 

Grace (2004) studied the effect of environmental conditions on the CFRP strengthened 

reinforced concrete beams experimentally by testing 78 beams. Two of the beams were 

unstrengthened, four (two strengthened with CFRP plates and two with CFRP fabrics) 

were used as reference beams, not exposed to any environmental condition, and the 

remaining 72 beams were strengthened with CFRP (36 with CFRP plates and 36 with 

CFRP fabrics) and were subjected to environmental conditions or repeated loads. The 

environmental exposure conditions were 100% humidity, dry heat, alkaline solution and 

saltwater solution with exposure durations of 1000, 3000 and 10,000 hours. Also, sets of 

four beams were subjected to 350 and 700 freeze-thaw cycles and 35 thermal expansion 

cycles. After set durations of environmental exposures, the beams were tested under 

four point bending.  The environmental conditions are listed in Table 2.2. The beams 

tested for repeated loads were not exposed to any environmental conditions but to 

repeated loads with constant amplitudes of 15, 25 and 40% of the ultimate failure loads 

at a frequency of 3.25 Hz for 2 million cycles. 

Based on the experimental results, strength reduction factors were proposed for RC 

beams strengthened with CFRP and exposed to various independent environmental 

conditions.  

Grace (2004) concluded that among all conditions (environmental and repeated load) 

100% humidity caused the most significant reduction of strength of CFRP strengthened 

beams and the primary mode of failure of CFRP strengthened beams with or without 

exposure was delamination of CFRP.  
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Table 2.2 Environmental conditions used by Grace (2004) 

Environmental exposures 

Name of exposure Properties Durations (hours/cycles) 

Humidity Constant 100% relative 

humidity at 38o  ± 2o C 

1000, 3000 and 10,000 hours 

Alkaline solution pH 9.5 and 23o ± 2o C 

temperature 

1000, 3000 and 10,000 hours 

Saltwater Concentration of 1500 ppm, 

specific gravity of 1.022 and 

23o ± 2o C temperature 

1000, 3000 and 10,000 hours 

Dry heat Constant 60o C 1000, 3000 and 10,000 hours 

Freeze-thaw cycles Lowering the temperature of 

the beams from 4o C and then 

returning to 4o C (Air and 

water was used to freeze and 

thaw respectively) 

350 and 700 cycles with each 

cycle of total 4 hours 

Thermal expansion 

cycles 

Raising the temperature of the 

beams to 48.9o ± 1.5o C and 

then cooling to 26.7o ± 1.5o C 

(the heating chamber was 

programmed for a maximum 

temperature of 75.5o C and a 

maximum humidity of 100% 

35 cycles with each cycle of 

total 5 hours 

 

Boyajian, Ray & Davalos (2007) 

Boyajian, Ray & Davalos (2007) conducted experimental research on the effect of 

freeze-thaw cycling under calcium chloride solution on the Mode I fracture critical 

fracture energy release rates (GIc) of CFRP bonded single contoured cantilever beam 

(SCCB) after 50,100, 150 and 300 cycles of freeze-thaw cycles. Figure 2.7 depicts the 

freeze-thaw cycling scheme applied in the study. They also investigated the weight 
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change of the specimens and strains initially and after every fifth cycle. Fracture testing 

after 300 cycles revealed that the efficiency of interface integrity degraded by more than 

one third of the control case. 

 

 
Figure 2.7  Freeze-thaw cycling scheme (Boyajian, Ray & Davalos 2007) 

 

Subramaniam, Ali-Ahmad & Ghosn (2008) 

Subramaniam, Ali-Ahmad & Ghosn (2008) demonstrated results from an experimental 

investigation on the influence of freeze–thaw cycles on the CFRP–concrete interface 

fracture properties. A direct shear test was used to investigate the FRP–concrete bond 

behaviour. The cohesive stress transfer between FRP and concrete during the shear test 

was determined from spatially continuous measurements of surface strains obtained at 

different stages of applied load by Digital Image Correlation (DIC). The non-linear 

material law for the interface shear fracture was developed by relating the interface 

shear stress as a function of relative slip for specimens subjected to freezing and 

thawing action. A larger percentage decrease in the interface fracture energy due to 

freeze–thaw cycles, compared to the corresponding decrease in the ultimate nominal 

stress at debonding, was observed. A decrease in the length of the cohesive stress 

transfer zone and the maximum interface cohesive stress were also observed with 

freeze–thaw cycling. But the modulus of elasticity of FRP sheet determined from the 

maximum strain value at fully debonded zone of FRP-concrete bond, corresponding 

applied load value and cross sectional area of FRP sheet did not decrease due to freeze 

thaw exposure. 
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Ouyang & Wan (2008a) 

An investigation on the effect of moisture on externally bonded CFRP-concrete bond 

deterioration was conducted by Ouyang & Wan (2008a). Modified double cantilever 

beams bonded with CFRP were used as mode I fracture specimens and deterioration of 

bond was characterised by interface fracture energy under mode I loading. All concrete 

specimens were cured under 100% moist environment for 28 days and stored in lab at 

35% relative humidity for 10 months. After this period, no further weight change was 

observed. Control specimens were tested after 7 days of FRP application, whereas other 

specimens were exposed to full immersion in water for 2, 3, 4, 5, 6, 7 and 8 weeks and 

tested under mode I loading. A simple method was developed in this study to determine 

the Interface Region Relative Humidity (IRRH) just after the delamination of FRP from 

concrete. A relation between interfacial fracture energy and IRRH was obtained in this 

study. Moreover, a constitutive relation between residual thickness of concrete (RTC) 

on the detached CFRP plate and IRRH was determined by measuring the RTC. Figure 

2.8 shows the relation between normalised RTC (in terms of the residual thickness of 

concrete of control specimens) and IRRH. Bond fracture energy was also determined 

numerically as a function of IRRH applying this relation and virtual crack closure 

technique (VCCT). The observation was that the deterioration of fracture energy was 

accelerated when the IRRH value was greater than 55% but when the IRRH was greater 

than 75%, the fracture energy started to become steady and did not show any significant 

change with the increases in IRRH. 

 

 
Figure 2.8 Relation between normalised RTC and IRRH (Ouyang & Wan 2008a) 



Chapter 2. Literature review 

M. I. Kabir  42 
 

Ouyang & Wan (2008b) 

Ouyang & Wan (2008b) derived the moisture diffusion governing equation for the multi 

layered FRP-adhesive-concrete system by using relative humidity as a global variable in 

their study in order to model the movement and distribution of moisture in FRP 

strengthened concrete structure. Diffusion coefficient and the isotherm curve 

(correlation between environment relative humidity and moisture content at a given 

constant temperature) at constant 23o C were experimentally determined for each of the 

constitutive material at different levels of environmental relative humidity. Also, finite 

element analysis was conducted to study the moisture diffusion in the FRP- adhesive- 

concrete system. Finally, interface region relative humidity (IRRH) values for different 

environmental relative humidity, obtained from numerical study, were compared with 

the values obtained by experimental method developed in a separate study by Ouyang & 

Wan (2008a). It was observed that error between experimental and numerical IRRH was 

less than 5% RH which confirmed the good agreement between experimental and 

numerical results. 

 

Silva and Biscaia (2008) 

Silva and Biscaia (2008) studied the effects of cycles of salt fog, temperature and 

moisture and immersion in salt water on the flexural behaviour of beams externally 

strengthened with GFRP or CFRP. Their main focus was to study the bond between 

FRP and concrete subjected to environmental conditions. 

In this study, reinforced concrete specimens were fabricated and reinforced with GFRP 

or CFRP for four point bending test. The specimens consisted of two 100 mm wide 

prismatic concrete blocks connected through a stainless steel hinge device (Figure 2.9). 

Two layers of unidirectional GFRP or CFRP strips were bonded to the beam soffit. The 

effect of ageing was presented in terms of ultimate load-carrying capacity and average 

bond stress along the length of the bonded GFRP surface.  Also, bond slip was modelled 

in this study and the fracture energy, Gf, was determined based on exponential laws for 

stress-slip. Moreover, environmental effects on the maximum load carrying capacity of 

GFRP strip is introduced by a factor, αE, based on the experimental results. Apart from 
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the bending test specimens, pull-off tests were conducted on rectangular concrete slabs 

(600 x 200 x 100 mm).  

For accelerated ageing of GFRP specimens, either total immersion in 5% salt water or 

temperature and salt fog cycles were used. Salt fog cycles were generated with the same 

salinity (50g/litre water) as used in the immersion tests. Temperature was around 35o C 

and moisture level was defined by allowing16 hours to dry the specimens followed by 8 

hours of fog. The temperature cycles applied in this study consisted of an environment 

at -10o C for 12 hours followed by +100 C for 12 hours. Specimens were tested after 

1000, 5000 and 10,000 hours of exposure.  

 

 
Figure 2.9  Specimen geometry for four point bending test by Silva and Biscaia (2008) 

 

Based on the observations from bending tests and pull-off tests of GFRP specimens, the 

following conclusions were made: 

The freeze-thaw temperature cycles showed the most detrimental effect with a 

degradation of ultimate load carrying capacity of beams by 31% after 10,000 hours, 

whereas a gain of 21% at 10,000 hours was observed for immersion tests due to the 

combined effects of gain in tensile strength of concrete and post-curing of the polymers. 

The salt fog cycles exhibited an initial increase of strength and after 10,000 hours the 

load capacity was only 3% below the reference specimens. In terms of failure modes, 

concrete substrate failure near the adhesive surface occurred for reference specimens 

and specimens subjected to temperature cycles, whereas failure in the interface between 

the adhesive and concrete was observed for salt fog cycles and immersion in salt water. 
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The pull-off tests showed reduction of average pull-out stress for immersion in salt 

water and salt fog cycles compared to the reference specimens.  

Unlike the GFRP bonded specimens, CFRP bonded specimens were only subjected to 

moisture cycles.  Moisture cycles were maintained with relative humidity of 20% for 12 

hours followed by 90% for another 12 hours at a temperature of 40o C. For salt fog 

cycles, same specifications were used as before except the exposure period of 5000 

hours replaced by 6000 hours. 

Based on the results of bending and pull-off tests of CFRP specimens, Silva and Biscaia 

(2008) concluded as follows: 

Moisture cycles at fixed temperature and salt fog cycles caused approximately the same 

degradation of load carrying capacity for bending tests. Highest reduction of load 

carrying capacity was around 20%. The failure occurred in the concrete near surface 

substrate for both moisture cycles and control specimens, whereas failure was in 

concrete-adhesive interface for salt fog cycles. Pull-off tests exhibited increase in 

strength for salt fog cycles due to higher tensile strength of concrete attributed to wet 

curing by the artificial moisture environment at 350 C. 

 

Lai et al. (2009, 2010) 

Lai et al. (2009, 2010) studied the effects of elevated water temperatures on interfacial 

delaminations of externally bonded CFRP-concrete beams by infrared thermography 

(IRT) and direct shear tests. The former study mainly focused on the quantification of 

the changes of delaminations within the adhesive bonding, changes in resistance to 

direct shear force and changes of failure mode distribution due to three elevated water 

temperatures: 25, 40 and 60o C for the durations of  5, 15, 30 and 50 weeks. High water 

temperatures were found to be the single most significant factor for causing degradation 

of the adhesive layer due to the proximity of the elevated temperatures to the glass 

transition temperature of adhesive. Lai et al. (2010) used the same environmental 

conditions as Lai et al. (2009) but their main aim was to quantify the flaws and 

delaminations by quantitative infrared thermography (QIRT) and by visual image 

processing after opening-up the CFRP by direct shear. 
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Leone, Matthys & Aiello (2009) 

Leone, Matthys & Aiello (2009) studied the effect of elevated service temperature on 

bond between externally bonded FRP reinforcement and concrete. They stated that the 

usual bonding material used for FRP application is a thermosetting polymer, e.g.; epoxy 

or polyester resin, which are sensitive to temperature increases. For temperatures higher 

than the glass transition temperature, Tg, the mechanical properties degrade and bonding 

material changes from a hard and glass-like material to a rubber-like material. In this 

study, the bond performance between three types of FRP reinforcement, namely, CFRP 

sheet (wet-layup), CFRP plate (factory made) and GFRP sheet (wet lay-up), and 

concrete were experimentally investigated by double face shear tests at 50, 65 and 80o C 

temperatures. Three temperatures were chosen in this study in such a way that the 

temperatures represent -10%, +18% and + 45% of the glass transition temperature of the 

epoxy (55o C). Test results at elevated temperatures were compared to those at room 

temperature (20o C). Conclusions based on the experimental observations were as 

follows:  

-Although the bond stress–slip curves with increasing service temperatures showed a 

similar qualitative shape as that of control specimens, a significant variation of some 

relevant parameters such as dropping of initial slope of the ascending branch of the 

curves, decrease in maximum bond stress with service temperature above glass 

transition temperature of the adhesive were observed. The reductions of maximum bond 

stress at 80o C of 54% for CFRP sheet, 72% for GFRP sheet and 25% for CFRP 

laminate were observed. 

-The type of failure changed with increasing test temperature. Specimens tested at 50o C 

showed cohesion failure within the concrete, whereas at 80o C, an adhesion failure at the 

interface was observed. At temperatures similar to or higher than the Tg, the adhesion 

strength of the adhesive drops below that of the concrete, causing the bond failure at the 

FRP reinforcement–adhesive interface. 

-The strain values along the reinforcement significantly increased with temperature. 

-The initial transfer length increased with the test temperature while the maximum force 

remained almost constant.  
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Dai et al. (2010) 

Dai et al. (2010) investigated the effects of moisture on the initial and long-term 

bonding behaviour of fibre reinforced polymer (FRP) sheets to concrete interfaces by 

means of two types of tests (bending tests and pull-off bond tests). Effects of (1) 

moisture at the time of FRP installation (construction moisture), consisting of concrete 

substratum surface moisture and external air moisture; and (2) moisture which normally 

varies throughout the service life of concrete (service moisture), were studied. 

The test variables included pre-conditioned concrete substrate moisture content (dry and 

wet) at the time of FRP bonding, air relative humidity (RH), 40 and 90%, during the 

FRP composite curing, adhesive primer type (normal and hydrophobic), bonding 

adhesive type (normal and ductile), and exposure durations (not exposed, 8 months, 14 

months, and 2 years) to wet/dry cycle consisting of a four-day immersion in 60°C sea 

water and a three-day exposure to dry air exposure in a laboratory. A new type of CFRP 

sheet, carbon strand sheet (CSS) was used in this research.  

Results of the tests showed that surface moisture at concrete substrates during the 

installation of FRP composites adversely influenced the bond performance of FRP-to-

concrete interfaces. However, the effects were much less when a hydrophobic type of 

primer was used. Different air curing RH values up to 90% had a marginal effect on the 

bond performance of FRP-to-concrete interfaces. Bond failure always occurred at the 

primer to concrete interfaces in the specimens exposed to wet/dry cycles, whereas, in 

the unexposed specimens, bond failure occurred in a very thin mortar layer. The global 

interfacial shear bond strength (obtained from bending tests) either decreased or 

increased with the increase in the number of wet/dry cycles depending on the type of 

adhesive used, whereas, the local bond stiffness (obtained from pull-off tests) degraded 

monotonically with the increase of exposure duration.  

 

Imani et al. (2010) 

Imani et al. (2010) investigated the combined effects of temperature and water 

immersion using fracture mechanics approach based on Mode II single shear test on 

CFRP-concrete interface. They adopted this test method because debonding of 
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externally bonded FRP mainly occurs due to Mode II fracture. The simultaneous 

environmental conditions used in this study were: 1) immersion in de-ionised water 

varying from 0 to 15 weeks and 2) exposure to controlled temperature varying from 25o 

to 60o C. Also, a new method was proposed to determine the fracture energy release rate 

and cohesive law based on J-integral, by only measuring load and slip at the debonding 

end and it was verified by traditional strain-based method. The effect of environmental 

conditions was characterised by the fracture energy release rate. Test results showed 

that considerable degradation of interface integrity occurred due to increased 

temperature and moisture. 

The final output of J-integral was defined as follows: 
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1                                                                                                          (2.31) 

where J is the energy release rate (ERR) at the debonding tip, Pf  is the applied load, Af  

is the cross sectional area of FRP sheet, tf is FRP sheet thickness and Ef is elastic 

modulus of FRP. 

When P is the maximum load, J is replaced by fracture energy relase rate Gf and P is 

replaced by Pmax in the above equation. 

A traction separation law was proposed for samples immersed in 25o C water for 13 

weeks based on best fitting of experimental results as follows: 

96.15796.157 196.1154 ee                                                                         (2.32) 

where τ is interface shear stress and δ is slip. 

 

Silva & Biscaia (2010) 

Silva & Biscaia (2010) described the effect of artificial ageing on the strength and bond 

between external GFRP reinforcement of RC beams and concrete based on extensive 

bending and pull-off tests. The artificial ageing was introduced by saline water 

immersion, salt fogging and cyclic tidal-like action. They also studied the effect of 

environmental conditions on the mechanical properties of concrete and GFRP 
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laminates. The tensile tests performed after GFRP tensile specimens were subjected to 

10,000 hours of moisture cycles, consisting of 12 hours at 20% relative humidity 

followed by 12 hours at 90% relative humidity and keeping the temperature at 40o C, 

showed 11% degradation of tensile strength compared to reference tensile specimens. 

On the other hand, the salt fog cycles caused more than 12% degradation of tensile 

strength at 10,000 hours. Dynamic Mechanical Thermal Analysis (DMTA) revealed that 

salt fog cycles reduced the glass transition temperature, Tg by 4o C from its initial value 

of 66o C and this supports the tensile strength degradation of GFRP. Moreover, a 2D 

and 3D finite element modelling was carried out to study the bond-slip and beam 

response considering the post-aged constitutive properties of components and non-linear 

material properties. Also, shear tests were designed to develop the Mohr-Coulomb 

envelope in this study to determine the interface cohesion c and friction angle Ф. These 

two parameters were required for interface finite element in the computer code library 

which was based on fracture mechanics and simulated the contact between GFRP and 

concrete. Figure 2.10 shows the tests set-up proposed in this study for determining the 

Mohr-Coulomb envelope. 

 

 
Figure 2.10  Shear tests for characterisation of Mohr-Coulomb Silva & Biscaia (2010) 

 

Cromwell, Harries & Shahrooz (2011) 

An extensive experimental investigation was conducted by Cromwell, Harries & 

Shahrooz (2011) to study the performance of FRP materials and FRP-concrete bond 

subjected to nine different environmental conditions, namely, water exposure, salt water 

Concrete cube with GFRP attached to two faces 

GFRP

Hydraulic jacks 
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exposure, alkaline exposure, dry heat exposure, diesel fuel exposure, weathering 

exposure (UV radiation), freeze heat exposure and freeze thaw exposure.  Three types 

of FRP, pre-formed CFRP plate, unidirectional CFRP fabric and unidirectional GFRP 

fabric, were investigated and the specimens were tested under four test methods - 

tension test, short beam shear test, bond to concrete test and beam flexure test. A 

summary of the test conditions applied is listed in Table 2.3. The test results of exposed 

specimens were compared with control specimens and revised environmental knock 

down factors were proposed. 

 

Table 2.3 Environmental conditions applied by Cromwell, Harries & Shahrooz (2011) 

Exposure Duration Description 

Baseline  Laboratory condition (22o C and 

70% RH 

Water ASTM D2247 1000, 3000 and 10,000 

hours 

100% RH at 38o C 

Salt water ASTM 

D1141 

1000, 3000 and 10,000 

hours 

Immersion in salt water at 22o C 

Alkaline 1000, 3000 and 10,000 

hours 

Immersion in pH 9.5 CaCO3 

solution at 22o C 

Dry heat ASTM D3045 1000 and 3000 hours 60o C 

Diesel ASTM C581 4 hours Immersion in diesel fuel at 22o C 

Weathering ASTM G23 1000 cycles (4000 

hours) 

2 hours of UV at 63o C then 2 

hours at 100% RH 

Freeze heat 20 cycles (480 hours) 9 hours at -18o C then 15 hours 

at 100% RH at 38o C 

Freeze thaw ASTM 

C666 

360 cycles (1583 hours) 70 min at -18o C then 70 min at 

4.5o C and UV 

 

 

 



Chapter 2. Literature review 

M. I. Kabir  50 
 

Yun and Wu (2011) 

Yun and Wu (2011) studied the durability of FRP-concrete bond interface under freeze-

thaw cycling using conventional single shear pull-out test. Variables considered in the 

study were exposure condition, concrete grade and number of freeze-thaw cycles. 

Figure 2.11 shows the dimensions of the specimens and test set-up. After the application 

of FRP, concrete blocks were exposed to an accelerated freeze-thaw cycling in an 

environmental chamber. After the environmental exposure, the specimens were pulled 

monotonically under a displacement control loading rate of around 0.005 mm/s up to 

failure.  

The failure modes of all specimens were debonding but the thickness of the concrete 

peeled off from the specimens varied with the type of solutions, the number of freeze-

thaw cycles and the type of concrete. The peak load was also reduced due to freeze-

thaw cycles. After 67 freeze-thaw cycles, the specimens from 30 MPa concrete grade 

retained only 55% of their strength, whereas, specimens from 45 MPa concrete retained 

only 13% of their strength. 

 

 

 

 

(a) (b) 

Figure 2.11 (a) Specimen dimensions and (b) test set-up Yun and Wu (2011) 

 

In terms of the effects of different types of solutions on the bond strength, the rates of 

bond strength degradation under two different solutions were almost the same for 30 

MPa concrete specimens (W/C ratio above 0.5). However, for the 45 MPa concrete 

Specimen Computer 

Digital 
camera 
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specimens (W/C ratio below 0.4), bond strength deterioration was much faster in salt 

water than that in tap water after 33 cycles of freezing and thawing. Similar trend was 

seen for the effect of two types of solutions on the decreasing rates of maximum slip of 

30 MPa concrete specimens. For 45 MPa concrete, the maximum slip under the salt 

water appeared to be linearly decreasing. However, the decreasing rate of the maximum 

slip under the tap water was faster under lower cycle numbers, and reduced after 33 

cycles. Also, it was noticed that the effective bond length increased with the increase in 

freeze-thaw cycles; which implies that a long bond length is required for FRP-concrete 

joint under freeze-thaw cycles. 

 

Benzarti et al. (2011) 

Benzarti et al. (2011) used two sets of tests to investigate the long-term performance of 

FRP-concrete bond exposed to constant hydrothermal ageing condition (40o C 

temperature and 95% relative humidity).  

In the first set, Benzarti et al. (2011) studied hydrothermal ageing (ageing period of 20 

months) of concrete slabs strengthened with two types of FRP, carbon fibre sheet (CFS) 

and pultruded unidirectional carbon fibre plates (CFRP), with the help of pull-off tests. 

All strengthened slabs were exposed to saturated humidity in a climatic chamber 

(relative humidity of at least 95%) at 40oC temperature. After exposure to hydrothermal 

ageing, pull-off tests were conducted. For the composite strengthened specimens with 

non-carbonated concrete surface, hydrothermal ageing caused progressive and 

significant decrease in the pull-off strengths of bonded interfaces for both types of FRP. 

Moreover, the failure mode changed from substrate failure towards a mixed or 

interfacial failure. The surface preparation had a slight effect on the strength level of the 

bonded surface. 

In the second set, pull-off and single-lap-joint shear tests were used to study the 

accelerated ageing (for a period of 13 months) behaviour of both the FRP strengthened 

concrete blocks and the constitutive materials (concrete, epoxy adhesive and composite 

element) separately. The specimens were exposed to the same accelerated ageing 

conditions as in the previous set of tests (40o C and RH higher than 95%). Finally, pull-

off and single-lap-joint shear tests were performed. From the test results, it was found 
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that epoxy adhesives used for the bonding exhibited a decrease in mechanical strength 

during humid ageing, as well as pronounced elasto-plastic behaviour. For the FRP 

strengthened concrete blocks, shear loading tests revealed an evolution of the failure 

mode, from a substrate failure towards a cohesive failure within the polymer joint in the 

case of CFRP strengthened specimens, and even towards interfacial failure in the case 

of CFS reinforced blocks. In spite of the changes in the failure modes, no change in the 

maximum shear loads were observed during ageing regardless of the type of specimen. 

Pull-off characterisations were not always consistent with those of the shear 

experiments and it was concluded that the latter method has a higher sensitivity and 

should be used for adhesive bonded joints. 

 

Tuakta & Büyüköztürk (2011a) 

According to Tuakta & Büyüköztürk (2011a), long-term performance and durability 

issues regarding debonding behaviour in Fibre reinforced polymer (FRP) retrofit 

systems for concrete structures still remain largely uncertain and unanswered. They also 

stated that the effectiveness of the strengthening system depends significantly on the 

properties of the interface between the three constituent materials, namely concrete, 

epoxy, and FRP. In this study, effects of moisture on concrete/epoxy/FRP bond system 

was characterised by means of the tri-layer fracture toughness obtained experimentally 

from peel and shear fracture tests. The details of the environmental conditions and 

specimens will be discussed in the summary of another study by Tuakta and 

Büyüköztürk (2011b). The results of the experimental study exhibited an irreversible 

weakening of bond strength in fracture specimens under moisture cyclic condition. 

Also, interface moisture content was predicted numerically in this study and finally 

fracture toughness was related to the ratio of transient and threshold interface moisture 

content. Threshold moisture content (Cth) was defined as the moisture content beyond 

which no additional degradation was observed. Finally, based on the experimental 

results of fracture specimens under variable moisture conditions, an empirical model 

was developed to predict service life of FRP-strengthening system. 
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Tuakta and Büyüköztürk (2011b) 

Tuakta and Büyüköztürk (2011b) investigated the degradation of FRP-concrete bond 

system under moisture with the help of fracture mechanics. In this study, the 

degradation of bond strength of FRP/concrete interface was quantified by tri-layer 

(FRP, epoxy and concrete) fracture toughness. In order to investigate the effect of 

continuous moisture ingress and its reversibility, both quantitatively and qualitatively, 

peel and shear fracture tests were performed. Peel and shear fracture specimens are 

shown schematically in Figure 2.12. Specimens were exposed to moist environment at 

23o C in a water tank and at 50o C in an environmental chamber for 2, 4, 6 and 12 

weeks. Also material characterisations of concrete, epoxy and CFRP under moisture 

were accomplished. After the required exposure durations, peel and shear fracture 

specimens were tested as shown in Figure 2.13.  

Test results showed that prolonged exposure to moist condition can cause significant 

degradation of the CFRP-concrete bond strength (fracture toughness). Degradation can 

be as much as 70% for specimens conditioned for 8 weeks. After a certain period of 

time, the bond strength approaches equilibrium and no further significant loss of 

strength may occur thereafter. Moreover, moisture reversal and cyclic moisture 

conditioning tests revealed that the adhesive bond cannot regain its original bond 

strength after successive wet-dry cycles. The residual bond strength decreased with the 

increase in the number of wet/dry cycles and in the intermediate conditioning duration. 

Also, the failure mode changed in the specimens exposed to moisture with the 

weakening of the interface between concrete and the epoxy. 

 
Figure 2.12 (a) Peel and (b) shear fracture specimens (Tuakta & Büyüköztürk 2011b) 
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Figure 2.13 (a) Peel and (b) shear test set-ups (Tuakta & Büyüköztürk 2011b) 

 

In addition to the above mentioned research found in literatures, few studies were 

devoted to the environmental effects on the FRP-concrete bond under sustained loads. 

Ulaga & Meier (2001) and Haber, Mackie & Zhao (2012) experimentally investigated 

the effects of environmental conditions on concrete beams strengthened with CFRP 

under sustained loads, whereas Gamage, Al-Mahaidi & Wong (2010) performed both 

experiments and finite element modelling on the combined effects of cyclic 

temperature, humidity and mechanical stress on CFRP-concrete interface. 

 

2.7  Repairing of RC beams with FRP 

Extensive research have been carried out on flexural and shear strengthening or 

retrofitting of reinforced concrete (RC) beams with FRP, both experimentally and 

analytically. Some of the researchers also provided design guidelines for flexural and 

shear strengthening. A summary of some previous research have been discussed in this 

section. The previous research on the shear strengthening is out of the scope of this 

study. So, a summary of some of the previous research on flexural strengthening of 

reinforced concrete beams has been provided in this section. 
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Saadatmanesh and Ehsani (1991) experimentally investigated the static strength of 

reinforced concrete beams strengthened with glass-fibre-reinforced-plastic (GFRP) 

plates. Five rectangular beams and one T-beam strengthened with GFRP plates bonded 

to the tension flanges, with three different steel reinforcement ratios, were used to 

investigate the effect of steel reinforcement on the strengthening. The beams were tested 

under four-point bending. The test results indicated that significant increases in the 

flexural strength could be achieved by bonding GFRP plates to the tension face of 

reinforced concrete beams. Application of FRP also resulted in reduction of crack size 

in the beam but also caused reduction in ductility of the strengthened beams. Strength 

gain was more profound in beams with lower steel reinforcement ratios. 

 

An, Saadatmanesh & Ehsani (1991) provided an analytical model based on the 

compatibility of deformations and equilibrium of forces to predict the stresses and 

deformations in concrete beams strengthened with FRP plates bonded to the tension 

face of the beams. Beams with both rectangular and T cross sections were considered in 

their model. The assumptions behind their analysis were as follows: 

- Linear strain distribution through the full depth of the beam 

- Small deformations 

- No tensile strength in concrete 

- No shear deformations 

- No slip between composite plate and concrete beam 

In regard to the stress-strain relationships of the materials, steel rebar was assumed to be 

elastic-ideally plastic, glass-fibre was assumed to have linear elastic behaviour and 

Hognestad’s parabola of idealised stress-strain curve for concrete in uni-axial 

compression (Park & Paulay 1975)  was considered (Figure 2.14). An incremental 

deformation technique was used to calculate strains, stresses and curvature at mid-span 

in FRP plate, steel re-bar and concrete. 



Chapter 2. Literature review 

M. I. Kabir  56 
 

 
Figure 2.14 Idealised stress-strain curve for concrete in uni-axial compression (An, 

Saadatmanesh & Ehsani 1991) 

 

Also, a parametric study was conducted to investigate the effects of plate area, plate 

stiffness and strength, concrete compressive strength and steel reinforcement ratio on 

the strengthening. 

Chajes et al. (1994) applied three different types of FRP (aramid, E-glass and graphite) 

to the tension face of fourteen under-reinforced rectangular concrete beams for flexural 

strengthening. The beams were loaded monotonically to failure in four-point bending. 

The increases in flexural capacities for aramid, E-glass and graphite FRP were 53.2, 

45.6 and 45.0 %, respectively. The beams also showed approximately 40% increase in 

flexural stiffness. Chajes et al. (1994) also presented an analytical model based on the 

stress-strain relationships of the concrete, steel and composite fabrics.   

 

Picard, Massicotte & Boucher (1995) provided a theoretical model to study the effects 

of various parameters  on the flexural behaviour of strengthened beams with FRP plates. 

In their model, the stress-strain curve for concrete in uni-axial compression was similar 
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to An et al. (1991) but an equivalent uniformly stressed compression zone was assumed 

to compute ultimate moment Mu by relating the depth of equivalent zone to the actual 

depth of the compression zone by a parameter β1 (Figure 2.15). 

 

 

 

Figure 2.15 Stress-strain diagram for concrete and stress block assumption (Picard, 

Massicotte & Boucher 1995) 

 

Also, based on a parametric study to investigate the effects of design parameters such as 

modulus of elasticity of the composite material, the thickness of the strengthening plate 
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and the compressive strength of concrete; the most significant factor was found to be the 

compressive strength of concrete. 

 

Arduini and Nanni (1997) investigated the behaviour of pre-cracked RC beams 

strengthened with carbon FRP (CFRP) sheets. They fabricated 18 RC beams among 

which 10 were pre-cracked by applying loads of 30% of the nominal capacity of the 

member.  

Two beams were control (without FRP) and the remaining beams were strengthened 

with unidirectional CFRP sheets bonded at the soffit of the beams except for one beam 

in which CFRP were applied on the sides (one ply 0o and 90o) as well as at the soffit 

(two plies 0o). Specimens were tested under four-point bending. From the results it was 

concluded that the strengthening technique with externally bonded CFRP sheets can 

result in significant increases in ultimate load capacity and, to a lesser extent, in flexural 

stiffness. Moreover, the performance of a strengthened pre-cracked beam is not 

significantly different from that of a strengthened virgin beam. Also, carbon fibre 

stiffness, fibre direction and number of plies have an important effect on the 

performance of strengthened beams. Wrapping a sheet at 90o is very effective for the 

anchorage of the 0o plies. 

 

Norris, Saadatmanesh & Ehsani (1997) fabricated nineteen concrete beams. Each beam 

had a 127 mm × 203 mm cross section. Thirteen of the beams (flexural test specimens) 

were over-reinforced for shear by closely spacing the stirrups.  The remaining six 

specimens (shear test specimens) were fabricated with stirrups spaced at a distance more 

than the effective depth d so that shear cracks can develop easily. Among these nineteen 

beams, there were two control (not retrofitted) beams (one for flexure and one for 

shear). All beams were pre-cracked except for three (two for flexure and one for shear). 

Beams were retrofitted with three types of fibre/epoxy systems and six types of FRP 

orientations and tested under four-point bending loads. Test results showed that CFRP 

sheet increased strength and stiffness and the magnitude of the increase and the mode of 

failure were related to the direction of fibres. Both for flexural and shear cracks, CFRP 

fibres placed perpendicular to the cracks showed a large increase in strength and 
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stiffness but caused brittle failure due to concrete crushing as a result of stress 

concentration near the ends of the CFRP. On the other hand, when fibre directions were 

oblique to the crack, smaller increase in strength and stiffness were observed but the 

nature of failure was more ductile. 

Saadatmanesh and Malek (1998) provided design guidelines for flexural strengthening 

of RC beams with FRP plates considering different failure modes of strengthening. 

Also, they included multi-step loadings (before and after upgrading) in their design 

guidelines. The effect of initial stress before strengthening is considered in their design 

guidelines. The top fibre strain of the concrete beam due to a service moment, Mo 

(without any load), before upgrading was expressed as: 

troc
c IE

cM 00
0                                                                                                                (2.33) 

where co = depth of neutral axis; Itro = moment of inertia of the transformed cracked 

section based on concrete; and Ec = modulus of elasticity of concrete. 

The initial tensile strain at the bottom face of the concrete, εfo can be calculated 

considering the linear variation of strains along the section of the beam as: 

0

0
00 c
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cf                                                                                                       (2.34) 

Finally, the strain on the FRP plate is obtained by subtracting the initial tensile strain of 

concrete from the total strain on the FRP computed from linear variation of the strains 

in cross section and further used to calculate the stress in FRP plate, ff, as follows: 

0ffff Ef                                                                                                      (2.35) 

where Ef = modulus of elasticity of FRP plate and εf = axial strain at the level of the 

FRP plate based on linear variation of strains along the section. 

 

Rasheed and Pervaiz (2003) provided closed form equations for the design of FRP 

flexural strengthening. They used a direct approach for the computation of the depth of 

compressive stress block. Also, Rasheed and Pervaiz (2003) proposed equations for the 
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design of doubly strengthened section for the first time. Design guidelines were also 

provided by other researchers (Chaallal, Nollet & Perraton 1998; El-Mihilmy & 

Tedesco 2000). 

 

Al-Amery & Al-Mahaidi (2006) studied the effect of coupled flexural-shear 

strengthening of RC beams by experimental investigation. They reported that the use of 

FRP straps for shear strengthening also delays the debonding of external FRP used for 

flexure. 

 

Benjeddou, Ouezdou & Bedday (2007) conducted experimental studies on damaged 

reinforced concrete beams repaired by external bonding of CFRP composite laminates 

to the tensile face of the beam. Two sets of beams: a) control (without CFRP) and b) 

repaired damaged beams; were tested under four-point bending in this study. Parameters 

investigated included amount of CFRP, damage degrees, CFRP laminate widths and 

concrete strength classes. The load carrying capacity and the rigidity of the repaired 

beams of all degree of damages were found to be significantly higher than those of 

control beams.  

 

Based on the results of extensive research, ACI 440.2R (2008) provided design 

guidelines for strengthening of concrete beams. According to the guidelines, bonding of 

FRP reinforcement to the tension face of a concrete flexural member (e.g. soffit of the 

beam as shown in Figure 2.16 with fibres oriented along the length of the member is 

capable of increasing the flexural strength ranging from 10 to 160%. However, 

increases of 5 to 40% are more reasonable considering the ductility and serviceability 

limits. In order to prevent debonding at the ends of the soffit plates, mechanical anchors 

in the forms of FRP U-strips or prefabricated steel can be installed (Teng 2002). 

Shear strengthening of reinforced concrete beam can be done by wrapping or partially 

wrapping the member with FRP. Orienting the fibres transverse to the axis of the 

member or perpendicular to potential shear cracks is effective in providing additional 

shear strength (ACI 440.2R 2008). There are three types of FRP wrapping schemes used 
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to increase the shear strength: Completely wrapping the FRP system around the section, 

wrapping the FRP system around three sides of the member (U-wrap) or bonding to the 

two sides of the member (Figure 2.17). Among these three schemes, completely 

wrapping the section is the most efficient, followed by the three-sided U-wrap. Bonding 

to two sides of a beam is the least efficient scheme. 

 

Mahini & Ronagh (2010) studied the effectiveness of FRP sheets bonded to the web of 

RC beams for the relocation of plastic hinge away from the RC beam-column joint to 

toward the beam. This technique was used to repair moderately damaged RC joints and 

found to be effective in restoring the strength of the joints. In addition, they proposed an 

analytical model based on equilibrium and compatibility to simplify the design and 

analysis of such scheme.  

 

 

 

Figure 2.16 Flexural strengthening of RC beams (Teng 2002) 

 

 
Figure 2.17 Typical wrapping schemes for shear strengthening of beams  (ACI 440.2R 

2008) 
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Dong, Wang & Guan (2013) conducted experimental study on the strengthening of RC 

beams witch CFRP and GFRP. They used external flexural and flexural-shear 

strengthening scheme and concluded that the latter scheme is much more effective in 

improving stiffness, strength and hardening behaviour of RC beam. 

 

El-Sayed (2014) studied the effect of flexural shear strengthening scheme on the shear 

resistance of RC beams by fabricating the RC beams without stirrups (shear 

reinforcement) and strengthening the beams with CFRP longitudinal reinforcement. As 

a result of strengthening scheme, shear strength increased up to 35% compared to 

unstrengthened beams.  

 

2.8 Critical review  

Based on the literatures on the bond between FRP and concrete, it has been observed 

that several research have been conducted to determine the effect of parameters such as 

specimen geometry, width of FRP, bond length, concrete surface preparation, concrete 

strength, adhesive and FRP stiffness on the behaviour of bond between FRP and 

concrete. Also, several constitutive laws have been developed to model the interface 

between FRP and concrete based on different approaches. Among all of the proposed 

models to date, the bond failure load predicted by Chen & Teng (2001) best fits the 

experimental results and has been recommended to be used for design purpose due to its 

simplicity by Lu et al. (2005). 

From the summary of the literatures described in section 2.6, it is clear that durability of 

FRP-concrete bond, especially the long term durability, is still an area of limited 

information and it is very difficult to compare the findings of these research studies due 

to a variety of test conditions applied. Test set-ups used in these studies were four-point 

bending of FRP bonded beams, single shear (has been referred to as pull-out tests in this 

dissertation) and double shear tests of FRP bonded concrete prisms, single contoured 

cantilever and modified double cantilever beam tests under mode I loading, pull-off 

tests and peel-off tests. According to Benzarti et al. (2011),  single-lap-joint shear test is 

more sensitive to environmental conditions and should be used for adhesive bonded 

joint. Also, Imani et al. (2010) adopted this test method because debonding of externally 



Chapter 2. Literature review 

M. I. Kabir  63 
 

bonded FRP mainly occurs due to Mode II fracture. Therefore, more research should be 

carried out with similar test set-up to get more information about the long term 

performance of FRP-concrete bond under various environmental conditions. The 

environmental conditions applied for the previous research were mainly freeze-thaw 

cycles, constant immersion in alkaline water, salt fog cycles and immersion in salt 

water, wet-dry cycles at various temperatures, exposure to high temperatures, cyclic 

temperature, combined environmental cycles and UV radiation. But the test data related 

to real outdoor environmental ageing has not been observed in the review of literatures 

included in this chapter. Also, very few research works were found to be carried out for 

long term behaviour of FRP-concrete bond. A number of long term prediction models 

were developed based on short term accelerated ageing mainly for FRP itself and FRP 

in concrete environment. But the assumption behind those models that using high 

temperature to accelerate the degradation only increases the rate of degradation but the 

degradation mechanism remains the same is still a subject for debate. 

The research on the strengthening of reinforced beams with external FRP 

reinforcements were found to be extensive but only a limited number of literatures have 

been included in section 2.7. Based on the studies included in this chapter, it is evident 

that strengthening schemes with FRP is already well established and design guidelines 

have been provided for strengthening of concrete beams by ACI 440.2R (2008). 

However, the equations for prediction of load carrying capacity of severely damaged 

repaired beams, especially, considering the strain hardening after yielding are not 

proposed in the design guidelines available in literatures. Therefore, experimental and 

analytical research on the performance of FRP in repairing of severely damaged 

reinforced concrete beams and proposing equations for the repair of damaged beams can 

be a valuable contribution. 

 

2.9 Conclusions 

The aim of this chapter was to cite the previous research available in literatures on the 

strengthening of reinforced concrete structures with fibre reinforced polymer (FRP) 

composites. Findings of the various investigations conducted on the behaviour of FRP-

concrete bond and its durability were highlighted mainly in this chapter; nonetheless, 

different aspects of well-established FRP-strengthening schemes and design guidelines 
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were also discussed briefly. Also, a critical review was made to find out the gaps mainly 

in the field of durability of FRP-concrete bond and repairing or strengthening of 

damaged reinforced concrete beams. The gaps identified are summarised as follows: 

-The variety of test methods and test conditions applied makes it difficult to compare 

the findings of various studies. Due to the sensitivity of the mode II debonding to 

environmental conditions as suggested by Benzarti et al. (2011) and Imani et al. (2010), 

more experimental studies with various exposure conditions should be carried out with 

single shear tests. 

- The test data on the effect of natural ageing on the FRP-concrete bond is missing in 

the database which implies the necessity of more investigation for real outdoor 

exposure. 

-Existing long-term prediction models for FRP and FRP in concrete environment bond 

mainly involves the accelerated ageing by elevated temperatures but using high 

temperature for acceleration is still a subject for debate.  

-In regards to repairing damaged reinforced concrete beams, no design guidelines is 

proposed considering the effect of residual strength of steel. 
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3 Experimental program 
 

3.1 Introduction 

This chapter provides the details of experimental procedures and set-ups used in the 

study of long term performance of FRP-concrete bond. Also, determination of material 

properties of CFRP, GFRP and concrete has been described. In sections 3.6 and 3.7, 

results of the material properties, namely, CFRP tensile properties and concrete 

compressive properties, for control (unexposed) and exposed conditions are discussed. 

In addition, the pull-out test results of control CFRP and GFRP-concrete bond are 

presented in section 3.8. Finally, the findings of the material properties for control and 

exposed conditions and those of the pull-out tests for control specimens are summarised 

in section 3.9. 

 

3.2 Overview of experiments 

Long term performance of FRP-concrete bond was studied by comprehensive 

experimental investigations. Single-lap-joint shear test (also referred to as pull-out test) 

was used to determine the strength of FRP-concrete bond of specimens exposed to three 

different environmental conditions (temperature cycles, wet-dry cycles and outdoor 

environment) for duration up to 18 months.  In addition to the FRP-concrete bond 

specimens, FRP coupons and concrete cylinders were also exposed to the same 

environmental conditions and the material properties of FRP and concrete were 

identified on the day of each pull-out test. The details of the pull-out tests and material 

characterisations of FRP and concrete are presented in this chapter. 

 

3.3  Pull-out test of FRP-concrete bond specimens  

Long term performance of FRP-concrete bond was studied by single-lap-joint-shear test 

which is referred to as pull-out test in all chapters of this thesis. As the purpose of this 

study was to determine the effect of environmental conditions on the bond between FRP 
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and concrete, pull-out test was chosen for experimental investigation and the maximum 

load obtained from this test corresponds to the strength of the FRP-concrete bond. The 

most significant reason for choosing the pull-out test was to simulate the intermediate 

flexural crack-induced debonding which is an important failure mode (Teng 2002) of 

RC beams strengthened with FRP for flexure. Although this failure mode is due to both 

shear and normal stress, direct shear test was chosen because of shear stress being the 

dominant stress. This test set-up was also recommended by Benzarti et al. (2011) due to 

the sensitivity of this set-up to environmental conditions. The following subsections will 

describe geometry and fabrication of pull-out specimens, material properties of the 

constituent materials, environmental conditions applied in the test, pull-out test set-up 

and instrumentation and finally, test procedure involved in this study. 

 

3.3.1 Geometry of pull-out specimens  

Each of the pull-out specimens consisted of a concrete prism with dimensions of 300 

mm × 200 mm × 150 mm and two layers of 40 mm wide FRP strip bonded on the top of 

concrete prism. The total length of FRP was 400 mm, of which, only 150 mm was 

bonded to concrete (Figure 3.1). The bond length of 150 mm for all the specimens 

(control and exposed) was chosen in a way that it satisfies the effective bond length 

(97.4mm) determined from Chen & Teng (2001) model. A gap of 50 mm was provided 

between the loaded edge of adhesive bonded joint and concrete edge to prevent the 

wedge failure in concrete. The FRP strip was extended to 200 mm beyond the concrete 

prism. This overhanging part was provided to be gripped by the jaws of testing machine 

in order to exert tensile stress on the bonded FRP.  
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(a) 

 
(b) 

Figure 3.1 (a) Plan and (b) elevation of pull-out specimen 

 

3.3.2 Fabrication of pull-out specimens and material properties 

Fabrication of pull-out specimens have been accomplished in several phases. Plywood 

moulds were used to cast concrete prisms. Two batches of ready mix concrete of target 

compressive strength: 32 MPa, slump: 80 ± 20 mm and maximum aggregate size: 10 

mm were used to fabricate concrete prisms and concrete cylinders. The reason behind 

using 10 mm coarse aggregate in this study was to accommodate sufficient amount of 

aggregates in small concrete prisms. Concrete prisms and cylinders were used for 

fabrication of pull-out specimens and determination of concrete material properties of 

each set of pull-out test, respectively. All of the concrete specimens (prisms and 

cylinders) were subjected to moist curing by sprinkling of water and covering the 
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specimens with plastic sheets for seven days. The demoulding of concrete specimens 

was carried out on the eighth day and demoulded specimens were subjected to air curing 

for three weeks. On the 28th days, concrete compressive strength and modulus of 

elasticity (MOE) were determined by testing a number of cylinders as per AS 1012.9  

(1999) and AS 1012.17 (1997), respectively. Table 3.1 provides material properties of 

two batches of concrete. 

 

Table 3.1  Material properties of two batches of concrete 

Concrete 

Batch 

Target compressive 

strength  

(MPa) 

Measured 28 day 

cylinder compressive 

strength (MPa) 

Maximum 

aggregate size  

(mm) 

1 32 36.6 10 

2 32 42.0 10 

 

The second phase of fabrication of pull out specimens was surface preparation of the 

concrete prisms. The surface preparation involved exposing the aggregate layer of the 

area to be bonded with FRP by the removal of the weakest mortar layer from the top 

surface. This process was carried out with the help of a needle-gun which works with 

compressed air pressure (Figure 3.2 (a)). Finally, dust particles were blown off with the 

help of an air blow-gun (Figure 3.2 (b)). 
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(a) (b) 

Figure 3.2 (a) Concrete substrate preparation and (b) air blow-gun 

 

The final phase was bonding FRP to exposed concrete substrate by wet lay-up method. 

Two types of FRP, namely, Carbon (MBRACE CF 120) and Glass (MBRACE EG 

90/10A), were chosen for this experimental study. Material properties of the two FRP 

types are documented in Table 3.2 and Figure 3.3 shows the photos of FRPs used in this 

study. Sikadur 330, which is a two part epoxy impregnation resin, was used as both 

matrix for fibres and adhesive for bonding of fibre sheets to concrete. Table 3.3 shows 

the material properties based on the information in the technical data sheet provided by 

Sika Australia Pty Ltd (Figure A.26). FRP strips with the dimensions of 400 mm × 40 

mm were cut down from the roll of fibre sheets. Two layers of FRP were used for each 

of the pull-out specimen fabrication. The area of the concrete surface on which FRP was 

to be bonded was marked and the remaining part was wrapped with masking tape to 

ensure the bonding of FRP only to the required area. An additional concrete prism 

wrapped with plastic sheet was used to support the overhanging part of FRP from two 

specimens placed in a row as shown in Figure 3.4 (a). Epoxy part A and B (4:1 ratio) 

was mixed in a small bowl for around 2-3 minutes with a stirrer. As “Sikadur 330” acts 

both as primer and adhesive, no additional primer was applied in this fabrication 

process. Mixed epoxy was applied on the concrete substrate with a paint brush (Figure 

3.4 (a)) and the first layer of FRP strip was bonded to concrete (Figure 3.4 (b)). A 

plastic roller was used to apply pressure to ensure that epoxy was properly impregnated 

Air blow-gun 

Needle-gun 

Exposed concrete 
substrate 
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into the fibres as shown in Figure 3.4 (c). The same process was repeated for the 

application of second layer of FRP strip. Fabricated specimens were kept under lab 

condition (approximately at 23o C) for curing for one week (Figure 3.4 (d)) following 

which the support blocks were removed carefully without exerting stress on the bonded 

part.  

 

Table 3.2 Material properties of FRP 

FRP 

Type 

Brand Name Ply 

Thickness 

(mm) 

*Measured 

Tensile Strength 

(MPa) 

*Measured Tensile 

MOE (GPa) 

Carbon MBRACE CF 120 0.117 2886.6  226.2  

Glass MBRACE EG 

90/10A 

0.154 1657.0  139.3  

* Determined by tensile testing of FRP coupons according to ASTM D3039/D3039M 

(2008) 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 3.3 (a) Carbon fibre and (b) glass fibre sheets 
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Table 3.3 Material properties of epoxy resin 

Type of 

epoxy resin 

Tensile strength 

after 7 days of 

curing at + 23 o 

C  

(MPa) 

Tensile MOE 

after 7 days of 

curing at + 23 o 

C  

(GPa) 

Coefficient of 

thermal expansion 

between - 10o C to 

+ 40 o C  

 ( /oC) 

Heat 

distortion/ 

glass transition 

temperature, 

Tg, after 7 days 

of curing at + 

23 o C (oC) 

Sikadur 330 30 4.5 4.5 × 10-5 + 47 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

 

 

 

 

 

 

 

 

(c) (b) 

Figure 3.4 (a) Application of epoxy, (b) bonding FRP to concrete, (c) saturation of 

fibres with a roller and (d) fabricated pull-out specimen under curing 
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3.3.3 Exposure Conditions  

 

3.3.3.1  Control specimens 

Ten specimens were used as control specimens (5 for each FRP type) and they were 

named as CControl-1 to 5 and GControl-1 to 5; where C refers to Carbon and G refers 

to Glass and numbers from 1 to 5 refer to the specimen number. Control specimens 

were kept under normal lab conditions before being tested under pull-out load.  

 

3.3.3.2   Exposed specimens 

The remaining specimens were subjected to three types of exposure conditions – (i) 

temperature cycles (ii) wet-dry cycles and (iii) outdoor environment. 

 

 Temperature cycles: 

The temperature cycles used in this study was targeted to generate the usual highest 

temperature in Sydney environment, which is about 40o C. In addition, the highest 

temperature was intentionally kept below the glass transition temperature of epoxy (Tg= 

47o C) to avoid any over-degradation of FRP of FRP-concrete bond. Although it was 

intended to generate the minimum temperature level of 5o C to simulate the lowest 

temperature in winter, this could not be achieved due to the limitation in the drying oven 

(Figure 3.5 (a)) used and therefore the minimum temperature of 30o C was used. Typical 

temperature cycle is shown in Figure 3.5 (b) where each cycle consisted of very sharp 

rise to 40o C from 30o C within three minutes, constant 40o C for four hours and 57 

minutes and a gradual decrease to 30o C over seven hours and two cycles per day were 

maintained. The reason for using the cyclic temperature instead of constant temperature 

was to simulate realistic nature of the environment. The sharp increase in temperature 

was applied mainly to simulate the effect of sudden temperature increase and the 

gradual decrease in oven temperature for seven hours was chosen to allow the cooling 

of the specimens. Total of eighteen specimens (nine specimens for each FRP type) were 

used for this cyclic temperature series and specimens were exposed to 70 cycles (35 

days), referred to as CT2 and GT2 series, 180 cycles (90 days), referred to as CT3 and 

GT3 and 730 cycles (one year), referred to as CT4 and GT4 series.  
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Figure 3.5 (a) Specimens in drying oven and (b) temperature cycles 

 

 Wet-dry cycles: 

The wet-dry cycles consisted of 1 week wetting followed by 1 week drying and at least 

95% RH was maintained for wetting. Although constant immersion in water was 

observed to be used in a number of previous studies, wet-dry cycles were chosen for this 

current study to simulate the severe condition of cyclic moisture absorption and 

desorption of FRP-concrete bond. The one week time for wetting and drying process 

was selected to allow the specimens to gain and loose sufficient amount of moisture, 

respectively. Wet environment was created using a humidifier in a small closed 

chamber. The humidity chamber was fabricated in laboratory with LVLs and plastic 

sheets. Specimens were stored on the racks in the chamber. Plastic sheets of the two 

sides of the chamber are removable to help the drying process. During the wetting, care 

was taken to keep the chamber air-tight so that water vapour generated by the 

humidifier remained inside the chamber. Figures 3.6 (a) and (b) show the photo of the 

humidity chamber and the data logger used to measure the temperature and relative 

humidity of the chamber, respectively.  Although the main aim was to maintain constant 

temperature during wet and dry cycles, steam generated from humidifier raised the 

temperature to about 30o – 32o C. The humidifier was operated twice in a week for 10 

hours each time and the peak of the temperature plot in Figure 3.7 represents the high 

temperature due to running of humidifier. In drying period, however, the temperature 

was almost constant in the range of 20 – 23 o C. The drying environment was created by 

taking off the plastic cover and letting the specimens dry in lab environment. As the 
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relative humidity was not controlled during the drying of the specimens, it depended on 

the lab relative humidity and showed scatters between 30% and 70%. Humidity 

specimens were subjected to wet-dry cycles for 1 month (CH1 and GH1 series), 6 

months (CH2 and GH2 series), 12 months (CH3 and CH4 series) and 18 months (CH4 

and GH4 series).  

 

 
 

(a) (b) 

Figure 3.6 (a) Humidity chamber and (b) temperature and humidity data-logger 

Figure 3.7 Wet-dry cycles with corresponding temperature 
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 Outdoor environment: 

A number of specimens were directly exposed to outdoor environment of Sydney, 

Australia for 2 months (CE1 and GE1 series), 6 months (CE2 and GE2 series), 12 

months (CE3 and GE3 series) and 18 months (CE4 and GE4 series). Due to the damage 

occurred in CE3 series during transferring of the specimens, CE3 specimens and its 

corresponding control specimens were fabricated again from spare concrete prisms from 

the second batch of concrete and the control specimens for CE3 series were named as  

CControl-1 to 5 (B2). Here, B2 refers to specimens from concrete batch 2. Figure 3.8 

shows the specimens exposed to outdoor environment whereas the environmental 

parameters, namely, temperature, relative humidity and solar exposure collected from 

Australian Government Bureau of Meteorology have been plotted against time (from 

June, 2011 to December, 2012) in Figure 3.9. The environmental parameters were 

measured at the data station at Sydney Observatory Hill, which is about 2 km from the 

location of the exposed specimens. But it can be expected that the collected data would 

represent the exposed conditions reasonably well. 

 
Figure 3.8 Specimens under outdoor environmental exposure 

 

 
(a) Temperature plot (Sydney Observatory Hill) 

0 100 200 300 400 500 600
0

10

20

30

40

Time (Days)

T
em

pe
ra

tu
re

 (
o  C

)

 

 

Temperature (o C)



Chapter 3. Experimental program 

M. I. Kabir  77 
 

 

(b) % Relative Humidity plot (Sydney Observatory Hill) 

 

(c) Solar exposure plot (Sydney Observatory Hill) 

Figure 3.9  Three environmental parameters for outdoor environmental exposure      

Source: Australian Government Bureau of Meteorology 

 

The nomenclature of the tested specimens was chosen such that the first letter represents 

the type of FRP, i.e., either Carbon or Glass, the second letter represents the exposure 

condition (T-temperature, H-humid environment/wet-dry cycles and E-outdoor 

environment, the first number refers to the order of the exposure durations, i.e.; 1st, 2nd, 

3rd or 4th and the last number represents the serial number of specimen. The number of 

specimens exposed to each condition is listed in Table 3.4. 

 In order to avoid any confusion in the nomenclature, it should be noted that the order of 

the exposure durations for specimens exposed to temperature cycles started from 2 as a 

number of specimens from both CFRP and GFRP were fabricated in order to study the 

effect of constant temperature and named as CT1 and GT1 series. But the specimens 

were disregarded later from the experimental plan.  

 

 

0 100 200 300 400 500 600
0

20

40

60

80

100

Time (Days)

%
 R

el
at

iv
e 

hu
m

id
ity

 

 

% Relative humidity

0 100 200 300 400 500 600
0

10

20

30

40

Time (Days)

So
la

r e
xp

os
ur

e 
(M

Jm
- 2)

 

 
Solar exposure (MJm-2)



Chapter 3. Experimental program 

M. I. Kabir  78 
 

Table 3.4 Number of pull-out specimens 

Exposure 

condition 

Number of 

specimens 

Name of specimens Exposure 

period 

CFRP GFRP CFRP GFRP 

Control 5 5 CControl-1 to 5 GControl-1 to 5 - 

5 - CControl-1 to 5 

(B2)1 

Temperature 

cycle* 

3 3 CT2-1 to 3 GT2-1 to 3 5 weeks 

Wet-dry cycle** 5 5 CH1-1 to 5 GH1-1 to 5 1 month 

Outdoor 

environment 

5 5 CE1-1 to 5 GE1-1 to 5 2 months 

Temperature 

cycle* 

3 3 CT3-1 to 3 GT3-1 to 3 3 months 

Wet-dry cycle** 5 5 CH2-1 to 5 GH2-1 to 5 6 months 

Outdoor 

environment 

5 5 CE2-1 to 5 GE2-1 to 5 6 months 

Temperature 

cycle* 

3 3 CT4-1 to 3 GT4-1 to 3  12 months 

Wet-dry cycle** 5 5 CH3-1 to 5 GH3-1 to 5 12 months 

Outdoor 

environment 

5 5 CE3-1 to 5 GE3-1 to 5 12 months 

Wet-dry cycle** 5 5 CH4-1 to 5 GH4-1 to 5 18 months 

Outdoor 

environment 

5 5 CE4-1 to 5 GE4-1 to 5 18 months 

Total number of 

specimens 

59 54  

113 
1 B2 = specimens from concrete batch 2 

* 5 hours at constant 40oC followed by 7 hours at gradual decrease to 30oC  

** 1 week at around 95% RH followed by 1 week at normal lab condition 
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3.3.4 Test set-up and instrumentation 

“SHIMADZU” universal testing machine with 500 kN loading capacity was used to 

conduct the pull-out test. The maximum load range of 20 kN was applied as the 

predicted load capacity for control series was in the range of 12-13 kN. The schematic 

diagram and photograph of the pull-out test have been provided in Figure 3.10. The 

specimen was placed vertically with the overhanging FRP heading to the jaws of the 

upper head of the machine and restrained with two plates connected by two bolts. 

Monotonic tensile loading was applied to the overhanging part of FRP along the 

direction of the fibres.  The cross head movement from the lower fixed head of the 

testing machine was measured with a linear variable differential transformer (LVDT) 

which is capable of measuring displacements in nominal range of ± 50 mm. The LED 

display of the machine showed the load value during the test. Also, a data taker was 

used to record load, strain and cross head travel data. Before starting the test, three 

strain gauges (SG1 to SG3) with 10 mm gauge length and 119.9 ± 0.1 Ohms resistance 

were attached to the bonded FRP surface to acquire strain profiles along the length of 

the bond. Instrumentation used in the pull-out test and strain gauge locations is shown in 

Figures 3.11 and 3.12, respectively. 
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(b)  

Figure 3.10 Pull-out test set-up: (a) schematic diagram and (b) photograph 

 

 

 

 
(a) (b) 

  
(c) (d) 

Figure 3.11 (a) Data taker, (b) BCM Strain gauge, (c) jaws used for gripping and (d) 

LVDT 

Top plate 

Bolt 

Bottom plate 

LVDT 
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Figure 3.12 Strain gauge locations 

 

3.3.5 Experimental procedure 

Pull-out test was performed with a loading rate of approximately 2 mm/min in terms of 

cross-head travel of the testing machine. The loading rate was selected as per ASTM 

D3039/D3039M (2008). Although displacement controlled load could not be applied 

with the machine used in the study, the cross head displacement was constantly 

monitored and the load rate was adjusted to maintain the constant displacement of cross 

head. The reason behind adopting the loading rate specified in ASTM D3039/D3039M 

(2008) was the absence of standard method for pull-out test. After the specimen was 

placed in the rig and instruments are set up, tensile load was applied monotonically until 

failure. During the loading, any sound due to crack formation and any visible cracks 

were noted. Photographs were also taken before and after failure of the specimens to 

investigate the types of failure modes. Finally, gathered data were analysed in terms of 

maximum load, strain profiles and failure modes. The maximum load of failure was 

converted to the maximum axial stress developed in FRP using Equation 3.1:  

ff
db tb

pmax                                                                                                                   (3.1) 

where σdb = maximum axial stress on FRP sheet at debonding, Pmax  = maximum load of 

debonding, bf  = width of FRP sheet and tf  = thickness of FRP sheet. 

SG1

FRP

SG2

SG3

Bond Length

150 mm
100

50 550

40
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In the calculation of maximum axial stress developed in FRP sheet, thickness was taken 

as the fibre thickness considering the fact that resin matrix has no effect on the load 

carrying capacity rather it helps in the distribution of stress. The strain values were 

expressed as micro strains (με) in all the results presented in this dissertation. After all 

data were analysed for control and exposed pull-out specimens, the effect of long term 

exposure to environmental conditions on FRP-concrete bond was  studied based on the 

change in bond strength, strain profiles and failure modes with the time of exposure or 

cycles of certain environmental conditions. Also, fracture energy release rate of only 

CFRP bonded specimens were studied for three exposure conditions. 

 

3.4  Tensile test of FRP coupons 

In order to determine tensile properties (tensile strength and tensile MOE) of control 

and exposed FRP, tensile tests were carried out as per ASTM D3039/D3039M (2008). 

Tensile testing of FRP involved several steps such as fabrication of FRP tensile 

coupons, curing of specimens and finally, testing of specimens in laboratory. The 

geometry of FRP tensile coupons, fabrication of FRP coupons and material properties, 

exposure conditions, test set-up and instrumentation and experimental procedure have 

been described subsequently in separate subsections. 

 

3.4.1 Geometry of FRP tensile coupons 

FRP tensile coupons had total length of 250 mm including end tab length. End tabs at 

both ends of the coupons had four extra layers (2 layers on the top and 2 layers at the 

bottom of the main coupon) of same type of FRP with 50 mm length and 15 mm width 

on both sides of each end. The gauge part of FRP coupons consisted of two layers of 

150 mm long and 15 mm wide FRP strip. As two plies were used in this study, the 

thickness of two plies was considered as the total thickness. Figure 3.13 shows the 

schematic of coupon geometry. 

The selection of coupon width as 15 mm can be endorsed by a recent experimental 

study by Su (2012), where 15 mm wide FRP coupons performed better in term of 

ultimate tensile strength than wider FRP strips and in case of wider strips, failure modes 

were mainly separation of FRP in longitudinal strips. So, the study could conclude that 
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wider FRP coupons are more susceptible to uneven stress distribution during testing 

which can cause the unusual failure of FRP coupons at lower level of tensile load. Also, 

ASTM D3039/D3039M (2008) standard recommends specimen width of 15 mm with 

overall specimen length of 250 mm, provided that fibre orientation is unidirectional.  

 

 

(a) 

 
(b) 

Figure 3.13 (a) Plan and (b) elevation of FRP tensile coupon 

 

3.4.2 Fabrication of FRP tensile coupons and material properties 

Fabrication of FRP tensile coupons were similar to the process explained earlier for 

pull-out specimens except the surface preparation was not involved. Thin aluminium 

plates were used as moulds for FRP coupons. For this study, FRP tensile coupons were 

prepared from two types of FRP, namely, carbon and glass. All fabricated specimens 

were kept in lab condition (at around 23o C) for curing up to seven days. After curing of 

the specimens, small coupons were machined and the aluminium plate was stripped off 

from the bottom surface. During the machining of FRP coupons, care was taken to 

avoid cutting of fibres from the sides. The fabrication of FRP coupons are shown in 

Figure 3.14. 

End tab
Gauge part

150 mm 5050

15

Gauge part (2 plies)

End tab (2 plies on both sides)

250 mm
50 50
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(a) (b) 

Figure 3.14 (a) FRP application on mould and (b) curing of FRP in lab condition 

 

3.4.3 Exposure conditions 

CFRP coupons were fabricated in two batches but the first batch was not used for the 

study due to fabrication error. Ten coupons (five CFRP and five GFRP) were used as 

control coupons which were kept in lab condition before testing. In order to perform 

material characterisation of FRP for exposed conditions, only CFRP coupons were 

exposed to temperature cycles, wet-dry cycles and outdoor environment and five 

specimens were used for each of the durations for a certain environmental condition. 

The GFRP coupons were not exposed to any condition due to unavailability of the same 

GFRP material which was used for the fabrication of control coupons. In Table 3.5, the 

number of tensile FRP specimens, exposed to environmental conditions, has been listed.  

The nomenclature for control tensile coupons was adopted as follows: CTControl-6 to 

10 and GTControl-1 to 5, where the first letter C refers to Carbon and G refers to Glass. 

The Second letter T stands for Tensile and Control means specimens are exposed to lab 

condition. In addition, the numbers 6 to 10 after hyphen mean the serial numbers of 

CFRP specimens and 1 to 5 represent the serial numbers for GFRP coupons. In the 

nomenclature of exposed specimens, the first and second letters are similar to those of 

control coupons but the third letter T, H and E stands for temperature cycles, humidity 

(wet-dry cycles) and outdoor environment. The Number after the third letter refers to 

the order of exposure periods, i.e.; 1st, 2nd, 3rd and 4th and numbers after the hyphen refer 

to the serial number of specimens (1 to 5 for GFRP coupons and 6 to 10 for CFRP 

coupons). 
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Table 3.5 Number of FRP tensile coupons exposed to environmental conditions 

Exposure 

condition 

Number of specimens Name of specimens Exposure 

period CFRP GFRP CFRP GFRP 

Control 5 5 CTControl-6 to 

10 

GTControl-1 

to 5 

- 

Temperature 

cycle* 

5 - CTT2-6 to 10 - 5 weeks 

Humidity 

cycle** 

5 - CTH1-6 to 10 - 1 month 

Outdoor 

environment 

5 - CTE1-6 to 10 - 2 months 

Temperature 

cycle* 

5 - CTT3-6 to 10 - 3 months 

Humidity 

cycle** 

5 - CTH2-6 to 10 - 6 months 

Outdoor 

environment 

5 - CTE2-6 to 10 - 6 months 

Temperature 

cycle* 

5 - CTT4-6 to 10 - 12 months 

Humidity 

cycle** 

5 - CTH3-6 to 10 - 12 months 

Outdoor 

environment 

5 - CTE3-6 to 10 - 12 months 

Humidity 

cycle** 

5 - CTH4-6 to 10 - 18 months 

Outdoor 

environment 

5 - CTE4-6 to 10 - 18 months 

Total number 

of specimens 

60 5  

65 
* 5 hours at constant 40oC followed by 7 hours at gradual decrease to 30oC 

**1 week at around 95% RH followed by 1 week at normal lab condition 
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3.4.4 Test set-up and instrumentation 

All control and exposed FRP coupons were tested for tensile loads in “SHIMADZU” 

universal testing machine with a capacity of 500 kN (Only 20 kN was used as  the 

maximum load range of the testing machine) except for few series which are tested in a 

50 kN testing machine. The set-up used for tensile testing did not require any special rig 

but it was necessary to ensure that the gripping and alignment of the test coupons were 

properly done so that the failure occurs away from the grips and the effect of bending is 

minimised. Both upper and lower grips used in the experiment had lightly serrated 

surfaces which is recommended by ASTM D3039/D3039M (2008). A strain gauge of 

10 mm gauge length and 119.9 ± 0.1 Ohms resistance was installed at the mid length of 

the FRP coupons to measure the strain values with the load increment. Also, a LVDT 

was used to record the cross-head movement during loading. Strain gauge, load cell of 

the machine and LVDT were connected to a data taker to record all data.  Figure 3.15 

shows the test set-up for the tensile testing of FRP coupons. 

 

 

Figure 3.15 Test set-up of tensile testing of FRP coupon 

 

LVDT 

Strain gauge 

FRP coupon 
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3.4.5 Experimental procedure 

Tensile tests of CFRP (control and exposed) and GFRP (control) coupons were 

conducted as per ASTM D3039/D3039M (2008). The specimens were placed between 

two grips and alignments of the specimens were checked. Then strain gauge wires were 

connected to data taker, LVDT was placed in proper position and tensile loading was 

applied monotonically on the test coupon with loading rate of approximately 2 mm/min 

of cross head movement specified by ASTM D3039/D3039M (2008). The loading was 

continued until the specimen failed by the fracture of fibres and notes were taken if any 

remarkable sound or load drop was observed. Finally, all test data were analysed in 

terms of ultimate tensile strength, tensile modulus of elasticity and failure modes. 

Tensile strength is defined as the maximum axial stress developed due to tensile 

loading, whereas the slope of the stress-strain graph between 1,000 and 3,000 μ ε 

represents the tensile MOE as per ASTM D3039/D3039M (2008). 

 

3.5  Concrete compressive strength and static chord modulus of elasticity test 

Material characterisation of concrete was carried out for both control and exposed 

conditions. Concrete material property tests included the determination of cylinder 

compressive strength and static chord modulus of elasticity. Concrete cylinders of 100 

mm diameter were fabricated as per Australian standard AS 1012.9  (1999) in order to 

determine compressive strength, whereas cylinders of 150 mm diameter were fabricated 

as per AS 1012.17 (1997) to determine static chord MOE. Cylinders were cured under 

identical conditions to the pull-out specimens. Concrete cylinders were tested as per AS 

1012.9  (1999) and AS 1012.17 (1997) to determine the compressive strength and static 

chord MOE, respectively, after 28 days of curing. Three cylinders were used for each 

test. The rest of the concrete cylinders were exposed to the same environmental 

conditions applied for pull-out specimens and tested on the day of pull-out test to 

determine the concrete compressive strength of exposed pull-out specimens.  

 

3.6 Results of Tensile testing of FRP 

Tensile strength and elastic modulus of CFRP and GFRP control coupons and those for 

CFRP exposed coupons have been presented in sections 3.6.1 and 3.6.2, respectively. 
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3.6.1 Tensile properties of FRP control coupons 

 

3.6.1.1 CFRP tensile properties 

A typical stress-strain curve obtained from tensile testing of control CFRP coupons has 

been shown in Figure 3.16 and the curves for the rest of the specimens have been 

provided in Appendix A.2. From the stress-strain curve, it is seen that CFRP was 

linearly elastic up to failure, which implies a brittle failure mode. The tensile strengths 

and tensile modulus of elasticity of all control coupons have been listed in Table 3.6. 

Tensile strengths were considered as the maximum axial stress developed in the FRP 

coupons before failure. In the determination of tensile MOE, the slope of the stress-

strain curve was taken between 1000 and 3000 micro strains as specified by ASTM 

D3039/D3039M (2008) but in presence of any non-linearity in that region, adjustment 

was made to select the linear portion for calculation.  The mean tensile strength was 

2,886.6 MPa with a coefficient of variation (CoV) of 6.9 % and the mean tensile MOE 

was 226.2 GPa with a CoV of 7.5 %.  

 

 
Figure 3.16 Typical tensile stress-strain curve of CFRP control specimens 
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Table 3.6 Tensile properties of CFRP control coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile 

MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

Comments 

CTConrol-6 2954.9 2886.6 

 

 

6.9 203.9 226.2 7.5 - 

CTConrol-7 3135.0 242.7 - 

CTConrol-8 2772.9 234.9 - 

CTConrol-9 2683.7 223.4 - 

CTConrol-10 - - Failure 

extended 

to end tab 

 

The failed coupons have been shown in Figure 3.17. From the patterns of failure, it can 

be observed that CTControl-6 and CTControl-7 failed by complete rupture although the 

locations were very close to both end tabs. CTControl-8 had rupture near the middle of 

the length along with failure close to one of the end tabs. CTControl-9 showed failure 

by rupture perpendicular to the loading direction close to one end tab as well as by 

fracture along the fibre direction. The observation from CTControl-10 was that the 

rupture occurred close to the mid-length along with longitudinal separation from one 

end to the other. In addition, the failure in one of the end tabs was observed for this 

specimen, leading to much lower tensile strength than the other four specimens. Hence, 

it was ignored from the analysis.  

Failure patterns of all control coupons revealed heterogeneity and the reason can be 

attributed to the difficulty of maintaining proper fibre alignments and epoxy thickness 

during fabrication, which is a limitation of wet lay-up process. 
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(a)  (b)  

  
(c)  (d)  

 
(e)  

Figure 3.17 Failed CFRP tensile control coupons 

 

3.6.1.2 GFRP tensile properties 

The tensile properties, namely, tensile strength and tensile MOE of control GFRP were 

obtained  from tensile tests of  five coupons (Table 3.7) as per ASTM D3039/D3039M 

(2008). The mean tensile strength was 1,657.0 MPa with CoV of 2.0 % whereas the 

mean tensile MOE was 139.3 GPa with CoV of 5.2 %. A typical stress-strain curve for 

GFRP control coupon is shown in Figure 3.18 and the curves for rest of the specimens 

have been provided in Appendix A.2. From the stress-strain curve, it can be observed 

that GFRP coupon was linearly elastic until failure which represents the typical brittle 

failure mode of GFRP which is similar to CFRP. However, the slope of the curve 

suggests a smaller stiffness of GFRP material compared to CFRP material. 
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Table 3.7 Tensile properties of GFRP control coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile 

MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

Comments 

GTConrol-1 1692.9 1657.0 2.0 148.7 139.3 5.2 - 

GTControl-2 1671.0 133.3 - 

GTConrol-3 1647.4 133.9 - 

GTConrol-4 1616.7 141.4 - 

GTConrol-5 - - Omitted 

from 

analysis 

 

 

 
Figure 3.18 Stress-strain curve of GTControl-2 

 

The failure modes of GFRP control coupons can be observed in Figure 3.19 where 

almost all specimens failed by rupture of GFRP. But rupture in the gauge part of 

specimen GTControl-5 (Figure 3.19 (e)) extended to the end tab (gripping location) and 

failure occurred with lower ultimate load value than the other four specimens. 

Therefore, this specimen was ignored for data analysis. 
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(a) GTControl-1 (b) GTControl-2 

  

(c) GTControl-3 (d) GTControl-4 

 
(e) GTControl-5 

Figure 3.19 Failed GFRP control coupons 

 

3.6.2 Tensile properties of CFRP exposed coupons  

The results of tensile tests on exposed CFRP coupons have been discussed separately 

for temperature cycles, wet-dry cycles and outdoor environment in this section. 

 

3.6.2.1 Temperature cycles 

The tensile strength and tensile elastic modulus of CFRP were determined from CFRP 

coupons after being exposed to the cyclic temperature for five weeks, three months and 

one year. The plots for normalised (expressed as the ratio of exposed value to control 

value) tensile strength and tensile MOE against time of exposure are shown in Figure 

3.20. The stress-strain curves, tables containing tensile strength and modulus of 

elasticity and photos of failed coupons of all the specimens are given in Appendices 

A.2, A.3 and A.4, respectively. 
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Figure 3.20 Normalised tensile strengths and MOEs of CFRP cyclic temperature series 

with exposure duration 

 

From Figure 3.20, it can be observed that exposing the FRP coupons to the given 

temperature cycles resulted in reduction in its tensile strength to about 85.7 % of control 

value after three months. Only a slight improvement in strength was observed after one 

year (strength reached up to 89.9 %). Hence, the maximum degradation of tensile 

strength was 14.3 % due to temperature cycles applied only over three months. 

Effect of the temperature cycles on the tensile modulus of elasticity was quite 

interesting, where unlike the tensile strength, exposure to temperature cycles resulted in 

an initial increase followed by a decrease in modulus of elasticity and then an increase 

thereafter. The initial increase in elastic modulus was 7 % after five weeks compared to 

the control series. After the exposure duration of three months, the modulus of elasticity 

reached 3.6 % more than the control value and then showed an increasing trend to reach 

9 % more than the control elastic modulus. The two different trends of tensile strength 

and tensile MOE can be explained by the possible increase in the stiffness of fibres 

itself (Fitzer 1988; Sauder, Lamon & Pailler 2004) and the softening of epoxy matrix 

due to temperature cycles. As the epoxy matrix hold the fibres together and distributes 

the stress between fibres, the possible softening of epoxy can lead to the uneven stress 

distribution and lower strength values of CFRP composites although the MOE increases 

with the increase in fibre stiffness (Cao, Zhis & Wang 2009). 
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3.6.2.2 Wet-dry cycles 

The results of tensile testing of CFRP coupons exposed to wet-dry cycles for one 

month, six months, one year and 18 months in terms of change of tensile strength and 

tensile MOE with exposure durations is presented in this section. The strength values 

and elastic modulus values for individual specimens for each of the durations are listed 

in Appendix A.3.  

Figure 3.21 shows the changes of tensile strength and elastic modulus with time, where 

the degradation of tensile strength with exposure duration can be observed due to 

wetting and drying. The tensile strength continued to decrease from its control value, 

with almost constant rate, up to exposure period of six months to reach 82.6 % and then 

showed a decreasing trend with relatively slower rate to reach about 80 % of the control 

strength (20 % degradation) after one year. Finally, an improvement of strength was 

observed after 18 months with strength value reaching 91.1 % of the control value. 

 

 
Figure 3.21 Normalised tensile strengths and MOEs of CFRP wet-dry series with 

exposure duration 

 

The tensile MOE of CFRP coupons (Figure 3.21) also experienced deterioration and 

almost similar trend to that of tensile strength due to wet-dry cycles with the exception 

of an initial increase of elastic modulus by 9.9 % from its control value after one month. 

Then, the modulus of elasticity degraded by 15.2 % compared to its control value after 
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six months followed by a plateau continuing until one year of exposure duration. But 

the modulus of elasticity improved significantly and exhibited 2.1 % increase compared 

to the control value after 18 months. 

 

3.6.2.3 Outdoor environment 

The normalised tensile strength and MOE of CFRP coupons exposed to outdoor 

environment for two months, six months, one year and 18 months are plotted against 

time in Figure 3.22. The outdoor environment caused the degradation of strength 

initially by 20.3 % only after two months and then improved the strength gradually. 

However, the strength value was always lower than the control series. The tensile 

strength was found to be 94.8 % of control value after 18 months of exposure to outdoor 

environment. 

 

 
Figure 3.22 Normalised tensile strengths and MOEs of CFRP outdoor environment 

series with exposure duration 

 

Unlike tensile strength, tensile modulus of elasticity experienced very slight 

degradation. Although elastic modulus had an initial degradation of 6.6 % after two 

months, an increase in elastic modulus by 4.6 % from its control value was observed 

after 18 months of exposure. The decreased tensile strength, in spite of the increase in 

modulus of elasticity, can be interpreted as the possible softening of epoxy resin. 
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3.7 Results of compressive testing of concrete 

Compressive strength and MOE for control cylinders and only compressive strength for 

exposed cylinders were determined for the material characterisation of the concrete. The 

concrete properties were studied mainly to investigate the effects of concrete properties 

on the changes of FRP-concrete bond strength which has been presented in Chapters 4, 

5 and 6. Sections 3.7.1 and 3.7.2 discuss the concrete compressive properties for control 

and exposed cylinders (from two batches), respectively. 

 

3.7.1 Control cylinders 

The average concrete compressive strength and static chord modulus of elasticity with 

CoVs for control concrete batch 1 (used for CFRP bonded specimens) and 2 (used for 

GFRP bonded specimens) have been listed in Table 3.8.  

 

Table 3.8 Compressive properties of control concrete cylinders 

Concrete batch Mean compressive 

strength (MPa) 

CoV 

(%) 

Mean elastic 

modulus (GPa) 

CoV 

(%) 

1 31.2 4.8 28.5 10.1 

2 35.9 7.0 31.0 5.8 

 

 

3.7.2 Exposed cylinders 

Concrete cylinders were subjected to identical exposure conditions as the pull out test 

specimens to investigate the effect of exposed conditions on the concrete properties 

independently. Provided two batches of concrete were used for fabrication of the pull 

out specimens, two sets of concrete cylinders were used for these tests. 
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3.7.2.1 Temperature cycles 

The changes of normalised compressive strength (expressed as the ratio of exposed to 

control strength) against the time of exposure for concrete batch 1 and 2 have been 

plotted in Figure 3.23. 

  

 

Figure 3.23 Normalised compressive strengths of concrete exposed to cyclic 

temperature against exposure duration 

 

The average compressive strength values for batch 1 were 36.3 MPa, 28.6 MPa and 41.2 

MPa for exposure durations of five weeks, three months and one year, respectively. As 

plotted in Figure 3.23, the effect of temperature cycles on concrete compressive strength 

was found to be positive with the exception of about 9 % reduction of strength at three 

months. The compressive strength value showed about 32 % increase compared to the 

control specimens after one year.   

The average compressive strength values for batch 2 were 42.3, 39.4 and 46.0 MPa for 

exposure durations of five weeks, three months and one year, respectively. The effect of 

temperature cycles on the concrete compressive strength of this batch was also positive 

as strength values were always more than that of control series. The strength increased 

by 17 % after five weeks and showed a decreasing trend to reach about 10 % more than 

the control value after three months. The one year exposure series exhibited 28 % gain 

of compressive strength compared to the control strength.  
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3.7.2.2 Wet-dry cycles 

The wet-dry cycles were found to have positive effect on the concrete compressive 

strength of concrete batch 1. From Figure 3.24, it is obvious that the compressive 

strength continued to increase during the exposure period of 18 months due to the 

suitability of humidity condition for the strength development of concrete, especially, in 

the early age. The increasing trend became slow after the initial sharp increase by 13 % 

after the exposure period of one month. The strength increased by 32 % after exposure 

for 18 months. 

 
Figure 3.24 Normalised compressive strengths of concrete exposed to wet-dry cycles 

with exposure duration 

 

Like the first batch of concrete, batch 2 also showed increase of compressive strength 

up to one year to reach about 40.7 % more than that of control strength. Then it showed 

slight decrease of strength to reach 39.1 % of the control value after the final exposure 

duration of 18 months. 

 

3.7.2.3 Outdoor environment 

The effect of outdoor environment on the compressive strength of concrete batch 1 was 

positive as the strength values were always higher than the control strength. This 

behaviour can be observed from the plot of normalised average concrete strength (ratio 
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of exposed strength to control strength) against time as illustrated in Figure 3.25. The 

compressive strength reached the maximum increase of 66.3 % from its control value 

after one year and then showed a degrading trend to approach the value of 31.6 % more 

than that of control series. 

Similar to batch 1, the positive effect of outdoor environment to compressive strength of 

concrete was also observed for batch 2 as the strength continuously increased with time. 

The strength value increased by 23 % from the control value just after two months and 

then showed a gradual trend of increase. Finally, the normalised compressive strength 

reached about 59 % more than the control strength after 18 months. 

 
Figure 3.25 Normalised compressive strengths of concrete exposed to outdoor 

environment with exposure duration 

 

3.8 Test results of control pull-out specimens 

The test results of CFRP and GFRP control pull-out specimens are discussed in this 

section. 
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3.8.1 CFRP control specimens 

 

3.8.1.1   Pull-out strengths 

A total of ten Control CFRP bonded prisms from two concrete batches were tested 

under direct shear tests and the maximum axial stress developed in CFRP before 

debonding was considered as pull-out strength of each specimen. Table 3.9 provides the 

pull-out strength value for each of the specimens from concrete batch 1 together with 

mean strength and coefficient of variation (CoV). 

 

Table 3.9 Pull-out strengths of control CFRP specimens from concrete batch 1 

Specimen ID Maximum load 

at debonding 

Pmax  

(kN) 

Pull-out 

strength σdb 

(MPa) 

Mean pull-out 

strength (MPa) 

CoV of σdb 

(%) 

CControl-1 11.1 1183.3  

 

1298.7 

 

 

12.0 

CControl-2 14.6 1563.9 

CControl-3 11.4 1213.4 

CControl-4 12.4 1322.5 

CControl-5 11.3 1210.3 

 

From Table 3.9, the average pull-out strength for five specimens is found to be 1298.7 

MPa with a CoV of 12.0 %. A 12.0 % CoV may be attributed to the fabrication of 

specimens with wet lay-up process. As FRP fabric consisting of loose fibres is attached 

to the concrete with epoxy resin manually in wet lay-up method, maintaining the 

uniform thickness of epoxy and alignment of fibres may not be possible. 

The results of five control pull-out specimens from concrete batch 2 have been provided 

in Table 3.10. The load value of Specimen CControl-5 (B2) reached up to 18.2 kN and 

was much higher than the remaining four specimens and the reason might be due to the 

higher thickness of epoxy layer or better surface preparation compared with the other 
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four specimens. The average pull-out strength considering all the specimens was 1445.2 

kN with CoV of 20 %. The higher percentage of the coefficient of variation can be 

attributed to the strength value of CControl-5 (B2). Hence, the specimen was ignored 

from the analysis and the average pull-out strength of the remaining four specimens 

(1320 MPa with CoV of 7 %) was used as the pull-out strength. Control specimens 

prepared from batch 2 of concrete exhibited relatively higher pull-out strengths and the 

reason can be attributed to the higher concrete strength of the batch 2.  

 

Table 3.10 Pull-out strengths of control CFRP specimens from concrete batch 2 

Specimen ID Maximum load 

at debonding 

Pmax 

(kN) 

Pull-out 

strength σdb 

(MPa) 

Mean pull-out 

strength ignoring 

CControl-5 (B2) 

 (MPa) 

CoV of σdb 

(%) 

CControl-1 (B2) 11.3 1202.2  

 

1320.0 

 

 

7.0 

CControl-2 (B2) 13.3 1422.4 

CControl-3 (B2) 12.7 1357.3 

CControl-4 (B2) 12.2 1298.0 

CControl-5 (B2) 18.2 1945.9 

 

3.8.1.2  Failure modes 

The failure modes of control CFRP pull-out specimens from concrete batch 1 have been 

shown in Figure 3.26. All specimens failed in the weakest concrete substrate and a 

concrete layer was found to be attached to all debonded FRP coupons. CControl-1 to 3 

exhibited very thick concrete layer attached to the FRP whereas CControl-4 had 

relatively thinner layer of concrete as well as visible epoxy layer in few locations of the 

debonded CFRP. The failure mode of CControl-5 was slightly different from other four 

specimens as epoxy layer was visible in most part of the bond and the thickness of 

concrete was very small.  

The observations suggest that the FRP-concrete bond control specimens failed in 

concrete few millimetres below the concrete-adhesive interface. Such failure mode is 
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typical in FRP-epoxy-concrete bond as reported by Chen & Teng (2001) for single or 

double shear tests. 

Control CFRP specimens from batch 2 showed similar modes of failure (Figure 3.27) to 

those of control specimens from batch 1, i.e. failure in concrete beneath the concrete-

adhesive interface. As illustrated in Figure 3.27 (e), CControl-5 (B2) showed partial 

fracture of CFRP at the edge towards the free end which may be attributed to improper 

gripping of FRP Imani (2010). 

 

  

(a) CControl-1 (b) CControl-2 

  

(c) CControl-3 (d) CControl-4 

 
(e) CControl-5 

Figure 3.26 Failure modes of control CFRP pull-out specimens 
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(a) CControl-1 (B2) (b) CControl-2 (B2) 

  
(c) CControl-3 (B2) (d) CControl-4 (B2) 

 
(e) CControl-5 (B2) 

Figure 3.27 Failure modes of control CFRP pull-out specimens from batch 2 

 

3.8.1.3  Strain profiles 

The strain distribution diagrams (referred to as strain profiles from here onwards) along 

the length of the bonded CFRP were plotted based on the readings of three strain gauges 

(Figure 3.28) at different levels of loads. The distances of three strain gauges were 

measured from the loaded end as 5 mm, 50 mm and 100 mm. Although strain gauges 

did not cover the whole length of the bond (150 mm), strain profiles were still capable 

of providing information on the changes of load/stress-transfer lengths. However, 

determining the effective bond length by observing the load-transfer length either at 

97% of ultimate load (Yuan et al. 2004)  or at 99% of ultimate load (Lu et al. 2005) 

cannot be conducted accurately without mounting strain gauges with close intervals on 

Fracture of 
FRP at edge 
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the total bond length. Only an assumption on the effective bond length can be made if 

the load transfer length does not exceed the distance of the far most strain gauge (100 

mm from the loaded end) and the comparison of effective bond lengths of exposed 

specimens with those of control specimens can be conducted to investigate the effect of 

environmental conditions on the effective bond length. From the strain profiles of CFRP 

control specimens as shown in Figure 3.29, it can be observed that strain values (in 

micro strains) at 5 mm from the loaded end continued to increase with the increase in 

load but strains at 50 mm and 100 mm locations remain almost zero. Therefore, the 

initial transfer lengths can be considered as 50 mm or less. With the load approaching 

maximum debonding load, change of load transfer lengths can be observed. Specimens 

CControl-1 to 4 exhibited the shifting of transfer lengths approximately at 11-12 kN 

load whereas specimen CControl-5 showed the change of transfer length at lower level 

of load. The effective bond lengths can be assumed as 100 mm or less for specimens 

CControl-1, 2 and 4 and more than 100 mm for the remaining two. The observed 

effective bond lengths were in a very good agreement with the effective bond length 

(97.4 mm) determined from Equation 3.2  recommended by Chen & Teng (2001).  

'
c

ff
e

f

tE
L                                                                                                                 (3.2) 

where Le = effective bond length, Ef  = tensile modulus of elasticity of FRP, tf  = 

thickness of FRP and '
cf = compressive strength of concrete 

The strain value near loaded end for specimen CControl-3 (Figure 3.29 (c)) was lower 

than the value at 50 mm when the load reached (10.78 kN) close to ultimate. 

Theoretically, the values should be the same forming a plateau representing the 

debonded part of FRP sheet. But the fluctuation can be attributed to the local bending of 

already debonded FRP sheet near loaded end due to thinness of the sheet and roughness 

of the crack, which was reported by Yuan et al. (2004). 
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Figure 3.28 Typical strain gauge locations 
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(c) CControl-3 

 
(d) CControl-4 

 
(e) CControl-5 

Figure 3.29 Strain profiles of control CFRP pull-out specimens 
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Similarly, strain profiles for control CFRP pull-out specimens from concrete batch 2 

were plotted (Figure 3.30). For specimen CControl-1 (B2), strain values at 5 mm could 

not be read due to instrumental malfunctioning. However, shifting of the transfer length 

is still interpretable from the values of the remaining two gauges. Approximately, the 

load transfer length shifted to 100 mm at 9.40 kN. The change of initial transfer lengths 

to 100 mm occurred approximately at 11 kN for specimens CControl-2 to 4 (B2). The 

effective bond lengths of the specimens CControl -1, 2 and 4 were found to be very 

close to 100 mm. It was only for CControl-3 (B2) where the observed effective bond 

length was greater than 100 mm. These observed effective bond lengths are close to 

predicted values using Chen & Teng (2001) model which was 94 mm and close to the 

experimentally observed ones. The effective bond length values observed from strain 

profiles of control specimens from both concrete batches will be used later for 

comparison with the bond lengths of exposed specimens. 

 

 
(a) CControl-1 (B2) 

 
(b) CControl-2 (B2) 

0

2000

4000

6000

0 50 100 150

 μ
 st

ra
in

 

Distance from loaded end of bond (mm) 

1 kN
3 kN
5 kN
7 kN
9 kN
9.40 kN
10 kN
10.90 kN (0.97 Pmax)
11 kN
11.14 kN (0.99 Pmax)
11.25 kN (Pmax)

0

2000

4000

6000

8000

10000

0 50 100 150

 μ
 st

ra
in

 

Distance from loaded end of bond (mm) 

1 kN
3 kN
5 kN
7 kN
9 kN
11 kN
12.94 kN (0.97 Pmax)
13 kN
13.15 kN (0.99 Pmax)
13.31 kN (Pmax)



Chapter 3. Experimental program 

M. I. Kabir  108 
 

 
(c) CControl-3 (B2) 

 
(d) CControl-4 (B2) 

Figure 3.30 Strain profiles of CFRP control pull-out specimens from concrete batch 2 
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3.8.2.2 Failure modes 
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along with the failure mode of GControl-4 whereas those for remaining specimens have 

been provided in Appendix B.2. 

 

Table 3.11  Pull-out strengths of control GFRP specimens 

Specimen ID Maximum 

load at 

debonding 

Pmax 

(kN) 

Pull-out 

strength 

σdb 

(MPa) 

Mean pull-

out strength 

(MPa) 

Standard 

deviation of 

σdb 

(MPa) 

COV of 

σdb 

(%) 

GControl-1 12.5 1014.2  

 

1027.0 

 

 

61.1 

 

 

6.0 

GControl-2 11.7 953.0 

GControl-3 13.0 1054.5 

GControl-4 13.7 1114.9 

GControl-5 12.3 998.4 

 

 

  
(a) GControl-1 (b) GControl-4 

Figure 3.31  Failure modes of Control GFRP pull-out specimens 

 

3.8.2.3 Strain profiles 

The strain distribution of the control GFRP specimens was mainly at 0-50 mm location 

until load value reached very close to the maximum (Figure 3.32). Almost all specimens 

showed load transfer length (initial transfer length) of approximately 50 mm except 

when the load reached close to the maximum pull-out forces. This behaviour of GFRP-
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concrete bond resembles that of CFRP-concrete bond explained earlier in this chapter. 

The change of initial transfer lengths of GFRP specimens from 50 mm to 100 mm were 

observed at about 11 kN load for three specimens, 9 kN load for one specimen and 12.6 

kN for the remaining one. Three out of five specimens showed effective bond length of 

100 mm or less whereas the remaining two had effective bond length of more than 100 

mm according to the definition of effective bond length as the load transfer length either 

at 97% or at 99% of the maximum load in pull-out test. The effective bond length 

calculated using Chen & Teng (2001) model was 84.5 mm which is close to the 

experimental effective bond lengths. 
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(c) GControl-3 

 
(d) GControl-4 

 
(e) GControl-5 

Figure 3.32 Strain profiles of GFRP control pull-out specimens 
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3.9 Chapter summary 

This chapter aimed to explain the methodologies involved in the long term experimental 

study of CFRP and GFRP-concrete bond as well as the material properties. In addition, 

behaviour of CFRP tensile properties and two batches of concrete for three 

environmental exposures, namely, temperature cycles, wet-dry cycles and outdoor 

environment, was discussed. The test results of control pull-out specimens were also 

presented in this chapter. The findings of the study can be summarised as follows: 

 

- Temperature cycles did not cause any negative effect on CFRP tensile modulus of 

elasticity but tensile strength was found to degrade with time. The maximum 

degradation of tensile strength observed was 14.3 %.  

 

- Wet-dry series caused deterioration of both tensile strength and elastic modulus of 

CFRP coupons. The maximum degradation of tensile strength was 20 % and that for 

tensile modulus of elasticity was 15.2 %. 

 

- CFRP tensile strength degraded by 20.3 % due to outdoor environment but the 

tensile modulus of elasticity showed negligible deterioration of only 6.6 %. 

 

- Concrete compressive strength of only batch 1, subjected to temperature cycles, 

experienced initial degradation of 9 % compared to control value after three months. 

However, other exposure conditions applied in this study did not cause any 

degradation of concrete compressive strength; rather, improved the strength. 

 

- The mean pull-out strength of control CFRP-concrete bond was 1,298.7 and 1,320.0 

MPa for the first and second concrete batch, respectively. On the other hand, control 

GFRP-concrete bond had the pull-out strength value of 1,027.0 MPa 

 

- Failure modes of control pull-out specimens (both CFRP and GFRP) were 

associated with thick concrete layer attached to debonded FRP. 
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- Strain profiles of control CFRP and GFRP-concrete bond were mainly distributed 

over 0-50 mm bond length until the load value reached close to the maximum. The 

effective bond length can be assumed as 100 mm or less for both types of bond. 

 



 

 

 

 

 

 

 

 

 

CHAPTER 4 

EFFECT OF CYCLIC TEMPERATURE ON FRP-CONCRETE 

BOND 
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4 Effect of cyclic temperature on FRP-concrete bond 
 

4.1 Introduction 

This chapter presents the results of the experimental study on the long-term 

performance of CFRP and GFRP bonded concrete prisms subjected to temperature 

cycles. FRP-concrete bond behaviour has been studied based on the pull-out test. Pull-

out strengths, failure modes and strain profiles (strain distributions) of CFRP and GFRP 

bonded specimens are presented. Also, correlation of bond strengths with the material 

properties has been described in this chapter. Section 4.2 describes the observations 

from CFRP cyclic temperature specimens, whereas section 4.3 is dedicated to the results 

of GFRP cyclic temperature specimens. Finally, the chapter summary has been 

presented in section 4.4. 

 

4.2 Test results of CFRP cyclic temperature series 

Experimental results of CFRP-concrete bond exposed to temperature cycles for five 

weeks (CT2 series), three months (CT3 series) and one year (CT4 series) are discussed 

in the following sections. 

 

4.2.1 Pull-out strength 

The pull-out strengths of CFRP-bonded concrete prisms were determined for CT2, CT3 

and CT4 series by testing three specimens per series. The strength values (expressed as 

maximum stress in CFRP) of all specimens with coefficient of variation (CoV) have 

been summarised in Table 4.1. The strength value of one out of three specimens for 

CT4 series has been ignored for the calculation of mean strength due to the failure in the 

grip region. The change of normalised mean pull-out strength and mean concrete 

compressive strength (expressed as the ratio of exposed strength to control strength) has 

been plotted in Figure 4.1 where the vertical lines represent the standard deviations of 

pull-out strengths. No significant effect of the temperature cycles on the pull-out 
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strength was observed. An initial increase of strength of 5% was observed after five 

weeks followed by a  descending  trend and the strength value reached close enough to 

the control value after 3 months. After 1 year, bond strength increased by 10% 

compared to that of control specimens. Such effect of the temperature cycles can be 

attributed to the maximum temperature limit (40o C) which is fairly below the glass 

transition temperature (Tg = 47o C) of the epoxy resin. Also, the temperature envelope 

applied in this research was 30o - 40o C where the difference between the maximum and 

minimum temperature was only 10o C. Hence, a larger temperature envelope may show 

degradation of CFRP-cocnrete bond as it may induce more strains (thermal expansion 

and contraction). The trend of concrete compressive strength was similar to that of pull-

out strength and it is understood that pull-out strength is influenced by the change in 

conrete compressive strength due to exposed condition. The dependence of pull-out 

strength is further discussed in section 4.2.4 through the failure modes of CFRP-

concrete bond. 

 

 
Figure 4.1 Normalised pull-out strength of CFRP cyclic temperature series against 

exposure duration  
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Table 4.1 CFRP Pull-out strengths of cyclic temperature specimens 

Exposure 

duration 

(Days) 

Pull-out 

strength 

(MPa) 

Mean pull-

out strength 

(MPa) 

CoV of pull-out 

strength 

(%) 

Comments 

0 1183.3 1298.7 12.0 - 

1563.9 - 

1213.4 - 

1322.5 - 

1210.3 - 

35 1440.9 1360.9 11.0 - 

1187.7 - 

1454.2 - 

90 1059.8 1290.1 19.6 - 

1248.1 - 

1562.5 - 

365 1473.8 1430.0 4.3  

 

- 

Failure in grip and 

omitted from analysis 

1386.1  

 

4.2.2 Failure modes 

The change of failure modes due to cyclic temperature, even after the exposure period 

of one year, was insignificant and there was minimal reduction in the thickness of the 

concrete on separated CFRP only for three months exposure series.  The failure 

occurring always in concrete layer, leads to the conclusion that concrete was always the 

weakest of all three constituents, namely, CFRP, epoxy resin and concrete. The failure 

modes of the each series have been discussed as follows: 

 CT2 series:  

The failure modes of the 5 week temperature (CT2) series were mainly in the concrete 

layer (Figure 4.2 (a)) and the concrete attached to debonded FRP was thicker than the 
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control specimens. However, for specimen CT2-3 (Figure 4.2 (b)) epoxy layer was 

visible in some parts of the FRP. 

 CT3 series: 

CT3 (three month cyclic temperature) series exhibited failure in concrete which was 

similar to the control series. But a slight reduction of concrete thickness was observed 

for two specimens (Figures 4.2 (d) and 4.2 (e)) compared to CT2 series and epoxy layer 

was visible in some locations of the debonded FRP. Only the failure of CT3-1 (Figure 

4.2 (c)) was associated with very thick concrete layer attached to the debonded CFRP 

similar to CT2 series.  

 CT4 series: 

Similar to CT2 and CT3 series, CT4 series also failed with very thick concrete layer 

attached to debonded FRP (Figure 4.2 (g)). An exceptional mode of failure occurred in 

CT4-1 as it failed both by debonding and by partial longitudinal fracture of FRP along 

one edge (Figure 4.2 (f)). The reason for the partial fracture may be attributed to 

improper gripping of FRP, which was also reported by Imani (2010). Regardless of the 

unusual failure pattern of this specimen, the debonded FRP was found to have a thick 

concrete layer attached to it. Specimen CT4-2 was discarded from the analysis as the 

failure occurred in grip region (Figure B.1 in Appendix B.1). 

 

  
(a) CT2-1 (b) CT2-3 
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(c) CT3-1 (d) CT3-2 

  
(e) CT3-3 (f) CT4-1 

 
(g) CT4-3 

Figure 4.2 Failure modes of CFRP cyclic temperature specimens 

 

4.2.3 Strain profiles 

The strain profiles for CT2 and CT3 series were plotted for three strain gauges, located 

at 5 mm, 50 mm and 100 mm from the loaded end (Figure 4.3 (a)), whereas those for 

CT4 series were plotted for four strain gauges located at 5 mm, 50 mm, 100 mm and 

145 mm (Figure 4.3 (b)). 
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(a) 

 
(b) 

Figure 4.3 Strain gauge locations 
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The strain distributions of five week temperature (CT2) series have been plotted in 

Figure 4.4. The patterns of strain distribution for all specimens of this series were 

almost similar to those obtained for CFRP control specimens as provided in section 

3.8.1.3. The initial load transfer length was approximately 50 mm up to the load level 

very close to ultimate load for all specimens. The changes of transfer length occurred at 

about 11 kN and 13.20 kN in specimens CT2-1 and CT2-3, respectively. But CT2-2 

5 mm
50

100

SG3 SG2 SG1

x

concreteFRP

5 mm
50

100
145

SG4 SG3 SG2 SG1

x

concreteFRP



Chapter 4. Effect of cyclic temperature on FRP-concrete bond 

M. I. Kabir  121 
 

showed the shifting of transfer lengths at lower load value of 9 kN. Based on the 

definition of Yuan et al. (2004), the effective bond length can be assumed as 100 mm or 

less for specimen CT2-2 and CT2-3 and slightly more than 100 mm for specimen CT2-

1. However, considering the load transfer length at 99% of the maximum load (Lu et al. 

2005), the effective bond length of specimens CT2-1 and CT2-3 exceeded 100 mm 

whereas that of specimen CT2-2 was 100 mm or less.  
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(b) CT2-2 
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(c) CT2-3 

Figure 4.4 Strain profiles of five week CFRP temperature series 
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(b) CT3-2 

 
(c) CT3-3 

Figure 4.5 Strain profiles of three month CFRP temperature series 
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Although three specimens were tested for this series, specimen CT4-2 experienced 
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As observed in Figure 4.6 (a), the strain gauge value at 5 mm from loaded end of 

specimen CT4-1 was only available up to 7 kN load due to the breaking of strain gauge 

caused by partial rupture of FRP at that location.  However, the change of initial transfer 

length can be assumed from the available test data. The shifting of initial load transfer 

length from 50 mm to 100 mm occurred at a very low level of load (approximately at 5 

kN) for this specimen which can be attributed to the initiation of CFRP rupture close to 

that location resulting in the reduction of the capacity to transfer load to concrete. The 
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occurred at 13 kN load. Unlike specimen CT4-1, CT4-3 showed strain profiles 

distributed only along 50 mm length until the load reached close to ultimate load 

(Figure 4.6 (b)). The initial transfer length changed from 50 mm to 100 mm at 12.24 kN 

and no further change of load transfer length was observed. The strain distribution of 

CT4-3 was very similar to those observed in the previous two series. From the strain 

profile, the effective bond length of CT4-1 can be assumed as more than 100 mm and 

less than or equal to 145 mm whereas that for specimen CT4-3 was 100 mm or less 

(Figure 4.6 (b)).  

 

 
(a) CT4-1 

 
(b) CT4-3 

Figure 4.6 Strain profiles of one year CFRP temperature series 
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4.2.4 Discussion of test results 

Based on the test results of CFRP cyclic temperature series, it can be commented that 

the temperature cycles did not cause any negative effect on the pull-out strength with 

the exception of only 1% initial deterioration after three months of exposure. As the 

failure of pull-out specimens always occurred in the concrete adjacent to the epoxy 

adhesive, the strength of bond were mainly dependent on the concrete compressive 

properties. This can be confirmed by the trend of concrete compressive strength with 

exposure durations (described in section 3.7.2.1) observed in this study which was quite 

similar to that of pull-out strength with time (Figures 4.1). Also, no major change of 

strain profiles of pull-out specimens was observed. But the increase of effective bond 

length due to exposure to five weeks of temperature cycles suggests that longer bond 

length than the effective bond length of unexposed specimens should be used for better 

performance of CFRP-concrete bond. As the temperature envelope applied in this 

research was 30o – 40o C with a very small difference between the upper and lower 

limit, the possibility of bond degradation due to larger envelope cannot be ignored. 

 

4.3 Test results of GFRP temperature series 

The test results of GFRP-concrete bond exposed to temperature cycles for five weeks 

(GT2 series), three months (GT3 series) and one year (GT4 series) have been presented 

in this section in terms of pull-out strength, failure modes and strain profiles. 

 

4.3.1 Pull-out strength 

Pull-out strengths of all GFRP cyclic temperature specimens with corresponding  CoVs 

have been listed in Table 4.2 whereas the change of normalised average pull-out 

strength (expressed as the ratio of exposed strength to unexposed/control strength) with 

exposure duration has been illustrated in Figure 4.7. The vertical bars in the graph 

represent the CoV for the normalised average pull-out strength. Also, the change of 

normalised concrete compressive strength with exposure duration is shown in the same 

figure. From Figure 4.7, continuous increase in mean pull-out strength is clearly visible. 

The increase in bond strength can be divided into two parts where the first part is 

associated with a rapid increase of strength by about 3% after five weeks compared to 



Chapter 4. Effect of cyclic temperature on FRP-concrete bond 

M. I. Kabir  126 
 

the control strength and the second part shows a gradual linear increase of bond strength 

until it reaches about 8% more than the control value after the end of the one year 

exposure. From the observations, it can be stated that the cyclic temperature did not 

cause any negative effect on pull-out strength of the GFRP specimens even after one 

year of exposure. Rather, it improved the strength during the whole exposure period. 

The increase in bond strength can be correlated with the increased compressive strength 

as shown in the same figure. Although a decreasing trend of concrete compressive 

strength is visible after three months, the strength value was always more than that of 

the control series. The gradual increase in pull-out strength after three months may be 

attributed to the negative trend of the concrete compressive strength. 

 

Table 4.2  GFRP Pull-out strengths of cyclic temperature specimens 

Exposure 

duration 

(Days) 

Pull-out strength 

(MPa) 

Mean pull-out 

strength 

(MPa) 

CoV of pull-out strength 

(%) 

0 1014.2 1027.0 6.0 

953.0 

1054.5 

1114.9 

998.4 

35 1115.3 1055.8 5.5 

1053.7 

998.5 

90 1051.9 1064.7 1.9 

1053.5 

1088.6 

365 1109.3 1112.8 1.7 

1133.5 

1095.6 
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Figure 4.7 Normalised pull-out strength of GFRP cyclic temperature series against 

exposure duration 

 

4.3.2 Failure modes 

Figure 4.8 illustrates the failure modes of two GFRP cyclic temperature specimens per 

exposure duration and the rest are provided in Appendix B.2. The failure modes of 

GFRP cyclic temperature specimens were observed to be the same as those of CFRP 

cyclic temperature specimens.  
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GT3 (three month temperature) series showed a similar pattern of failure (Figure 4.8 

(c)) to GT2 series.  
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 GT4 series: 

Only one specimen in one year (GT4) series, namely, GT4-2 was found to have almost 

no concrete attached to the GFRP coupon (Figure 4.8 (e)). But the remaining two 

specimens exhibited exactly the same pattern as the other two series.  

From the comparison of failure modes of all temperature series (Figure 4.8) with those 

of control series (section 3.8.2.2), the change of failure patterns with duration of 

exposure deemed to be insignificant as the failure always occurred mostly in the 

concrete adjacent to the epoxy layer. 

 

  
(a) GT2-1 (b) GT2-3 

  

(c)  GT3-1 (d) GT3-2 

  
(e) GT4-2 (f) GT4-3 

Figure 4.8 Failure modes of GFRP cyclic temperature specimens 
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4.3.3 Strain profiles 

The strain profiles for GT2 and GT3 series were obtained by three strain gauge set-up 

(Figure 4.3 (a)), and those for CT4 series were obtained by four strain gauge set-up 

(Figure 4.3 (b)). 

 

 GT2 series: 

From the plotted strain profiles of five week temperature specimens (Figure 4.9) it can 

be observed that the initial load transfer length of about 50 mm remained unchanged for 

all three specimens until the load reached close to the ultimate load. The change of 

initial transfer length approximately from 50 mm to 100 mm occurred at 12.45 kN, 

10.62 kN and 9.52 kN for specimens GT2-1, 2 and 3, respectively. The behaviour of 

strain profiles of five week GFRP temperature series seems to be almost similar to that 

found in GFRP control series. The effective bond lengths can be assumed from the 

definitions by Yuan et al. (2004) and Lu et al. (2005) as more than 100 mm for 

specimens GT2-1 and GT2-3 and 100 mm or less for specimen GT2-2. Therefore, the 

change of effective bond length can be seen when compared to the experimental 

effective bond length of control series where three out of five specimens had effective 

bond length of 100 mm or less.  
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(b) GT2-2 

 
(c) GT2-3 

Figure 4.9 Strain profiles of five week GFRP temperature series 

 

 GT3 series: 

As illustrated in Figure 4.10, strain profiles of three month GFRP cyclic temperature 

were similar to the control and five week temperature series. The initial load transfer 

length shifted approximately at 11 kN loads for specimens GT3-1 and GT3-2 and at 

about 13 kN load for GT3-3. The experimental effective bond lengths can be considered 

as more than 100 mm for the first two specimens and less than 100 mm for the third one 

and are exactly as same as those with five week temperature series. 

 

0

2000

4000

6000

8000

10000

0 50 100 150

 μ
 st

ra
in

 

Distance from loaded end of bond (mm) 

1 kN
3 kN
5 kN
7 kN
9 kN
10.62 kN
11 kN
12 kN
12.61 kN (0.97 Pmax)
12.88 kN (0.99 Pmax)
12.98 kN (Pmax)

0

2000

4000

6000

8000

10000

0 50 100 150

 μ
 st

ra
in

 

Distance from loaded end of bond (mm) 

1 kN
3 kN
5 kN
7 kN
9 kN
9.52 kN
11 kN
11.91 kN (0.97 Pmax)
12.19 kN (0.99 Pmax)
12.30 kN (Pmax)



Chapter 4. Effect of cyclic temperature on FRP-concrete bond 

M. I. Kabir  131 
 

 
(a) GT3-1 

 
(b) GT3-2 

 
(c) GT3-3 

Figure 4.10 Strain profiles of three month GFRP temperature series 
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 GT4 series: 

From the plotted strain profiles of one year GFRP cyclic temperature series (Figure 

4.11), it can be observed that the load transfer length changed approximately from 50 

mm to 100 mm after the load values reached 9.42, 10 and 12.49 kN for specimens GT4-

1, 2 and 3, respectively. Then another change of load transfer length is visible from 100 

mm to about 145 mm after 13.24 and 13 kN for specimens GT4-1 and GT4-2. Specimen 

GT4-3 experienced a drop in load after the shifting of transfer length from 50 mm to 

100 mm and the second change of transfer length occurred at 12.22 kN. Based on the 

definitions of effective bond length by Yuan et al. (2004) and Lu et al. (2005), all 

specimens from one year series had effective bond length of more than 100 mm. 

Based on the strain profiles of GFRP temperature series, it can be summarised that 

although the overall behaviour of strain distributions were quite similar to the control 

series, the effective bond length exceeded 100 mm which was longer than that in control 

series.  
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(b) GT4-2 

 
(c) GT4-3 

Figure 4.11 Strain profiles of GFRP one year temperature series 
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failure always occurred in the concrete layer adjacent to the epoxy adhesive. However, 

as GFRP-concrete bond consists of GFRP, epoxy resin and concrete, material 

characterisation of all three constituents is necessary to understand the effect of material 

properties on the bond behaviour properly. The effective bond length obtained from the 

strain distribution plots suggests that the temperature cycles may increase the bond 

length in the long term and thereby, using longer bond length may improve the 

performance of GFRP-concrete bond subjected to such environmental condition. 

 

4.4 Chapter summary 

Based on the results of the experimental study conducted to understand the effect of 

cyclic temperature on CFRP and GFRP-concrete bond, the findings were as follows: 

- Temperature cycles caused negligible deterioration (by 1% after three months) of 

CFRP-concrete bond and no degradation of GFRP-concrete bond provided the 

maximum temperature was always lower than the glass transition temperature (+ 47o 

C) of the epoxy resin and the difference between the maximum and minimum 

temperature of the temperature envelope (30o–40o C) was only 10o C. 

- No significant change of failure modes was observed in CFRP and GFRP bonded 

specimens, which suggests the dependence of pull-out strength mainly on the 

concrete compressive strength. 

- Effective bond length increased due to exposed condition for both types of FRP-

concrete bond. 

From the findings stated above, it can be concluded that although the temperature cycles 

had insignificant effect on the CFRP and GFRP-concrete bond, the cyclic temperature 

with a larger envelope may need to be applied for further understanding of the effect of 

temperature cycles on bond behaviour. Also, for better correlation of pull-out strength 

with material properties, the study on the adhesive properties subjected to temperature 

cycles should be conducted. Moreover, as the effective bond length increased due to 

temperature cycles, higher bond length than theoretical effective bond length for 

unexposed condition can be conducive to the CFRP and GFRP-concrete bond system to 

perform better in the long term. 
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5 Effect of wet-dry cycles on FRP-concrete bond 
 

5.1 Introduction 

The test results of CFRP and GFRP bonded concrete prisms exposed to wet-dry cycles 

are discussed in this chapter in terms of pull-out strength, failure modes and strain 

profiles. The effect of material properties on the pull-out strength is also explained from 

the observed failure patterns of two types of FRP-concrete bond and the change of 

material properties due to exposed condition. Section 5.2 is dedicated to results of 

CFRP bonded specimens, whereas section 5.3 reports on the findings of GFRP bonded 

specimens. In section 5.4, the chapter summary has been presented based on the 

findings of the study. 

 

5.2 Test results of CFRP wet-dry series 

Experimental results of CFRP-concrete bond exposed to wet-dry cycles for one month 

(CH1 series), six months (CH2 series), 12 months (CH3 series) and 18 months (CH4 

series) are discussed in the following sections. 

 

5.2.1 Pull-out strength 

The pull-out strength values of all specimens with coefficient of variation (CoV) have 

been listed in Table 5.1 and the change of mean pull-out strength (expressed as the ratio 

of exposed strength to unexposed/control strength) against exposure durations has been 

illustrated in Figure 5.1 along with vertical lines representing the standard deviations. 

Figure 5.1 also includes the change of normalised concrete compressive strength with 

time to understand the effect of concrete compressive strength on the changing pull-out 

strength. The effect of wet-dry cycles on CFRP-concrete bond was of cyclic nature 

during 18 month exposure. CFRP-concrete bond experienced slight degradation of pull-

out strength by about 1% after the exposure duration of one month followed by an 

increase of 12% compared to the control strength. However, exposure duration of one 
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year showed the deterioration of pull-out strength by 5% compared to the control 

strength. Finally, an increasing trend can be observed from the plot with the bond 

strength reaching close to that of the control specimens after 18 months. Although the 

concrete compressive strength was observed to increase almost continuously during the 

exposure for 18 months, only the change of pull-out strength during two periods, 

namely, one month to six months and 12 months to 18 months, followed the trend of 

concrete compressive strength. But the pull-out strengths after one month and one year 

of exposure durations did not follow the trend of concrete compressive strength. The 

dependence of pull-out strength on the material properties is explained further in section 

5.2.4 with the help of observed failure modes.   

 

 
Figure 5.1 Normalised pull-out strength of CFRP wet-dry series against exposure 

duration 
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Table 5.1 CFRP Pull-out strengths of wet-dry specimens 

Exposure 

duration 

(Days) 

Pull-out strength 

(MPa) 

Mean pull-out strength 

(MPa) 

CoV of pull-out 

strength 

(%) 

0 1183.3 1298.7 12.0 

1563.9 

1213.4 

1322.5 

1210.3 

28 1300.7 1282.2 12.9 

1511.3 

1107.4 

1354.3 

1137.3 

168 1433.3 1450.3 8.2 

1280.0 

1430.0 

1602.5 

1505.8 

364 1063.9 1237.3 14.3 

1440.7 

1238.0 

1057.5 

1386.4 

546 1356.3 1296.9 6.0 

1275.4 

1345.2 

1338.7 

1169.0 
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5.2.2 Failure modes 

The typical failure patterns of CFRP wet-dry series along with any exceptional mode 

observed from each of the exposure durations have been provided in Figure 5.2 and the 

rest are shown in Appendix B.1.  

 CH1 series: 

The one month wet-dry specimens showed change of failure modes from the thicker 

concrete to very thin concrete layer attached to debonded CFRP (Figure 5.2 (b)) 

compared to control series (section 3.8.1.2). Moreover, epoxy layer was visible on some 

parts. Three out of five specimens had such failure pattern. As illustrated in Figure 5.2 

(a), only CH1-1 had very thick concrete layer attached to the CFRP. Specimen CH1-5 

experienced partial longitudinal rupture of CFRP close to one edge of bond apart from 

the failure with relatively thicker layer of concrete attached to the CFRP coupon (Figure 

5.2 (c)).  

 CH2 series: 

Compared to CH1 series, failure modes of CH2 series were associated with relatively 

thicker layer of concrete attached to debonded CFRP. Therefore, the failure modes of 

CH2 series seem almost similar to those observed in control specimens. The typical 

failure mode of this series is represented by Figure 5.2 (f) where thick concrete layer is 

clearly visible. The exceptional modes were observed in specimens CH2-1 and CH2-2 

(Figures 5.2 (d) and (e)) where the former had almost no concrete attached to the 

debonded CFRP, and the latter showed failure by partial longitudinal rupture of CFRP 

along one edge as well as by debonding with almost no concrete attached to FRP. 

 

  
(a) CH1-1 (b) CH1-2 
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(c) CH1-5 (d) CH2-1 

  
(e) CH2-2 (f) CH2-3 

  
(g) CH3-2 (h) CH3-4 

  
(i) CH3-5 (j) CH4-1 

  
(k) CH4-2 (l) CH4-4 

Figure 5.2 Failure modes of CFRP wet-dry specimens 
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 CH3 series: 

The observations from the failure patterns of one year wet-dry specimens lead to an 

interpretation that the thickness of concrete layer on CFRP coupon decreased 

significantly compared to all previous series. Figure 5.2 (g) represents the typical failure 

mode observed in this series. Only CH3-4 had thick concrete layer on the debonded 

CFRP coupon (Figure 5.2 (h)) and CH3-5 experienced partial failure in CFRP by 

rupture as well as the typical failure of this series (Figure 5.2 (i)). 

 CH4 series: 

Except for CH4-2 as illustrated in Figure 5.2 (k), all specimens of 18 months wet-dry 

series exhibited very thick concrete layer attached to the debonded CFRP coupon. 

Epoxy layer was visible in some locations of CFRP coupon of specimen CH4-4, as 

shown in Figure 5.2 (l), but the thickness of concrete was still thick enough to resemble 

the typical mode of this series. 

From the failure modes of all CFRP wet-dry series explained above, it can be stated that 

failure modes from thick concrete layer to thinner layer attached to debonded CFRP 

also revealed the cyclic nature similar to that observed in pull-out strength of this series. 

 

5.2.3 Strain profiles 

The strain profiles for CH1 and CH2 series were plotted for three strain gauges , located 

at 5 mm, 50 mm and 100 mm from the loaded end (Figure 5.3 (a)), whereas those for 

CH3 and CH4 were plotted for four strain gauges located at 5 mm, 50 mm, 100 mm and 

145 mm from the loaded end (Figure 5.3 (b)). 
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(a) Strain gauge locations for three strain gauge set-up 

 
(b) Strain gauge locations for four strain gauge set-up 

Figure 5.3 Strain gauge locations 
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The strain profiles of CH1 series (Figure 5.4) were found to show some changes from 

those of control series (section 3.8.1.3) in terms of loads at which the initial transfer 

length shifted from approximately 50 mm to 100 mm. Most control specimens 

experienced the change of initial load/stress transfer length at about 10-11 kN load, 

whereas CH1 series showed this change at a relatively lower level of load; i.e. 8-9 kN 

load. Only specimen CH1-5 had the change of initial transfer length at a load value 

more than 10 kN (Figure 5.4 (e)).  In addition, higher effective bond length than that of 

control series was observed in CH1 series. The effective bond length of this series can 
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be assumed as more than 100 mm according to definitions by Yuan et al. (2004) and  Lu 

et al. (2005).  
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(d) CH1-4 

 
(e) CH1-5 

Figure 5.4  Strain profiles of CFRP one month wet-dry series 

 

 CH2 series: 

Change of initial stress transfer length for six month wet-dry series occurred in the 

range of 9 -10.5 kN load as shown in Figure 5.5 with the exception of specimen CH2-4 

which showed change of transfer length at much lower load value. Compared to the 

control series, the load level for shifting of initial transfer length was slightly lower. 

From the trend of strain profiles, the effective bond length of this series can be assumed 

as more than 100 mm which is quite similar to that observed in CH1 series.  
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(e) CH2-5 

Figure 5.5 Strain profiles of CFRP six month wet-dry series 

 

 CH3 series: 

The strain distributions of CH3 series were slightly different to those of the control 

series. The first change of load transfer lengths occurred approximately at 9 kN or less 

for four of the specimens (Figure 5.6) whereas at 10 kN for specimen CH3-3 (Figure 5.6 

(c)) This load, when the first change in load transfer length was observed, is lower than 

that observed in control specimens (section 3.8.1.3). Similar to CH1 and CH2 series, the 

effective bond length determined from strain profiles of this series can also be assumed 

as more than 100 mm.  
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(b) CH3-2 

 
(c) CH3-3 
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(e) CH3-5 

Figure 5.6 Strain profiles of CFRP one year wet-dry series 

 

 CH4 series: 

Although CH4 series specimens were exposed to humid conditions for extended 

durations, the strain profiles of the series (Figure 5.7) were found to be almost similar to 

control series. Three specimens exhibited the shifting of initial transfer length at 

approximately 11 kN (same as control series) and the remaining two showed this 

change at about 9 kN. Even the effective bond length of four out of five specimens can 

be seen to be 100 mm or less from the plotted strain profiles. Only specimen CH4-1 

showed effective bond length of more than 100 mm.  
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(b) CH4-2 

 
(c) CH4-3 

 
(d) CH4-4 

 
(e) CH4-5 

Figure 5.7 Strain profiles of CFRP 18 month wet-dry series 
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To summarise the strain profiles of all CFRP wet-dry series, it can be stated that the 

change of initial stress transfer length showed a cyclic nature which was similar to that 

observed for pull-out strength and failure modes. CH1 series experienced the shifting of 

initial stress transfer length at lower load level than that of control series whereas CH2 

series experienced at a level of load very close to control series. This trend was 

continued until the CH4 series had this change of initial transfer length at load levels 

almost the same as the control series. In terms of effective bond lengths, all wet-dry 

series, except CH4, had longer effective bond length than control series.  

 

5.2.4 Discussion of test results 

Cyclic variation in pull-out strength, failure modes and strain profiles were observed 

from test results for CFRP wet-dry series specimens. There was an initial positive effect 

of humidity on the pull-out strength and strength increased by 12% compared to control 

strength after six months. The initial increase can be attributed to the improved concrete 

compressive strength (Figure 5.1) as the failure occurred in concrete layer after six 

months of exposure. The maximum degradation of pull-out strength by about 5% after 

the exposure for one year can also be correlated with the change in failure pattern (from 

thicker concrete layer to almost no concrete attached to the debonded CFRP). The 

reason can be the approaching of concrete strength to the epoxy strength and the 

degradation of epoxy properties due to wet-dry cycles. Although the mechanical 

properties of epoxy resin due to exposed conditions were not determined in this study, 

the mode of failure after one year suggests the dependence of bond behaviour more on 

the epoxy property than that of concrete. Therefore, determination of epoxy properties 

under the same exposed condition may have to be conducted to better understand the 

dependence of pull-out strength on the material properties. Moreover, the cyclic nature 

of bond behaviour suggests the necessity of further study for extended durations until 

the pull-out strength becomes almost constant. Furthermore, the increased effective 

bond lengths for exposed specimens were observed from the change of transfer lengths 

in strain profiles.  
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5.3 Test results of GFRP wet-dry series 

The results of GFRP-concrete bond subjected to wet-dry cycles for one month (GH1 

series), six months (GH2 series), one year (GH3 series) and 18 months (GH4 series) 

have been presented in the following sections. 

 

5.3.1 Pull-out strength 

The pull-out strengths of all GFRP wet-dry specimens and CoV have been listed in 

Table 5.2 and the changes in normalised pull-out strength and concrete compressive 

strength, expressed as the ratio of the average strength of exposed specimens to that of 

control specimens, with time have been illustrated in Figure 5.8. From Figure 5.8 , it is 

seen that wet-dry series degraded the performance of GFRP-concrete bond by about 

6.4% compared to the control series after the exposure for six months, although the 

concrete compressive strength increased. Then, an increasing trend of pull-out strength 

was observed with the strength value reaching the control strength after 18 months. 

Therefore, the maximum deterioration of GFRP-concrete bond strength observed in this 

study was 6.4 %, which was slightly higher than the degradation of CFRP-concrete 

bond strength. On the other hand, the concrete compressive strength was found to 

increase continuously up to one year and then, became almost constant. The effect of 

change in material properties on the pull-out strength is explained later in this chapter 

(5.3.4) through observed failure patterns of GFRP-concrete bond. 
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Table 5.2 GFRP pull-out strengths of wet-dry specimens 

Exposure duration 

(Days) 

Pull-out 

strength 

(MPa) 

Mean pull-out 

strength 

(MPa) 

CoV of pull-out 

strength 

(%) 

0 1014.2 1027.0 6.0 

953.0 

1054.5 

1114.9 

998.4 

28 1071.8 1021.6 10.8 

1045.6 

986.3 

1149.4 

854.8 

168 1008.8 961.2 12.4 

973.0 

1114.7 

791.0 

918.7 

364 942.9 1011.2 6.9 

936.7 

1098.1 

1038.0 

1040.4 

546 1041.9 1034.4 5.0 

1047.5 

1087.7 

1046.3 

948.8 
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Figure 5.8 Normalised pull-out strength of GFRP wet-dry series with exposure duration 

 

5.3.2 Failure modes 

 

 GH1 series: 

GH1 series showed failure of specimens with very thin layer of concrete attached to 

debonded GFRP (Figure 5.9). Only specimen GH1-5 experienced failure in the concrete 

layer but other four specimens had failure near the interface between concrete and 

epoxy as illustrated in Figures 5.9 (a) and (b).  

 GH2 series: 

GFRP specimens exposed to wet-dry cycles for six months showed similar pattern of 

failure to that observed in one month specimens. The thickness of attached concrete on 

GFRP, although slightly more than one month series, was much less than the control 

series (section 3.8.2.3). Moreover, epoxy layer was visible in many parts of the 

debonded GFRP coupons (Figures 5.9 (c) and (d)). 
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 GH3 series: 

All specimens, except specimen GH3-3 (Figure 5.9 (e)), from one year wet-dry (GH3) 

series exhibited thin concrete layer on debonded GFRP (Figure 5.9 (f)). 

 GH4 series: 

18 month GFRP wet-dry series experienced change of failure modes from thin concrete 

layer to thicker concrete attached to the debonded FRP. Three out of five specimens, 

namely, GH4-1, 4 and 5 showed this type of failure as illustrated in Figures 5.9 (g) and 

(i), whereas specimen GH4-2 and GH4-3 (Figure 5.9 (h)) still had the failure pattern 

associated with very thin concrete mass. 

In summary, evolution of failure modes from thick concrete layer attached to debonded 

GFRP in control series to thinner/very thin layer in exposed series was observed in this 

study. Only the 18 month wet-dry series (GH4) showed almost similar mode of failure 

to that of control series. 

 

  
(a) GH1-2 (b) GH1-5 

  
(c) GH2-3 (d) GH2-5 

  
(e) GH3-3 (f) GH3-4 
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(g) GH4-1 (h) GH4-2 

 
GH4-3 

Figure 5.9 Failure modes of GFRP wet-dry specimens 

 

5.3.3 Strain profiles 

The strain profiles of GH1 and GH2 series were plotted for three strain gauge set-up 

(Figure 5.3 (a)), whereas those for GH3 and GH4 series were plotted for four strain 

gauge set-up (Figure 5.3 (b)) 

 GH1 series: 

As plotted in Figure 5.10, strain profiles of GH1 series were similar to those of control 

series. The change of initial stress transfer length changed from approximately 50 mm 

to 100 mm at load level of 9 to 12.5 kN  for four specimens (Figures 5.10 (a), (b), (c) 

and (e)) and about 7 kN for specimen GH1-4 (Figure 5.10 (d)). Also, the effective bond 

lengths of four specimens were 100 mm or less by the definitions of Yuan et al. (2004) 

and  Lu et al. (2005), which is similar to the control series. 
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(d) GH1-4 

 
(e) GH1-5 

Figure 5.10 Strain profiles of GFRP one month wet-dry series 

 

 GH2 series: 

Figure 5.11 represents the strain distributions of GH2 series. The initial transfer lengths 

of GH2 series were found to change at relatively lower load than control series as the 

load level for two specimens was 8 kN and for one specimen was 10 kN. Only specimen 

GH1-1 had relatively higher level of load (12 kN) at which shifting of initial transfer 

length occurred (Figure 5.11 (a)). Specimen GH2-3 showed (Figure 5.11 (c)) an 

exceptional behaviour with change of initial load transfer length at very low load level 

and the reason might be weaker bonding of FRP near the loaded end of bond length 

during fabrication.  In terms of effective bond length, four specimens showed similar 

length to that of control series; i.e. 100 mm or less. 
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(a) GH2-1 
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(d) GH2-4 

 
(e) GH2-5 

Figure 5.11 Strain profiles of GFRP six month wet-dry series 

 

 GH3 series: 

From the plotted strain profiles of GH3 series in Figure 5.12, it was found that three out 

of five specimens showed the change of initial stress transfer length at about 10 kN 

load. Specimen GH3-5 (Figure 5.12 (e)) even experienced this at higher load (12 kN). 

But for specimen GH3-2 only, initial transfer length shifted at relatively lower load of 8 

kN. Hence, the overall behaviour of the strain distributions, in term of initial stress 

transfer length, was almost similar to that of control series, although the load level for 

the shift of initial transfer length was slightly lower than the control series. However, 

the effective bond lengths were found to be more than 100 mm which was higher than 

those obtained from control series. 
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(a) GH3-1 
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(d) GH3-4 

 
(e) GH3-5 

Figure 5.12 Strain profiles of GFRP one year wet-dry series 

 

 GH4 series: 

GH4 series (Figure 5.13), although showed higher effective bond lengths (more than 

100 mm for three out of five specimens) than control series, the load level at which the 

change of initial stress transfer length occurred revealed quite a similar pattern. Three 

out of five specimens experienced the shift of initial transfer length at about 11 kN 

(Figures 5.13 (c), (d) and (e)), one specimen at about 10 kN (Figure 5.13 (b)) and one at 

12 kN (Figure 5.13 (a)). 

In summary, the strain distributions of GFRP wet-dry series changed with the exposure 
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same level of load as with control series. GH2 series experienced this change at 

relatively lower load. GH3 specimens showed the change at load level higher than GH2 

series but slightly lower than control series. And the GH4 series showed almost a 

similar pattern to control specimens. In terms of effective bond lengths, no change was 

observed until the exposure duration was one year. Only GH3 and GH4 series had 

higher effective bond length (more than 100 mm) than control series.  

 

 
(a) GH4-1 

 
(b) GH4-2 
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(c) GH4-3 

 
(d) GH4-4 

 
(e) GH4-5 

Figure 5.13 Strain profiles of GFRP 18 month wet-dry series 
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5.3.4 Discussion of test results 

From the test results of GFRP wet-dry series, it can be stated that wet-dry condition had 

an adverse effect on pull-out strength of GFRP-concrete bond. Although the concrete 

compressive strength increased continuously due to suitable humid condition for the 

development of concrete strength (Figure 5.8), the bond strength showed degradation up 

to six months. The degradation can be attributed to the deterioration of epoxy strength 

as the failure pattern of pull-out specimens changed from thick concrete to thinner 

concrete layer attached to GFRP compared to the control series. Hence, the bond 

strength is more likely to depend on the epoxy properties than concrete properties, 

similar to the observation in CFRP wet-dry series. Since the failure was still in epoxy 

layer after one year of exposure, the significant improvement of pull-out strength can be 

because of the improved epoxy properties. The approaching of pull-out strength of 

exposed specimens to the control strength after 18 months of exposure can also be 

correlated with the failure mode. As the failure pattern of GH4 series was almost similar 

to the control series (failure with thick concrete layer attached to GFRP), increased 

concrete compressive strength helped to improve the bond strength. However, further 

experimental study on the epoxy properties should be conducted to validate the 

explanation regarding the dependence of pull-out strength on the epoxy properties. The 

change of effective bond length from 100 mm or less to more than 100 mm after one 

year was noticed in this study.  

 

5.4 Chapter summary 

The aim of this chapter was to discuss the results of the experimental study on the effect 

of wet-dry cycles on CFRP and GFRP-concrete bond. The major findings can be 

summarised as follows: 

- The deterioration of pull-out strengths of CFRP and GFRP-concrete bond was 

minimal due to wet-dry cycles. The maximum reduction of pull-out strength of 

CFRP-concrete bond was only about 5% after one year. Even an initial increase of 

pull-out strength by 12% was noticed because of increased concrete compressive 

strength. The change of pull-out strength of CFRP bonded specimens revealed the 

cyclic nature. On the other hand, GFRP-concrete bond strength degraded by 6.4% 
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after six months, which was slightly more than the maximum degradation 

experienced by CFRP-concrete bond. 

- Failure modes of CFRP-concrete bond changed from thick concrete to very thin 

concrete layer attached to the FRP but this change also followed the cyclic nature 

similar to that of pull-out strength. In case of GFRP bonded specimens, all exposed 

series specimens, except for the 18 month exposure, showed change of failure 

pattern from very thick concrete to very thin concrete layer attached to the debonded 

FRP. 

- Effective bond length for both CFRP and GFRP-concrete bond increased due to 

exposed condition. 

From the findings stated above, it can be concluded that the wet-dry cycles had more 

prominent effects on GFRP-concrete bond than on CFRP-concrete bond. The change of 

failure modes from thicker concrete layer to very thin concrete layer for both types of 

bond due to wet-dry cycles necessitates further experimental study on the epoxy 

properties to better understand the bond mechanism which is more likely to depend on 

the behaviour of three constituents, namely, FRP, concrete and epoxy. Moreover, the 

increased effective bond length of exposed specimens suggests that the longer bond 

length than the theoretical effective bond length for unexposed condition may improve 

the long term performance of CFRP and GFRP-concrete bond. 
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6 Effect of outdoor environment on FRP-concrete bond 
 

6.1 Introduction 

This chapter presents the results of experimental study on the long-term performance of 

CFRP and GFRP-concrete bond subjected to outdoor environment. The test results of 

CFRP bonded specimens have been discussed in section 6.2 and those of GFRP bonded 

specimens have been provided in 6.3 in terms of pull-out strengths, failure modes and 

strain profiles of exposed bonded specimens. In addition, the dependence of pull-out 

strength of two types of bond on the material properties has been explained based on the 

change of material strength and/or stiffness and failure modes of bond. Finally, the 

findings of this research have been summarised in section 6.4.  

 

6.2 Test results of CFRP outdoor environment series 

The CFRP Pull-out specimens subjected to outdoor environment were tested after the 

exposure durations of two months (CE1 series), six months (CE2 series), 12 months 

(CE3 series) and 18 months (CE4 series). The test results have been presented in the 

following sections. 

 

6.2.1 Pull-out strength 

The strength values for Control (0 days), CE1 (60 days), CE2 (180 days) and CE4 (555 

days) specimens with coefficient of variation (CoV) are listed in Table 6.1. As the one 

year outdoor environment specimens (CE3 series) and their corresponding control 

specimens were fabricated from concrete batch 2, the strength values of these specimens 

have been included in Table 6.2 separately. 
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Table 6.1 CFRP pull-out strengths of outdoor environment specimens from batch 1 

Exposure 

duration 

(Days) 

Pull-out 

strength 

(MPa) 

Mean pull-out 

strength 

(MPa) 

 CoV of pull-out 

strength (%) 

Comments 

0 1183.3 1298.7 12.0 - 

1563.9 - 

1213.4 - 

1322.5 - 

1210.3 - 

60 993.7 1178.2 12.0 - 

1159.2 - 

1378.9 - 

1149.5 - 

1209.8 - 

180 1034.6 1101.5 11.1 - 

1098.9 - 

998.7 - 

1273.7 - 

- Damaged specimen 

555 1062.1 1186.6 10.6 - 

1125.6 - 

1173.1 - 

1395 - 

1177.2 - 
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Table 6.2 CFRP pull-out strengths of outdoor environment specimens from batch 2 

Exposure 

duration 

(Days) 

Pull-out 

strength 

(MPa) 

Mean pull-out 

strength 

(MPa) 

CoV of pull-out 

strength 

(%) 

Comments 

0 1202.2 1320.0 7.0 - 

1422.4 - 

1357.3 - 

1298.0 - 

- Ignored from 

analysis 

365 1299.8 1307.3 13.0 - 

1411.3 - 

1326.7 - 

1028.1 - 

1470.5 - 

 

The change of normalised pull-out strength of CFRP-concrete bond and concrete 

compressive strength (expressed as the ratio of exposed strength to control strength) 

with exposure durations for outdoor environment can be observed from the plot in 

Figure 6.1. The plot also represents the standard deviations of normalised pull-out 

strengths with black vertical lines. In addition, the red vertical dashed line at the time of 

“0” days represents the standard deviation of pull-out strength of control specimens 

fabricated from concrete batch 2. It can be seen from the plot that CFRP specimens lost 

pull-out strength continuously with time due to exposure until it reached the maximum 

deterioration of bond of 15.2% (84.8% of control) after six months. However, an 

improvement of strength was observed thereafter and strength value reached very close 

to control value (99 % of the control value) after one year. Finally, pull-out strength 

reduced to 91.4% of control value after 18 months. On the other hand, the continuous 

increase in concrete compressive strength up to one year followed by a drop in strength 

after 18 month exposure was observed but the concrete compressive strength was still 

much higher than that of control series. The difference between the trend of the concrete 
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compressive strength and the pull-out strength has been discussed in detail in section 

6.2.4 through failure patterns of CFRP outdoor environment series. 

 

 
Figure 6.1 Normalised pull-out strengths of CFRP outdoor environment series with 

exposure duration 

 

6.2.2 Failure modes 

 

 CE1 series: 

The typical failure modes for CE1 series can be observed in Figure 6.2 (b) where very 

thin layer of concrete (almost no concrete) was attached to the debonded CFRP. Only 

specimen CE1-1 had relatively thicker concrete layer (Figure 6.2 (a)) attached. 

 CE2 series: 

Similar to CE1 series, CE2 series also experienced failure with very thin concrete layer 

attached to CFRP as illustrated in Figure 6.2 (d). Three out of four specimens tested for 

this series had this mode of failure whereas specimen CE2-1 showed inconsistent failure 

by partial rupture and partial debonding (Figure 6.2 (c)). This can be due to the 

improper gripping of the FRP leading to non-uniform stress distribution along the width 

of the FRP, which was also reported by Imani (2010). 

0.7

0.9

1.1

1.3

1.5

1.7

0 100 200 300 400 500 600

N
or

m
al

is
ed

 s
tre

ng
th

 o
r M

O
E 

(E
xp

os
ed

/C
on

tro
l) 

Time (Days) 

Concrete
Compressive
Strength

Pull-out
Strength



Chapter 6. Effect of outdoor environment on FRP-concrete bond 

M. I. Kabir  171 
 

 

 CE3 series: 

All specimens of CE3 series, fabricated from concrete batch 2, failed with the same 

pattern as observed in the previous two series (Figure 6.2 (e)). Qualitatively, the 

reduction of concrete thickness compared to the control specimens from batch 2 (section 

3.8.1.2) was much higher than that observed after two months and six months of 

exposure and the concrete layer was hardly visible on the debonded FRP. 

 CE4 series: 

The CE4 series failed with similar pattern (Figure 6.2 (g)) to those with previous 

outdoor environment series, namely, CE1 and CE2 series. However, specimen CE4-1 

showed exception with thick concrete layer attached to CFRP (Figure 6.2 (f)). Two 

specimens, namely, CE1-4 and 5 experienced longitudinal fracture of CFRP along with 

debonding as shown in Figure 6.2 (h), which can be attributed to the improper gripping 

of the FRP. 

 

  
(a) CE1-1 (b) CE1-5 

  
(c) CE2-1 (d) CE2-2 
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(e) CE3-1 (f) CE4-1 

  
(g) CE4-3 (h) CE4-4 

Figure 6.2 Failure modes of CFRP outdoor environment specimens 

 

As a summary of the failure modes, it can be stated that all series experienced failure 

associated with very thin concrete layer/almost no concrete attached to debonded CFRP 

and the least thickness of attached concrete was observed in CE3 series specimens. 

 

6.2.3 Strain profiles 

Three strain gauges, located at 5 mm, 50 mm and 100 mm (Figure 6.3 (a)) from the 

loaded end of the FRP-concrete bond, were used to investigate the strain profiles. For 

CE4 series specimens, an additional strain gauge at 145 mm was also used (Figure 6.3 

(b)). 

 CE1 series: 

Figure 6.4 shows the strain profiles of CE1 series. The strain profiles of specimens CE1-

3 and CE1-4 have been ignored for analysis as the strains at 5 mm location had 

erroneous values due to instrument malfunction. It can be observed from the remaining 

three specimens that the load for the change of initial stress transfer length from 

approximately 50 mm to 100 mm was about 8.5 – 9 kN which was much lower than that 
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of control specimens (as discussed in section 3.8.1.3). The effective bond length was 

found to be 100 mm or less for two specimens and slightly greater than 100 mm for the 

remaining one according to the definitions by Yuan et al. (2004) and Lu et al. (2005). 

Hence, the effective bond length can be considered as 100 mm or less for this series. 

 

 
(a) Strain gauge locations for three strain gauge set-up 

 
(b) Strain gauge locations for four strain gauge set-up 

Figure 6.3 Strain gauge locations 
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(a) CE1-1 

 
(b) CE1-2 

 
(c) CE1-5 

Figure 6.4 Strain profiles of CFRP two month outdoor environment series 
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 CE2 series: 

Similar to CE1 series, the load levels at which the initial transfer lengths changed from 

50 mm to 100 mm for CE2 series (Figure 6.5), were also lower than the control series. 

Among four of the specimens tested in this series (specimen CE2-5 was damaged 

during transferring to laboratory), three specimens experienced the shifting of initial 

stress transfer length at about 7-8 kN and one at 9 kN.  These loads were lower than that 

for CE1 series specimens. The effective bond lengths of the CE2 series can be assumed 

as more than 100 mm as three out of four specimens had the stress transfer length of 

more than 100 mm at 97 and 99 % of the maximum load of debonding.  

 

 
(a) CE2-1 

 
(b) CE2-2 
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(c) CE2-3 

 
(d) CE2-4 

Figure 6.5 Strain profiles of CFRP six month outdoor environment series 

 

 CE3 series: 

As illustrated in Figure 6.6, the change of initial stress transfer length of CE3 series 

occurred at 7.5 - 8.4 kN for three specimens and 10-11 kN for the remaining two. 

Compared to the strain profiles of control specimens, fabricated from concrete batch 2 

(section 3.8.1.3), the load levels for CE3 series (also fabricated from concrete batch 2) 

were much lower. The effective bond lengths determined from the strain profiles of CE3 

series for all specimens were observed as more than 100 mm. 
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(a) CE3-1 

 
(b) CE3-2 

 
(c) CE3-3 
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(d) CE3-4 

 
(e) CE3-5 

Figure 6.6 Strain profiles of CFRP one year outdoor environment series 

 

 CE4 series: 

The strain distributions of CE4 series have been presented in Figure 6.7. The load 

values for the shifting of the initial stress transfer length from 50 mm to 100 mm were 

10-11 kN for three specimens and 8 kN for two specimens. These loads at change in 

transfer length were slightly lower than those observed for the control series. Moreover, 

three out of five specimens exhibited effective bond lengths of 100 mm or less and the 

remaining two had those of more than 100 mm. Therefore, the effective bond length of 

this series can be assumed as 100 mm or less which is similar to control series.  
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(a) CE4-1 

(b) CE4-2 

 
(c) CE4-3 

 
(d) CE4-4 
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(e) CE4-5 

Figure 6.7 Strain profiles of CFRP 18 month outdoor environment series 
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specimens, except for CE4 series where this load was similar to the control series. The 

effective bond lengths for CE1 and CE4 series were similar to the control series and 

were 100 mm or less. However, effective bond lengths for CE2 and CE3 series were 

longer than the control series. 
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1. The decrease in adhesive strength and concrete compressive strength (Figure 

6.1) together compared to 12 month series resulted in adhesive-concrete 

interface failure with relatively thicker concrete attached and reduced pull-out 

strength. In fact, the thickness of concrete layer was observed to increase slightly 

after 18 months where some parts of debonded FRP showed concrete debris. 

2. The adhesive strength remaining unchanged but the decreasing compressive 

strength increased the thickness of concrete compared to 12 months series and 

the pull-out strength decreased as a result of reduced concrete strength. 

Hence, the complex behaviour of bond between FRP and concrete under exposed 

condition necessitates the investigation of epoxy properties under similar condition to 

understand its contribution to the changing pull-out strength. 

The changing nature of strain profiles with exposure durations was also observed. The 

increased effective bond lengths observed from the strain profiles of exposed series 

indicate the requirement for longer bond lengths than the effective bond length of 

unexposed series for better long term performance. 

 

6.3 Test results of GFRP outdoor environment series 

The results of GFRP-concrete bond subjected to outdoor environment for two months 

(GE1 series), six months (GE2 series), one year (GE3 series) and 18 months (GE4 

series) are discussed in the following sections. 

 

6.3.1 Pull-out strength 

The pull-out strengths of GFRP outdoor environment specimens have been given in 

Table 6.3. The change of pull-out strength and concrete compressive strength with time 

due to outdoor environmental exposure is also presented in graphical form in Figure 6.8. 

The vertical lines in the graph represent the positive and negative value of standard 

deviation of the normalised mean pull-out strength. From Figure 6.8, it can be observed 

that there was an initial reduction in the pull-out strength (to 90.7 % after six months) 

followed by a recovery in the pull-out strength in later stage reaching to 98.2% of the 

control value after 18 months. On the other hand, concrete compressive strength 
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increased continuously with time during the whole exposure duration of 18 months. The 

reason for the degradation of pull-out strength despite the increase in concrete 

compressive strength is discussed later in section 6.3.4 through observed failure modes.  

 

 
Figure 6.8  Normalised pull-out strengths of GFRP outdoor environment series with 

exposure duration 
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Table 6.3 Pull-out strengths of GFRP outdoor environment specimens 

Exposure 

duration 

(Days) 

Pull-out strength 

(MPa) 

Mean pull-out strength 

(MPa) 

CoV of pull-out 

strength 

(%) 

0 1014.2 1027.0 6.0 

953.0 

1054.5 

1114.9 

998.4 

60 994.2 941.4 7.0 

868.0 

899.5 

920.0 

1025.3 

180 958.0 931.1 6.3 

938.1 

922.1 

998.1 

839.4 

365 872.3 970.0 7.0 

996.1 

1056.1 

944.4 

981.0 

555 953.6 1023.3 6.3 

1125.4 

992.6 

1036.9 

1008.1 
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6.3.2 Failure modes 

 

 GE1 series: 

GE1 series showed shifting of failure modes from thick layer of concrete to very thin 

layer of concrete attached to debonded GFRP in comparison with the GFRP control 

specimens (section 3.8.2.2). In fact, visual inspection (Figure 6.9 (a)) confirmed that the 

failure mainly occurred in hardened cement paste adjacent to the epoxy layer. The 

epoxy layer was visible on most part of the concrete substrate and debonded GFRP. 

 GE2 series: 

Similar to GE1 series, GE2 series also exhibited failure modes with almost no concrete 

attached to GFRP (Figure 6.9 (b)).  

 

 GE3 series: 

GE3 series had hardly any concrete attached to debonded FRP. In addition, mostly, 

epoxy was visible all over the debonded GFRP strip as illustrated in Figures 6.9 (c) and 

(d).  

 GE4 series: 

In GE4 series, failure mode similar to GE3 series was observed (Figure 6.9 (e))  

 

  
(a) GE1-1 (b) GE2-1 
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(c) GE3-1 (d) GE3-5 

 
(e) GE4-2 

Figure 6.9 Failure modes of GFRP outdoor environment specimens 

 

Based on failure patterns of all GFRP outdoor environment series, it can be summarised 

that exposed condition changed the mode of failure from very thick concrete layer to 

very thin concrete layer attached to GFRP coupon compared to control series. Even, 

GE3 and GE4 series showed hardly any concrete attached to debonded GFRP. Hence, 

the failure modes for all series can be assumed as concrete-adhesive interfacial failure. 

 

6.3.3 Strain profiles 

Strain profiles of all series, except GE4 specimens, were plotted for three strain gauge 

set-up (Figure 6.3 (a)). Only GE4 series had the set-up with four strain gauges as shown 

in Figure 6.3 (b). The strain profiles of all series have been discussed separately as 

follows: 
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 GE1 series: 

The strain profiles of GE1 series have been illustrated in Figure 6.10. The initial stress 

transfer length changed to approximately 100 mm at loads of about 7 kN, 8.7 kN, 10.8 

kN, 10.5 kN and 9 kN for specimens GE1-1, 2, 3, 4 and 5, respectively. The load levels 

were found to be lower than the control series. Also, the strain profiles varied from 

control series (section 3.8.2.3) in terms of effective bond length as three out of five 

specimens showed effective bond length of more than 100 mm. 

 

 
(a) GE1-1 

 
(b) GE1-2 
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(c) GE1-3 

 
(d) GE1-4 

 
(e) GE1-5 

Figure 6.10 Strain profiles of GFRP two month outdoor environment series 
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 GE2 series: 

The strain profiles of GE2 series, as illustrated in Figure 6.11, exhibited an interesting 

behaviour. Only specimen GE2-2 experienced the change of initial load/stress transfer 

length at about 9 kN load whereas the other four specimens experienced this at much 

lower loads (approximately 5-7 kN). Also, the strains were distributed to the bonded 

GFRP gradually with the increase of load and not abruptly like control series. Similar to 

GE1 series, three out of five specimens of GE2 series had effective bond length of more 

than 100 mm and thereby, differed from the effective bond length of control series. 

 

 
(a) GE2-1 

 
(b) GE2-2 
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(c) GE2-3 

 
(d) GE2-4 

 
(e) GE2-5 

Figure 6.11 Strain profiles of GFRP six month outdoor environment series 
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 GE3 series: 

Unlike the GE2 series, initial transfer length from 50 to 100 mm occurred at higher 

loads for GE3 series. From Figure 6.12, it can be observed that the change of initial 

stress transfer length occurred at 7.8 kN, 11 kN, 10 kN, 10.5 kN and 10.5 kN for 

specimens GE3-1 to 5, respectively. These loads are slightly lower than that for the 

control series but not as much as for GE2 series. However, the effective bond lengths of 

three of the specimens of this series were more than 100 mm and higher than those 

observed in control specimens.  

 

 
(a) GE3-1 

 
(b) GE3-2 
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(c) GE3-3 

 
(d) GE3-4 

 
(e) GE3-5 

Figure 6.12 Strain profiles of GFRP one year outdoor environment series 
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 GE4 series: 

The strain profiles and loads (10.5 to 11 kN for four specimens and 7.8 kN for one 

specimen) when the shifting of initial transfer length occurred for GE4 series (Figure 

6.13) were similar to the control series (section 3.8.2.3). The effective bond lengths of 

four specimens can be assumed to be 100 mm at least from the consideration of load 

transfer length at 97% of the maximum load.  
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(b) GE4-2  
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(c) GE4-3 

 
(d) GE4-4 

 
(e) GE4-5 

Figure 6.13 Strain profiles of GFRP 18 month outdoor environment series 
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The strain profiles for GFRP outdoor environment series showed very interesting 

behaviour in terms of the changes of initial stress transfer lengths. Load at the change in 

initial transfer length for GE1 and GE2 were much lower than the control but this load 

increased for GE3 and GE4 series, with the load being almost equal to that for control 

series. This trend exactly coincides with the change of pull-out strength with time of 

exposure (Figure 6.8). The effective bond lengths for all series, except for GE4, were 

more than 100 mm.  

 

6.3.4 Discussion of test results 

Although the pull-out strength of GFRP-concrete bond was found to deteriorate with 

time until the maximum degradation of 9.3% occurred after six months, the degradation 

of GFRP-concrete bond was much lower than that of CFRP-concrete bond. The 

deterioration of bond can be due to the possible loss of epoxy properties under exposed 

environment as the concrete compressive strength increased continuously with time 

(Figure 6.8) Also, failure modes associated with very thin or almost no concrete 

attached to debonded GFRP lead to the interpretation that the failure occurred in the 

concrete-adhesive interface and thereby, epoxy strength had more influence on the bond 

mechanism than the concrete strength under the exposure of outdoor environment. The 

gradual improvement of pull-out strength after one year can be attributed to the possible 

improvement of the epoxy properties as the failure modes were still in the interface. In 

addition, strain profiles exhibited changing nature with time and the effective bond 

length increased for exposed specimens compared to control specimens.  

 

6.4 Chapter summary 

This chapter aimed to discuss the findings of the investigation on the effect of outdoor 

environment on CFRP and GFRP-concrete bond. The major findings can be 

summarised as follows: 

-The maximum degradation of pull-out strength for CFRP and GFRP-concrete bond 

was 15.2% and 9.3% compared to that for the corresponding unexposed specimens, 

respectively and the main cause of degradation can be degraded epoxy properties. 
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- Failure modes for both CFRP and GFRP bonded concrete prisms changed from thick 

layer of concrete to almost no concrete attached to debonded FRP due to outdoor 

environment. 

- Effective bond length increased due to exposed condition for both types of FRP-

concrete bond. 

From the findings stated above, it can be concluded that the most severe environmental 

conditions applied in this study was the outdoor environment as it caused significant 

deterioration of both CFRP and GFRP concrete bond in comparison with the other two 

environmental conditions. In addition, CFRP-concrete bond was the most affected one 

between the two types of bond system used in this study. Moreover, changing failure 

modes from thicker concrete layer to almost no concrete layer for outdoor 

environmental conditions suggests that further experimental study on epoxy properties 

under similar conditions is required in order to justify the dependence of bond 

properties on the epoxy properties. Furthermore, the descending trend of pull-out 

strength after 18 months of exposure suggests the requirement of further investigation 

for extended durations. 
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7 Study on the fracture properties of CFRP-concrete bond exposed 

to three environmental conditions 
 

7.1 Introduction 

Interfacial fracture energy, Gf , is an important parameter to model adhesive bonded 

joints (Dai, Ueda & Sato 2005). The debonding of FRP from concrete due to direct 

shear can be represented as interfacial fracture (Boyajian 2002) and the interfacial 

fracture energy is a failure criterion of adhesive joints. It can be defined as the energy 

release rate at a debonding tip at the maximum transmissible force (Imani 2010) where 

the energy release rate, G, was defined by Irwin in 1956 as the energy needed for the 

propagation of existing crack by infinitesimal unit area. The interfacial fracture energy 

of FRP-concrete bond can be determined from the area under the shear stress-slip curve 

of the bond. The study of interfacial energy of FRP-concrete bond was reported by 

Bazant, Daniel & Li (1996), Täljsten (1996),  Maeda et al. (1997), Neubauer & Rostasy 

(1997), De Lorenzis, Miller & Nanni (2001), Yuan, Wu & Yoshizawa (2001), Wu, 

Yuan & Niu (2002), Dai, Ueda & Sato (2005), Mazzotti, Savoia & Ferracuti (2008) and 

Imani (2010). Therefore, considering the importance of fracture energy release rate in 

adhesive joints, this chapter aims to discuss the fracture energy release rate due to the 

debonding of CFRP-concrete bond for both control and exposed specimens.  

Comparisons of the energy release rates from curve fitting of experimental shear stress-

slip data with those from theory and one of the existing stress-slip interface laws have 

also been included in this chapter. The methodology used in the determination of shear 

stress, slip and fracture energy from the experimental data of pull-out tests of CFRP 

bonded concrete prisms has been presented in the first part (section 7.2) of this chapter. 

In addition, a summary of theoretical fracture energy and an existing shear-slip law has 

been provided. The second part of the chapter (section 7.3) focuses on the results 

obtained from the analysis of shear stress-slip relationship of the control and exposed 

specimens and discusses the effect of the environmental conditions, namely, 

temperature cycles, wet-dry cycles and outdoor environment on the fracture energy 

release rate for the debonding of CFRP-concrete bond. In section 7.4, the stress-lip laws 
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for control and exposed specimens have been proposed based on the determination of 

unknown parameters by curve fitting of experimental shear stress and slip data. Finally, 

section 7.5 provides a conclusive summary of the findings of the study on the fracture 

energy of CFRP-concrete bond under three environmental conditions. 

 

7.2 Determination of shear stress-slip relationship and fracture energy 

The shear stress-slip relationships of CFRP-concrete bond for control and exposed 

specimens have been established from the strain values along the bond length of CFRP 

bonded concrete prisms and the CFRP stiffness values. As the tensile properties of 

GFRP exposed coupons were not evaluated in this study, the shear stress-slip 

relationships for GFRP bonded specimens are not discussed and the discussion is 

limited to CFRP bonded specimens only.  

 

7.2.1 Shear stress and slip from strains along CFRP bond length 

The establishment of shear stress-slip relationship using the strain gauges along the 

bond length of FRP sheet was first conducted by Täljsten (1997) and further adopted by 

many researchers (Ferracuti, Savoia & Mazzotti 2006; Nakaba et al. 2001; Pham & Al-

Mahaidi 2007). From a typical pull-out test set-up as illustrated in Figure 7.1, the 

average shear stress, , between two successive strain gauges, εi and εi-1, can be 

determined by Equation 7.1 as follows: 

x
tE iiff )( 1

                                                                                                                                                    (7.1)  

where Ef is the tensile modulus of elasticity of FRP and tf is the thickness of FRP sheet. 
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The local slip between concrete and FRP due to the strain differences between concrete 

and FRP can be determined with the assumption that the overall deformation of 

concrete is negligible compared to FRP deformation provided that the concrete 

specimen is much larger than the FRP. Hence, the strain in concrete can be ignored. In 

addition, if a bond length much greater than the effective bond length is used, the slip at 

the far end (at the location of ε0 in Figure 7.1) of FRP-concrete bond can be assumed as 

zero. The slip at any strain gauge location i can be obtained by integrating the strain 

values along the bond length numerically starting from the strain value at the far end; 

i.e. ε0. Equation 7.2 represents the slip, si, at strain gauge location, i.  

)2(
2

1

1
0 i

i

ji
xs                                                                                              (7.2) 

where si = local slip at the strain gauge location i, ε0 = strain of FRP at the free end of 

the bond, εj = strain of the jth gauge (j=1 to i-1). 

Hence, the average slip between the locations i and i-1 can be obtained as follows: 

2
1ii ss

s                                                                                                                   (7.3) 

After obtaining the average shear stress (Equation 7.1) and corresponding average slip 

(Equation 7.3) at any location for the load values starting from zero to close to failure of 

the bond, the shear-stress slip plot can be developed for each of the specimens. It should 

 
Figure 7.1 Pull-out test set-up (Dai, Ueda & Sato 2005) 
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be noted that a large number of strain gauges with very close intervals (10-20 mm) 

should be used for better estimation of local bond-slip relation (JCI TC952 1998). If the 

strain gauge interval is large, the results of average shear stress between two strain 

gauges obtained from the difference of strain readings as well as the local slip calculated 

by numerical integration of strain profile are likely to be affected. Although the shape of 

strain profile is nonlinear, the linear variation of strains between two subsequent strain 

gauges is assumed in order to integrate the strain profile (Ferracuti, Savoia & Mazzotti 

2007) and close intervals of strain gauges are required to increase the accuracy of the 

results. 

Also, the slip at the loaded end of bond can be measured alternatively by attaching 

Linear Variable Differential Transformer (LVDT). Dai, Ueda & Sato (2005)  and Imani 

(2010) applied this technique in their study to measure the slip only at the loaded end of 

FRP-concrete bond and thereby, established the shear stress-slip interface laws. 

Between two of the methods stated above, the method using strain gauge reading was 

used in this study as no LVDT was attached to the loaded end of bond. Although, only 

three strain gauges (SG1 to 3) were attached to most of the specimens (Figure 7.2), the 

strain at the free end was assumed to be zero to integrate the strains numerically along 

the bond length. The assumption seems reasonable as the bond length used in this study 

was much higher than the theoretical effective bond length computed by  Chen & Teng 

(2001) model. As the shear stresses and corresponding slips at the loaded end are 

sufficient to establish shear-stress-slip relationship, the average shear stress and slip at 5 

-50 mm location from the loaded end was only considered. However, the shear stress-

slip values at other locations were also assessed and used when the maximum shear 

stress and slips occurred at those locations.  

. 
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Figure 7.2 Strain gauges used for slip measurements 

 

7.2.2 Determination of Fracture energy release rate 

Fracture energy release rate, Gf, for debonding of FRP from concrete can be related to 

the maximum force, Pmax, in a pure shear test as follows: 

ffff GtEbP 2max                                                                                                    (7.4) 

where bf = the width of FRP sheet, Ef = the tensile modulus of elasticity of FRP and tf = 

thickness of FRP sheet  

Equation 7.4 is a well-established formula and was derived by many researchers 

applying various approaches. Täljsten (1997), Yuan, Wu & Yoshizawa (2001) and Wu, 

Yuan & Niu (2002) showed the same expression by Linear Elastic Fracture Mechanics 

(LEFM). Dai, Ueda & Sato (2005) derived it by expressing the shear stress as a function 

of slip and integrating the shear stress with respect to slip. J-integral approach, adopted 

by Imani (2010), also revealed the same relation between the maximum pull-out force 

and fracture energy release rate. Therefore, the fracture energy release rate can easily be 

calculated from an experimentally obtained pull-out force from the above analytical 

expression. 
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The determination of fracture energy can also be conducted by numerical integration of 

shear stress-slip plots obtained from experimental data. The shear stress and slip can 

easily be obtained using the strain data and the FRP stiffness value as discussed in 

section 7.2.1. However, obtaining a smooth curve for shear stress-slip is unlikely unless 

a suitable curve fitting technique is applied. Hence, in this study, the average shear 

stresses of the loaded end of bond was fitted against corresponding slip values by curve 

fitting toolbox of MATLAB software and the fracture energy was calculated from the 

fitted curve by analysis tool incorporated in the MATLAB Curve Fitting Toolbox. The 

rational fit of curve fitting toolbox was able to match experimental data very closely for 

all the control and exposed specimens. The curves fitted to shear stress-slip data had a 

general form as shown in Equation 7.5. 

21
2

32
2

1)(
qsqs

pspsp
s                                                                                                 (7.5) 

where (s) = regressed value of shear stress (expressed as a function of slip, s) obtained 

from fitted curve and p1, p2, p3, q1 and q2 are unknown parameters of the rational fit. 

Although all individual specimens showed very good agreements with Equation 7.5, the 

values of peak shear stresses or slips showed variations even in the same series of 

specimens due to scattered nature of experimental data. The scatter of FRP-concrete 

bond experimental data was also reported by Mazzotti, Savoia & Ferracuti (2009) and 

Pham & Al-Mahaidi (2007).  

The shear stresses against slips were also fitted with a nonlinear model developed by 

Dai, Ueda & Sato (2005). Equation 7.6 provides the nonlinear relationship of shear 

stress, , with slip, s, as determined by Dai, Ueda & Sato (2005). 

))exp(1)(exp(2 BsBstBEA ff                                                                          (7.6) 

where A and B are two unknown parameters of the -s fit and can be obtained from the 

regression analysis. A can be referred to as maximum FRP strain in a pull-out test set-up 

and the other parameter B can be regarded as ductility index  (unit of B is mm-1). The 

smaller value of B indicates lower initial interfacial stiffness but better ductility as it 

causes slower softening after the maximum bond stress occurs. 
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7.3 Results and discussions 

The fracture energy release rates determined both from analytical formula and from 

fitted curves of experimental data have been included in this section for control and 

exposed specimens separately. Also, the change of fracture energy release rate with time 

due to exposed conditions has been discussed. 

 

7.3.1  Fracture properties of control specimens 

The shear stress-slip curves were fitted for control CFRP specimens fabricated from two 

batches of concrete. Figure 7.3 (a) shows the rational fit of one of the specimens from 

control series fabricated from the first batch of concrete whereas Figure 7.3 (b) shows 

the shear stress-slip curve of the same specimen fitted with Equation 7.6. The curves for 

rest of the specimens have been provided in Appendix C.1. As illustrated in Figures 7.3 

(a) and (b), the peak shear stress for the rationally fitted curve seems slightly higher than 

the experimental peak, whereas the latter predicted lower value of maximum shear 

stress. But the overall shape of both fits represents the trend of the shear stress against 

slip data obtained from pull-out test and both of the fits provided very close integral 

value; i.e. similar fracture energy. However, maximum shear stress and fracture energy 

were found to vary from specimen to specimen. Therefore, the data sets for all 

specimens in a series were fitted with one model curve (Figures 7.4 (a) and (b)) to avoid 

the scatter of the plots due to the variation generated from material non-uniformity or 

local defects. Hence, the maximum shear stress, corresponding slip and fracture energy 

in each series have been presented by single fit (both for rational and Dai, Ueda & Sato 

(2005) model). Similar approaches have been reported by Dai, Ueda & Sato (2005), 

Mazzotti, Savoia & Ferracuti (2009), Pham & Al-Mahaidi (2007) and Imani (2010).  
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Figure 7.3 Fitted curves for CControl-1 
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(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.4 fitted curves for CControl series 

 

The curve fitting parameters for both fits of control specimens have been provided in 

Appendix C.2. Only the results in terms of fracture energies (Gf), maximum shear 

stresses ( max) and corresponding slips (smax) for the two fits and the analytical fracture 

energy have been included in Table 7.1. The experimental fracture energies for both fits 

were determined by integrating the shear stress-slip curve with the limit of slip, s, from 

‘0’ to average ultimate slip of the specimens. On the other hand, calculation of 

analytical fracture energy was conducted considering the average pull-out force of 

control specimens. It can be observed that the fracture energies obtained from both fits 

showed much higher values than the corresponding analytical fracture energy. The 

reason can be attributed to the number of strain gauges used in the measurement of 

strains along the bond length. As the distance between strain gauges was large, it was 

difficult to capture shear stresses and slips precisely from the strain profiles. Moreover, 

higher local strain values due to the roughness of coarse aggregates may lead to higher 

slip values determined from the integration of strains along the bond length. Although 

the peak shear stress from  Dai, Ueda & Sato (2005) model fit was lower than that 

observed from rational fit, fracture energies from both fits were similar. 
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Table 7.1  Shear stress-slips and fracture energies of Control specimens 

 

Control specimens fabricated from second batch of concrete were also analysed for 

shear stress-slip and fracture energy. The rational fit of one specimen has been 

illustrated in Figure 7.5 (a) and the fit with Dai, Ueda & Sato (2005) model for the same 

specimen has been provided in Figure 7.5 (b). Similar to control specimens from the 

first batch of concrete, rational fit showed the peak shear stress very close to the 

experimental peak whereas the Dai, Ueda & Sato (2005) model predicted a lower value. 

The maximum shear stress, slip value at maximum shear stress and fracture energy of 

control series from concrete batch 2, computed from the fitted curve (Figure 7.6) 

through all data sets, have been included in Table 7.2. Fracture energies from curve 

fitting were found to be higher than the analytical ones as observed for specimens from 

concrete batch 1. 
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Specimens Rational fit Dai, Ueda & Sato (2005) 

model fit 

Analytical 

Gf 

(N/mm) 
max 

(MPa) 

smax 

(mm) 

Gf 

(N/mm) 
max 

(MPa) 

smax 

(mm) 

Gf 

(N/mm) 

CControl 6.82 0.095 1.570 5.65 0.115 1.656 0.873 



Chapter 7. Study on the fracture properties of CFRP-concrete bond exposed to three 
environmental conditions 

M. I. Kabir  207 
 

 
(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.5 Fitted curves for CControl-2 (B2) 
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(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.6  Fitted curves for CControl (B2) series 

 

Table 7.2 Shear stress-slips and fracture energies of Control specimens from concrete 

batch 2 

 

7.3.2 Fracture properties of exposed specimens 

Fracture properties as well as the change of fracture properties with time for the 

specimens exposed to temperature cycles, wet-dry cycles and outdoor environment have 

been included in the following sub-sections. In addition, the change of fracture 

properties has been explained by correlating it with observed failure modes of CFRP-

concrete bond. 
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Specimens Rational fit Dai, Ueda & Sato (2005) 

model fit 

Analytical Gf 

(N/mm) 

max 

(MPa) 

smax 

(mm) 

Gf 

(N/mm) 
max 

(MPa) 

smax 

(mm) 

Gf 

(N/mm) 

CControl (B2) 6.90 0.095 1.489 5.60 0.115 1.584 0.901 
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7.3.2.1 Cyclic temperature series 

The shear stress-slip curves fitted with rational model and Dai, Ueda & Sato (2005) 

model for five weeks (CT2 series), three months (CT3 series) and one year (CT4 series) 

cyclic temperature specimens have been illustrated in Figures 7.7, 7.8 and 7.9, 

respectively, whereas the maximum shear stress, corresponding slip and fracture energy 

of all three series for both fits have been listed in Table 7.3. As illustrated in shear 

stress-slip plots, it is evident that the peak shear stress changed with duration of 

exposure for both fits and the rational fit always predicted higher peak than that by Dai, 

Ueda & Sato (2005) model fit. However, the fracture energies (Table 7.3) obtained from 

both fits match quite well with each other. Similar to the control series, the analytical 

fracture energies of temperature series were much lower than the experimental ones.  
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(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.7 Fitted curves for CT2 series 
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(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.8 Fitted curves for CT3 series 
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(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.9  Fitted curves for CT4 series 

 

Table 7.3 Shear stress-slips and fracture energies of cyclic temperature specimens 

 

The change of maximum shear stress values with time due to cyclic temperature can be 

observed from Figure 7.10 where the maximum shear stresses of exposed specimens 

have been normalised by dividing them by the maximum shear stress of control 

specimens. It can be seen that temperature cycles did not cause any negative effect on 

the maximum shear stress developed in the CFRP-concrete bond. Rational fit and Dai, 
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Specimens Rational fit Dai, Ueda & Sato 

(2005) model fit 

Analytical 

Gf 

(N/mm) max 

(MPa) 

smax 

(mm) 

Gf 

(N/mm) 
max 

(MPa) 

smax 

(mm) 

Gf 

(N/mm) 

CControl 6.82 0.095 1.570 5.65 0.115 1.656 0.873 

CT2 8.07 0.130 1.816 6.69 0.130 1.985 1.000 

CT3 6.71 0.105 1.932 6.31 0.140 1.925 0.831 

CT4 7.74 0.115 1.627 7.69 0.170 1.645 0.970 
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Ueda & Sato (2005) model fit both showed similar trends of peak shear stress with time. 

The trends seem to be quite similar to the trend of pull-out strength (ultimate axial 

stress) with time as illustrated in section 4.2.1. Initially, an increase in maximum shear 

stress, 18.3% for rational fit and 18.4% for Dai, Ueda & Sato (2005) model fit, occurred 

after the exposure for five weeks. Then a decreasing trend was observed where the 

maximum shear stress values reached 1.6% less and 11.7% more than the control values 

after 3 months for rational and Dai, Ueda & Sato (2005) model fits, respectively. 

Finally, the maximum shear stress for the former and the latter fit increased by 13.5% 

and 36.1%, respectively, after one year compared to their corresponding control values. 

As the failure modes of all cyclic temperature series were associated with a thick 

concrete layer attached to debonded CFRP, the peak shear stress is likely to be 

influenced by the concrete compressive strength and can be supported by the similar 

trend of concrete compressive strength with the exposure durations explained in section 

3.7.2.1. 

 

 
Figure 7.10 Normalised maximum shear stress against days of exposure for cyclic 

temperature specimens 
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Similar to the maximum shear stress, experimental fracture energies determined from 

both fits revealed the positive effect of cyclic temperature on it and can be observed in 

Figure 7.11. The maximum increase in fracture energy for rational fit was 23.1% after 

three months and that for Dai, Ueda & Sato (2005) model fit was 19.9% after five 

weeks. However, the decreasing trend of the fracture energies was observed after three 

months and five weeks for the former fit and the latter one, respectively, and finally, 

fracture energy from both fits reached very close to the control value after one year of 

exposure. The change of analytical fracture energy with time exhibited quite an opposite 

trend to those from experimental results. The discrepancy can be attributed to the 

following: 

 - The theoretical fracture energy is directly proportional to the square of the maximum 

pull-out force. Also, the change of stiffness of CFRP contributes to the change of 

fracture energy with time as the fracture energy is inversely proportional to CFRP 

stiffness (Ef × tf). As the CFRP tensile modulus of elasticity (section 3.6.2.1) and pull-

out strength (section 4.2.1) of CFRP-concrete bond (directly proportional to maximum 

pull-out force) behaved similarly with time of exposure, the overall effect of the two 

similar trends of pull-out strength and CFRP stiffness led to the deterioration of 

analytical fracture energy.  

- On the other hand, the experimental fracture energies, determined from shear stress-

slip curve, depended not only on the peak shear stress but also on the area of the 

softening branch of shear stress-slip curve. The increase in fracture energy in CT2 (five 

 
Figure 7.11 Normalised fracture energy against days of exposure for cyclic 

temperature specimens 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 50 100 150 200 250 300 350 400

N
or

m
al

is
ed

 fr
ac

tu
re

 e
ne

rg
y 

(E
xp

os
ed

 / 
C

on
tro

l) 

Time (Days) 

Rational fit

 Dai, Ueda & Sato
(2005) model fit

Analytical



Chapter 7. Study on the fracture properties of CFRP-concrete bond exposed to three 
environmental conditions 

M. I. Kabir  215 
 

weeks) series was due to increase in both the peak shear stress and the area of the 

softening branch compared to those in control series (Figures 7.7 and 7.10). The 

increase in the area of softening branch can be attributed to the possible softening of 

epoxy adhesive even though the failure always occurred in concrete layer for all 

temperature series. The rational fit for three month temperature (CT3) series showed 

lower maximum shear stress than the CT2 series (Figure 7.10) but much more gradual 

softening than CT2 after achieving the peak shear stress (Figure 7.8 (a)) and thereby, 

improvement of fracture energy was observed. But the Dai, Ueda & Sato (2005) model 

fit for CT3 series exhibited relatively lower peak shear stress than CT2 (Figure 7.10) but 

with similar shape of softening branch (Figure 7.8 (b)), which can be the cause of 

descending trend of fracture energy predicted by this fit after five weeks of exposure. 

Finally, the decreasing nature of fracture energy after one year for both fits can be 

attributed to the very low value of ultimate slips (Figure 7.9) although the peak shear 

stress were found to increase significantly (Figure 7.10). 

Therefore, from the findings of the experimental fracture energy release rates with 

exposure duration, it can be understood that the fracture energy of CFRP-concrete bond 

subjected to cyclic temperature depended on many variables such as maximum peak 

shear stress which can be related to concrete compressive strength, adhesive properties 

(softer adhesive means more slips) and CFRP stiffness. Although, the failure occurred 

in concrete layer and peak shear stress and pull-out strength followed the trend of 

concrete compressive strength with time, the different behaviour of fracture energy 

release rate can be attributed to the probable change of epoxy stiffness with time. 

According to  Dai, Ueda & Sato (2005), the effect of adhesive stiffness on the fracture 

energy of FRP-concrete bond is the most and that of concrete compressive strength is 

much less but slightly more than the CFRP stiffness. Specially, softer adhesive 

increases the fracture energy as it possesses higher toughness. As the analytical fracture 

energy for constant bond width, used in this study, depended mainly on two variables; 

i.e. maximum pull-out force and CFRP stiffness, the dependence of the experimental 

fracture energies on many variables stated above could be the possible reason of the 

discrepancy between analytical and experimental results. 
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7.3.2.2 Wet-dry series 

The shear stress-slip plots (Figures 7.12, 7.13, 7.14 and 7.15) of one month (CH1), six 

months (CH2), one year (CH3) and 18 months (CH4) wet-dry CFRP-concrete bond 

systems by rational and Dai, Ueda & Sato (2005) model fit revealed the evolution of the 

shapes with time of exposure, especially, for CH3 series where the gradual softening 

branch was evident. The maximum shear stress, corresponding slip values and fracture 

energies of all four series for both fits, as listed in Table 7.4, show the deviation of the 

peak shear stress between two fits but the fracture energies for both fits were quite 

similar as observed for control and cyclic temperature specimens. And the experimental 

fracture energies were found to be higher than the analytical fracture energies. 

The plots of normalised maximum shear stress values and the fracture energies with 

time of exposure have been illustrated in Figures 7.16 and 7.17, respectively, to 

understand the effect of wet-dry cycles on these two parameters with the passage of 

time. 
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(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.12 Fitted curves for CH1 series 
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(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.13 Fitted curves for CH2 series 
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(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.14 Fitted curves for CH3 series 
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(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.15 Fitted curves for CH4 series 

 

Table 7.4 Shear stress-slips and fracture energies of wet-dry specimens 
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 Dai, Ueda & Sato (2005) model fit

R2 = 0.859

Specimens Rational fit Dai, Ueda & Sato (2005) 

model fit 

Analytical 

Gf 

(N/mm) max 

(MPa) 

smax 

(mm) 

Gf 

(N/mm) 
max 

(MPa) 

smax 

(mm) 

Gf 

(N/mm) 

CControl  6.82 0.095 1.570 5.65 0.115 1.656 0.873 

CH1 7.90 0.105 2.344 7.06 0.130 2.309 0.774 

CH2 5.29 0.115 1.511 4.69 0.130 1.529 1.283 

CH3 5.96 0.145 2.196 6.24 0.195 2.157 0.936 

CH4 5.43 0.080 0.992 4.46 0.090 1.042 0.852 
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Figure 7.16  Normalised maximum shear stress against days of exposure for wet-dry 

specimens 

 

From Figure 7.16, it can be observed that the peak shear stress values of wet-dry 

specimens obtained from both fits showed similar trends and exhibited the cyclic nature 

of the maximum shear stress with the durations of exposure. The initial increase in 

maximum shear stress by 15.8% for rational fit and 25.0% for Dai, Ueda & Sato (2005) 

model fit was observed after one month and a decreasing trend led to degradation by 

22.4 % for the former fit and 17.0% for the latter one compared to their corresponding 

control series after the exposure of six months. The rational fit showed slight 

improvement of maximum shear stress after one year when the value reached 87.4% of 

the control value whereas the other fit exhibited significant increase as the peak shear 

stress reached 10.4% more than the control series. Finally, the maximum shear stress for 

rational and Dai, Ueda & Sato (2005) model fit approached 79.6% and 78.9% of the 

corresponding control values, respectively.  
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Figure 7.17  Normalised fracture energy against days of exposure for wet-dry 

specimens 

 

As illustrated in Figure 7.17, the fracture energy for both fits exhibited the similar trend 

that was observed in the peak shear stress with the time of exposure. The cyclic trend of 

fracture energy with time can be explained with the peak shear stress values, failure 

modes and material properties with time. The initial increase in fracture energy (49.3% 

for rational fit and 39.4% for Dai, Ueda & Sato (2005) model fit) was observed after 

exposure for one month. This can be attributed to the increase in peak shear stress 

(Figure 7.16) as well as the softening of adhesive stiffness. The broader area of 

softening branch of shear stress-slip plot of CH2 series (Figure 7.12) suggests more 

shear deformation of adhesive than control series, which may lead to the higher fracture 

energy. Also, the increasing compressive strength (section 3.7.2.2) and thinner layer of 

concrete attached to debonded CFRP (section 5.2.2) observed in the tests can be 

interpreted as the degradation of adhesive stiffness. The fracture energy of CH2 (six 

months wet–dry) series reached close to the control values and can be attributed to the 

degraded peak shear stress value (Figure 7.16) and narrower softening branch of shear 

stress-slip plot (Figure 7.13). In addition, the change of failure mode from thinner 

concrete to relatively thicker concrete attached to debonded CFRP suggests the increase 

in adhesive stiffness and decrease in adhesive shear deformation leading to lower 

fracture energy after six months of exposure. After one year of exposure significant 

increase in fracture energy (39.9% for rational fit and 30.3% for Dai, Ueda & Sato 

(2005) model compared to the control values) was observed and can be interpreted as 

the resultant of the higher maximum shear stress and much broader softening branch of 
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shear stress-slip curve as illustrated in Figure 7.14. The evolution of failure mode from 

thicker concrete to almost no concrete attached to separated CFRP strip (section 5.2.2) 

also confirms the softening of adhesive shear stiffness. The maximum degradation of 

fracture energy was observed after exposure for 18 months. The degradation for rational 

fit was 36.8% and for Dai, Ueda & Sato (2005) model was 37.1%.  The reason for such 

a significant degradation can be attributed to the decrease in peak shear stress, much 

narrower softening branch (Figure 7.15); i.e. increased shear stiffness of adhesive and 

the failure mode associated with thicker concrete layer on debonded CFRP (section 

5.2.2).  

However, the theoretical fracture energy followed completely the opposite trend to the 

experimental ones until the exposure duration of 18 months. The explanation for this 

has already been provided in section 7.3.2.1. 

 

7.3.2.3 Outdoor environment series 

The CFRP-concrete bonded prisms exposed to outdoor environment were also analysed 

in terms of peak shear stress and fracture energy based on the results obtained from 

curve fitting of experimental shear stress and slip data. The fracture energy was also 

determined from the analytical formula. Shear stress-slip plots for two months (CE1), 

six months (CE2), one year (CE3) and 18 months (CE4) outdoor environment 

specimens are presented in Figures 7.18, 7.19, 7.20 and 7.21, respectively, whereas the 

maximum shear stress, corresponding slip and fracture energy of all the series have been 

provided in Table 7.5. 
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(a) Rational fit 

 
(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.18  Fitted curves for CE1 
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(a) Rational fit 

 
(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.19  Fitted curves for CE2 
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(a) Rational fit 

 
(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.20 Fitted curves for CE3 
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(a) Rational fit 

 
(b) Dai, Ueda & Sato (2005) model fit 

Figure 7.21 Fitted curves for CE4 series 
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Figure 7.22 Normalised maximum shear stress against days of exposure for outdoor 

environment specimens 

 

Table 7.5  Shear stress-slips and fracture energies for outdoor environment specimens 
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maximum shear stress increased by 13.9% for the former and 15.8% for the latter fit 

after six months compared to the corresponding control value. After one year, the peak 

shear stress for the rational fit was found to degrade by 8.8 % of the control value and 
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finally, it increased to reach 94.7% of the control value after 18 months. On the other 

hand, the peak shear stress predicted by Dai, Ueda & Sato (2005) model fit showed a 

continuous descending trend after six months and reached 90.8% of the control value 

after the exposure of 18 months. It should be noted that the one year outdoor 

environment (CE3) specimens were fabricated from concrete batch 2 and the shear 

stress and fracture energy of this series were compared to its corresponding control 

specimens (CControl (B2) series) fabricated from the same concrete batch. 

 

 
Figure 7.23  Normalised fracture energy against days of exposure for outdoor 

environment specimens 

 

From Figure 7.23, the change of fracture energy from both fits with time, as well as that 

from the analytical formula, can be seen. The analytical fracture energy exhibited a 
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experimental fracture energies determined from curve fitting behaved in a different 
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to the control series (Figure 7.18) which resulted in the reduction of area under stress-

slip curve. After six months, fracture energy for the former fit increased by 30.4% and 
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almost no concrete attached to debonded CFRP strip, the increase in fracture energy 

may also be attributed to the softening of the adhesive shear stiffness (a possible cause 

of higher slip observed) although the adhesive properties were not evaluated in this 

study. One year environment specimens (CE3 series) fabricated from the second batch 

of concrete exhibited decrease in fracture energy to reach 8.5% and 6.7% more than the 

control (CControl (B2) series) value, which can be due to the reduction of peak shear 

stress (Figure 7.22) and average ultimate slip (see Figures 7.6 and 7.20). The fracture 

energy after 18 months continued to decrease and reached 84.9% and 86.8% of the 

control value for rational fit and Dai model fit, respectively. Although the peak shear 

stress for the rational fit was very close to the control value (Figure 7.22) the narrower 

softening branch led to the decrease in fracture energy. On the other hand, the slight 

reduction of the peak shear stress for Dai model fit can be the possible cause for the 

deterioration of the fracture energy after 18 months.  

As very thin or almost no concrete was attached to the debonded CFRP strips of all 

environment specimens, fracture energy of the CFRP-concrete bond is likely to be 

influenced by the ultimate shear strength and the shear stiffness of the adhesive. Hence, 

the assessment of the adhesive strength and shear stiffness under the outdoor 

environmental exposure can be an important investigation to properly understand the 

complex CFRP-concrete bond mechanism. 

 

7.4 Proposed interface laws  

Based on the Dai, Ueda & Sato (2005) model fitting to experimental data of this current 

study, shear stress-slip laws have been proposed for control and exposed conditions. 

The unknown parameters A and B determined from curve fitting for control and exposed 

conditions and the FRP stiffness Ef×tf are substituted to Equation 7.6 to obtain the stress 

slip law for FRP-concrete interface. 

 

7.4.1 Interface law for control series 

The values of A = 0.008358 and B = 6.083 mm-1 are determined from the averaging the 

two values obtained for the control specimens from two batches of concrete. 

Substituting the FRP stiffness value of 52930.8 N/mm and values of A and B into 
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Equation 7.6, the following stress-slip law is proposed where shear stress is in MPa 

and slip s in mm. 

ss 083.6exp1083.6exp49.22                                                                                         (7.7) 

 

7.4.2 Interface laws for exposed series 

Similar to the control series, shear stress-slip laws for temperature cycles, wet-dry 

cycles and outdoor environment are also proposed. 

 

7.4.2.1 Cyclic temperature series 

The interface law for cyclic temperature specimens exposed for five weeks is obtained 

as follows where the values of A = 0.009311, B = 5.430 mm-1 and Ef×tf = 56815.2 

N/mm are substituted in Equation 7.6. 

ss 430.5exp1430.5exp75.26                                                                   (7.8) 

Similarly, the stress-slip law for three months cyclic temperature specimens can be 

defined as Equation 7.9 where A = 0.009649, B = 4.945 mm-1 and Ef×tf = 54849.6 

N/mm. 

ss 945.4exp1945.4exp25.25                                                                   (7.9) 

The stress slip law for specimens exposed to temperature cycles for one year is 

expressed as the following form substituting A = 0.011470, B = 4.055 mm-1 and Ef×tf = 

57692.7 N/mm. 

ss 055.4exp1055.4exp78.30                                                                 (7.10) 

 

7.4.2.2 Wet-dry series 

The interface laws for specimens exposed to wet-dry cycles for one month, six months, 

12 months and 18 months, respectively, are listed as follows: 

ss 267.5exp1267.5exp23.28                                                                 (7.11)  



Chapter 7. Study on the fracture properties of CFRP-concrete bond exposed to three 
environmental conditions 

M. I. Kabir  232 
 

where A = 0.00960, B = 5.267 and  Ef×tf  = 58158.4. 

ss 328.5exp1328.5exp75.18                                                                 (7.12) 

where A = 0.008853, B = 5.328 and  Ef×tf  = 44892.9. 

ss 514.3exp1514.3exp98.24                                                                 (7.13) 

where A = 0.01260, B = 3.514 and  Ef×tf  = 44773.6. 

ss 749.7exp1749.7exp84.17                                                                 (7.14) 

where A = 0.006527, B = 7.749 and  Ef×tf  = 54049.3. 

 

7.4.2.3 Outdoor environment series 

The interface laws for specimens exposed to outdoor environment for two months, six 

months, 12 months and 18 months, respectively, are expressed as following equations. 

ss 081.6exp1081.6exp17.20                                                                 (7.15) 

where A = 0.008189, B = 6.081 and  Ef×tf  = 49458.2. 

ss 743.5exp1743.5exp17.26                                                                 (7.16) 

where A = 0.009153, B = 5.743 and  Ef×tf  = 54386.3. 

ss 641.5exp1641.5exp59.22                                                                 (7.17) 

where A = 0.008726, B = 5.641 and  Ef×tf  = 52589.2. 

ss 760.6exp1760.6exp52.20                                                                 (7.18) 

where A = 0.007405, B = 6.760 and  Ef×tf  = 55350.4. 

 

7.5 Chapter summary 

The experimental study on the fracture properties of CFRP-concrete bond revealed the 

interesting relationship of maximum shear stress and fracture energy with the time of 
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exposure to three different environmental conditions, namely, temperature cycles, wet-

dry cycles and outdoor environment. Also, fracture energies of all environment series 

determined from the plot of shear stress as a function of the ratio of two quadratic 

expression of slip were compared to those determined from an existing interface law 

provided by  Dai, Ueda & Sato (2005). Finally, the parameters of Dai, Ueda & Sato 

(2005) model obtained from curve fitting of experimental data of this study were used to 

develop interface laws for control specimens and specimens exposed to temperature 

cycles, wet-dry cycles and outdoor environment. The findings of this study can be 

summarised as follows: 

- Both rational fit and Dai, Ueda & Sato (2005) model fit provided almost similar 

fracture energy values although the Dai, Ueda & Sato (2005) model predicted 

relatively lower maximum shear stress than the experimental data. 

- The fracture energies from the curve fitting of shear stress-slip relation always 

showed much higher values than those obtained from the analytical formula. The 

possible reason can be the conservative nature of the formula as the formula shows 

the dependence of fracture energy only on the maximum pull-out force and CFRP 

stiffness when the width of CFRP is constant. But the change of slip values due to 

the change of deformability of the adhesive properties observed in this study from 

fitted results may lead to quite different fracture energy from the analytical results. 

However, the difficulty of the precise computation of shear stress and slip values 

with very small number of strain gauges along the bond length and the influence of 

local irregularity of materials on the strain gauge reading may be another reason for 

higher fracture energy values obtained from the curve fitting. Hence, no conclusion 

on the conservativeness can be made unless a large number of strain gauges with 

very close intervals are employed in the study. An alternate way of continuous 

measurement of surface strains can be conducted by Digital Image Correlation 

(DIC) as reported by Subramaniam, Ali-Ahmad & Ghosn (2008). Also, the slip at 

the loaded end of bond can be measured alternatively by attaching Linear Variable 

Differential Transformer (LVDT) as adopted by Dai, Ueda & Sato (2005)  and 

Imani (2010) in their study. 

- The temperature cycles were found to have no negative effect on the fracture energy 

determined by both fits. However, the descending trend after three months for 
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rational fit and after five weeks for Dai, Ueda & Sato (2005) model fit implies the 

necessity of further study for longer durations. 

- The wet-dry cycles caused the most significant degradation of fracture energy by 

about 37% after the exposure for 18 months. However, the cyclic nature of the 

fracture energy with time suggests the need for future studies for extended durations 

to find out the time required for the fracture energy to reach a plateau.  

- An initial degradation of fracture energy by 20.4% and 23.6% for rational and Dai 

model fit, respectively, was observed after two months of outdoor environmental 

exposure. Similar to the other two series, studies for longer periods need to be 

conducted due to continuous decreasing trend of fracture energy after six months. 

- As the change of adhesive properties due to three environmental conditions is likely 

to influence the fracture energy, thorough investigation of epoxy adhesive under 

similar conditions applied in this study should be carried out. 
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8 Experimental study on short term performance of reinforced 

concrete structures repaired with FRP 
 

8.1 Introduction 

Local failure of structural members due to extreme loading such as earthquake or blast 

loading may require retrofitting of the members to maintain partial functionality of the 

structure. A typical example may be where a bridge girder may have some localised 

failure because of an extreme load event but partial traffic flow needs to be allowed 

temporarily. As stated in Chapter 2, strengthening of reinforced concrete beams with 

FRP is well-established and design standards are also available. But design guidelines 

for repairing of severely damaged beams considering the residual strength of steel after 

yielding are not proposed in the available standards. So, the focus of this chapter is to 

report on research undertaken as part of this PhD project by repairing damaged 

reinforced concrete beams, fabricated from three different concrete mix designs, with 

some modifications of typical strengthening schemes and by investigating the 

performance of the repaired beams experimentally and analytically.  

This chapter has been divided into sections and subsections related to different aspects 

of the study. Section 8.2 mainly deals with the experimental programme which is 

further divided into subsections explaining the fabrication of control beams, repair 

schemes for damaged beams and testing procedure of repaired beams. Test results of 

control and repaired beams have been provided in section 8.3 through comparison of 

load carrying capacity and load-deflection response of control and repaired beams, 

failure modes and strain profiles of repaired beams. Finally, analytical results of 

repaired beams obtained from existing closed form equations for strengthening of 

reinforced concrete beams with FRP have been compared to the experimental results. In 

addition, an analytical study on the effect of steel reinforcement on the performance of 

repaired beams has been reported in section 8.4. Section 8.5 provides a summary based 

on the observed results. 
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8.2 Experimental investigation 

 

8.2.1 Fabrication of beams and geometric properties 

Three reinforced concrete beams with identical geometry and steel reinforcement had 

been fabricated as a part of separate research study by Ghosni (2012), Haddad (2012) 

and Sharifi (2012) from three different concrete mixes. Control Beam 1 was fabricated 

replacing Portland Cement (PC) partially with 30% Fly Ash (FA) by mass. The 

fabrication of Control Beam 2 was carried out by the partial replacement of coarse 

aggregates with 6% - 12 to 15 mm Styrene Butadiene Rubber (SBR) by mass as well as 

partial replacement of PC with 30% FA by mass. And for Control Beam 3, 1% -19 mm 

Fibrillated Polypropylene (PP) fibre was incorporated into the mix volume. All beams 

were 1900 mm in length, 150 mm in width and 200 mm in height. The geometry and 

reinforcement details of all three beams are identical to the schematic diagram provided 

in Figure 8.1. The beams were designed as singly reinforced according to Australian 

standard, AS 3600 (2009). Three N12 steel bars were used as bottom steel 

reinforcement whereas top steel reinforcement (2-N10 bars) was provided only to hold 

the shear reinforcement. The shear reinforcement or stirrups used in the fabrication were 

N10 bars with 150 mm spacing. The material properties of Beams 1, 2 and 3 are listed 

in Table 8.1. 

 

  

Figure 8.1  Beam geometry and reinforcement details (Ghosni 2012) 
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Table 8.1  Material properties of control beams 

Steel Concrete 

Steel 

diameter 

(mm) 

Yield 

Strength 

(MPa) 

Tensile 

modulus of 

elasticity 

(GPa) 

Beam 

ID 

Mix design Compressive 

Strength 

(MPa) 

12  500 200 1 30% Fly Ash 

(partially replacing 

Portland Cement by 

mass) 

80.0 

10  500 200 2 6%-12-15 mm 

Styrene Butadiene 

Rubber (partially 

replacing coarse 

aggregates by mass) 

+ 30% Fly ash 

53.0 

 3 1 % -19 mm 

Fibrillated 

Polypropylene fibre 

by volume of the 

mix+30% Fly ash 

71.8 

 

8.2.2 Repair scheme for damaged beams 

All control beams were repaired using a typical strengthening scheme after being loaded 

under four-point bending test to failure. Two layers of CFRP fabric were glued to the 

beam soffit with epoxy resin to improve the flexural capacity of the damaged beams. In 

addition, two layers of the same type of FRP were wrapped completely around the beam 

cross-section at both ends and in the middle of the span to delay the premature 

debonding failure (Figure 8.2). Same amount of FRP reinforcement was used for all 
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three beams. As the main focus of the repair work was to investigate the effectiveness of 

FRP itself, no crack repairing technique, i.e. epoxy injection, was applied in this study 

but the existing large voids due to cracks were filled with high strength repair mortar to 

facilitate application of FRP fabric. 

 

 

Figure 8.2 Repair scheme for the beams 

 

Repair of the beams was carried out as follows; (i) removal of loose debris from the 

cracks in the concrete by using compressed air, (ii) application of repair mortar to fill in 

the voids, (iii) curing the repair mortar with wet rug for one week, (iv) rounding off the 

corners of beams to avoid the stress concentration on FRP, (v) preparing the concrete 

substrate on which FRP was to be applied, and (vi) application of FRP to the beam 

soffit with epoxy resin. Some of these steps have been shown in Figure 8.3. The 

material properties of the CFRP, epoxy resin and repair mortar have been provided in 

Table 8.2, and dimensions of the CFRP longitudinal reinforcement and anchorages are 

listed in Table 8.3. 
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(a) Loose debris removed from the top (b) Gaps filled with repair mortar 

  
(c) Exposing the concrete substrate (d) Gaps filled in after exposing the 

concrete substrate 

  
(e) Rounding off the corners (f) applying pressure with a roller 

Figure 8.3 Steps involved in beam repairing 
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Table 8.2 Material properties of CFRP, epoxy resin and high build repair mortar 

Material Properties Material type 

CFRP Epoxy Resin High build repair 

mortar 

Ply thickness, (mm) 0.117 - - 

Tensile strength, (MPa) 2987.4 * 30 ** - 

Tensile modulus of 

elasticity, (GPa) 

284.36 * 4.5 ** - 

Coefficient of thermal 

expansion ( / oC) 

- 4.5 × 10-5 *** - 

Heat Distortion 

temperature (oC) 

- +47 ** - 

Water : Powder (by 

mass) 

- - 1 : 6.7  

Compressive strength 

(MPa) 

- - 32.6 (7 days air 

cured) 

Flexural strength (MPa) - - 6.5 (28 days) 

  *Measured 

  ** 7 days of curing at 23o C 

  *** Between -10o C to +40o C 
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Table 8.3 FRP reinforcement details 

Longitudinal FRP FRP complete wrapping 

Dimension in mm layer Dimension in mm Layer 

1700 × 140 × 0.117 2 850 × 180 × 0.117 2 

 

8.2.3 Design of repair scheme 

The main aim was to design the repair scheme to cause the external CFRP 

reinforcement reach close to its rupture strain and to prevent the debonding of FRP 

from concrete at least partially. The minimum amount of FRP reinforcement to be 

applied in order to preclude FRP rupture before concrete crushing was determined 

according to Equation 8.1 (El-Mihilmy & Tedesco 2000). 

fuysfcf ffAbafA /)( min
'

2min                                                                                 (8.1) 

where '
2 003.00.1 cf ; but 85.067.0 2  (according to AS 3600 (2009))      (8.2) 

'
cf  = concrete compressive strength; 

minmin ff ca  where hc
ffucu

cu
f

0
min                                                     (8.3) 

and '007.05.1 cf ; but 85.067.0 2 (according to AS 3600 (2009))             (8.4) 

Here, cu = ultimate compressive strain of concrete = 0.003, and fu  and 0f are the 

ultimate tensile strain of FRP and the initial strain of concrete at the level of FRP, 

respectively. Also, h  = height of the beam, b = width of the beam sA = area of the steel 

reinforcement, yf = yield stress of steel reinforcement and fuf = ultimate rupture stress 

of FRP tensile reinforcement.  

The initial strain at the level of FRP reinforcement was collected from the strain gauge 

reading of the control beams tested for flexure from the research study conducted by 
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Ghosni (2012), Haddad (2012) and Sharifi (2012). The strain gauge reading after the 

unloading of the beams has been considered as initial strain. And the initial strain at the 

level of FRP reinforcements is subtracted from the FRP strain to obtain the effective 

FRP strain. 

The test data of control beams showed that the steel reinforcement of Beams 1 and 2 

reached close to yield strain and that of Beam 3 exceeded well above the yield strain. 

So, the effect of steel reinforcement on the performance of repaired beams can be 

neglected, although this assumption may be conservative because of the strain 

hardening of steel reinforcement. Hence, the second term of the numerator of Equation 

8.1 can be considered as zero. From the calculated minimum amount of reinforcement 

to prevent FRP rupture, it was observed that Beams 1, 2 and 3 need 49.2 mm2, 42 mm2 

and 47.6 mm2 of CFRP reinforcement, respectively. Due to the varied amount of 

minimum FRP required for the three beams, two layers of 140 mm wide and 1700 mm 

long FRP longitudinal reinforcements with thickness of 0.117 mm (32.76 mm2 of cross-

sectional area) were chosen for all beams for better comparison. The reason behind the 

selection of FRP area being less than the minimum reinforcement required to prevent 

FRP rupture was to cause the beams to fail by FRP rupture. Considering the failure by 

rupture of FRP, the nominal moment capacity and load carrying capacity of the three 

repaired beams under four point bending test set-up can be predicted analytically from 

the following equations. 

)
2

( f
fufn

a
hfAM                                                                                                    (8.5) 

where nM =  Nominal moment capacity of the repaired beam for given FRP area, fA , 

 fuf = ultimate rupture stress of FRP tensile reinforcement and h = height of the beam 

bf
fA

a
c

fuf
f '

2

                                                                                                                 (8.6) 

L
M

P n3                                                                                                                   (8.7) 

where  P = the value of load of one load cell in a four-point bend test set-up 
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The FRP complete wrapping was designed with the assumption that the strain of 

complete wraps will reach its effective strain as defined by ACI 440.2R (2008), when 

the longitudinal FRP reinforcement will reach the rupture strain. So, the area of the end 

anchorage or mid-span anchorages can be calculated from the following equation: 

anchorfef

allongitudinfuf
f E

fA
A

anchor
                                                                                              (8.8) 

where 
anchorfA = area of the FRP anchor = ff wnt2 ,  n = number of FRP layers, ft   = 

thickness of FRP layer, fw = width of FRP anchor and 
anchorfe = effective FRP strain of 

the anchor = fu75.0004.0 ;  fu = ultimate strain of FRP 

Based on the calculations using Equation 8.8, two layers of CFRP with the dimensions 

of 850mm × 180 mm × 0.117 mm were wrapped completely around the beam cross 

section at both ends of the FRP longitudinal reinforcement and in the mid-span. 

 

8.2.4 Four-point-bending test 

All repaired beams were loaded monotonically under four-point-bending till failure. 

During the test, load values and corresponding mid-span deflection were recorded. In 

addition, one LVDT was attached on the top of the beam at one third distance from the 

left support to record the deflection under one of the loading points. In order to 

determine the strain distributions of FRP with the progress of loading, five strain gauges 

(two at the one third lengths from supports, one at mid-span and two in the middle of 

load cells and mid-span) were attached on the FRP surface. Also, one strain gauge was 

attached to concrete on the top of the beam surface close to the middle of the span. 

During the testing, opening of existing cracks and formation of new cracks were marked 

at every 5 kN of loading until no new cracks were observed. Figure 8.4 shows the four-

point-bending test set-up. 
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(a) Specimen under loading 

 

(b) Schematic diagram of four-point-bend test 

Figure 8.4  Four-point-bending test set-up 

 

8.3 Test results and discussion 

The test results have been presented in terms of ultimate load carrying capacity of 

repaired and control beams, load-deflection response, failure modes and strain profiles. 

Also, analytical prediction of ultimate load carrying capacity of the repaired beams has 

been compared to the experimental results. 

 

8.3.1 Load-deflection response 

Figure 8.5 shows the plot of mid-span deflection against the total load (2P) for all three 

beams. The continuous red line represents the control beam whereas the dashed blue 
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line represents the repaired beam. The failure was controlled by the debonding of FRP 

for all three repaired beams but the anchorages helped to prevent complete debonding 

and caused FRP reinforcement rupture near the anchorage for Beams 1 and 2. Although 

complete FRP rupture was not observed for Beam 3, FRP ruptured partially near the 

mid-span anchorage. In terms of ultimate load, it is obvious from Figure 8.5 that the 

strength of Beams 1 and 2 could be fully restored even though these beams were tested 

till failure before the FRP application. The initial stiffness of repaired Beams 1 and 2 

was almost identical to the control beams which can be attributed to the CFRP repair. 

The performance of Beam 3, compared to the other two beams, was less effective as the 

strength could only be restored to 45.6% compared to the control beam. The poor 

performance of Beam 3 is mainly because of the large amount of deflection and pre-

existing wide cracks in the beam before the repair. This is also supported by the strain 

values of the steel in control Beam 3, observed in a separate study by Ghosni (2012), 

which exceeded far beyond the yield strain and approached close to the value (0.01) 

corresponding to that of tensile strength of steel. The wide cracks caused high stress 

concentration on FRP and further helped the debonding initiation at lower load value 

(2P = 50 kN) than the other two beams. On the other hand, the control Beams 1 and 2 

only exhibited 35 and 30 mm deflections, respectively and the steel strain values just 

reached close to the yield values. So, these two beams showed large deflections after the 

initiation of FRP debonding until the complete failure. But the repaired Beam 3 failed 

immediately after the debonding propagated from one of the loading points to the mid-

span anchorage probably because of the complete failure of the steel reinforcement. 

Although the steel reinforcement was not assessed after the beam failed, the failure of 

the steel can be assumed due to the muffled sound heard at failure of the beam. 

Although different concrete mix designs were used for the three beams, no conclusion 

can be drawn on the effect of mix design on the performance of repaired beams from the 

load-deflection response and the failure modes. The load carrying capacity of the 

control beams and repaired beams have been listed in Table 8.4.  
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(a) Load deflection plot of Beam 1 

 
(b) Load-deflection plot of Beam 2 

 
(c) Load-deflection plot of Beam 3 

Figure 8.5 Load-deflection plot of control and repaired beams 
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Table 8.4 Strength and deflection properties of control and repaired beams 

Specimen ID Maximum total load 

2P (kN) 

Maximum mid-span 

deflection (mm) 

% Strength 

restored  

Control Repaired Control Repaired 

Beam 1 119.44 132.22 35.05 59.62 110.7 

Beam 2 100.64 129.33 30.25 73.47 128.5 

Beam 3 114.79 52.30 63.84 29.6 45.6 

 

8.3.2 Failure modes 

Failure of Beams 1 and 2 (repaired beams) initiated with FRP debonding from the left 

loading point and the debonding propagated to the end anchorage and mid-span 

anchorage. Beam 1 showed FRP rupture near the end and mid-span anchorage, whereas 

FRP ruptured at the end anchorage for Beam 2 (Figure 8.6). After the rupture of FRP, 

very rapid crack propagation and crack widening was observed and crack propagated to 

the compressive zone around the complete wrapping of mid-span. The crushing in the 

compression zone was also visible mainly in the part repaired with mortar.  

On the other hand, Beam 3 exhibited immediate failure with a muffled sound after the 

debonding propagated from the right loading point to the end and mid-span anchorage. 

Also, the failure in repair mortar was observed on the top of beam at the middle of the 

span. Unlike Beam 1 and Beam 2, the rupture of FRP was not noticed except for few 

cracks on FRP near the mid-span anchorage. 

 

 

(a) Failed repaired Beam 1  
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(b) Ruptured FRP strip of Beam 1 

 
(c) Failed repaired Beam 2 

 
(d) Failed repaired Beam 3 

Figure 8.6 Failed repaired beams 

 

8.3.3 Strain profiles 

Figure 8.7 shows the strain profiles of FRP attached to beam soffit for all of the three 

repaired beams. The low value of strain represents good bond between FRP and 

concrete while sudden increase of strain at any location with increase in load represents 

the initiation of debonding at that location. The rupture strain for the CFRP was 15000 

με as specified by the supplier. The strain profiles of the three beams have been 

explained separately as follows: 
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Beam 1:  

From Figure 8.7 (a), it can be observed that all strain gauge locations showed gradual 

increase in strain values with the increase in loads. And strain values at each level of 

load were almost constant at all locations. But at 130 kN of load, the strain values at left 

load cell (0 mm) and at 150 mm from the left load cell showed sudden increases which 

represent the initiation of debonding of FRP near the left load cell. 

 

Beam 2: 

 The strain profiles of Beam 2 (Figure 8.7 (b)) showed similar behaviour as Beam 1. 

The debonding also started near the left load cell at about 125 kN.   

 

Beam 3: 

Beam 3 strain profiles, from Figure 8.7 (c), shows different behaviour than the other 

two beams and the initiation of debonding occurred near the right load cell and mid-

span location. Even at low levels of loads, strain values from the middle of the span to 

the right load cell were higher than the left part of the beam. This may be attributed to 

the widening of existing cracks at those locations and crack formation due to interfacial 

stress at FRP-concrete bond. 

From the strain profiles of Beams 1 and 2, it can be understood that the debonding 

started near the left load cell and the Beam 3 strain profile shows the debonding 

initiation near the right load cell.  
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(a) Strain profile of Beam 1 

 
(b) Strain profile of Beam 2 
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(c) Strain profile of Beam 3 

Figure 8.7  Strain profiles of repaired beams 

 

8.3.4 Comparison of experimental with analytical results 

The load carrying capacity of the beams calculated based on Equations 8.5 to 8.7 and 

the experimental load carrying capacity have been provided in Table 8.5 for 

comparison. The analytical ultimate loads for Beams 1 and 2 have been found to be 48.0 

% and 48.6 % of the experimental values, respectively, leading to very conservative 

predictions. This can be attributed to ignoring the contribution of steel reinforcement to 

load carrying capacity of the repaired beams (discussed later in Section 8.4). For the 

design of reinforced concrete beams, a yield plateau is considered for the stress-strain 

curve of steel reinforcement and the strain hardening part after the yield plateau is 

usually neglected as the reinforced concrete beams are designed to fail by the yielding 

of steel and to provide warning by the large amount of deflections after the yield point. 

From the control beam results provided by a separate research study (Ghosni 2012; 

Haddad 2012; Sharifi 2012), it was observed that steel reinforcements of Beams1 and 2 

reached close to the yield strain but that of Beam 3 was much higher than the yield 
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strain. So, it may be assumed that mainly the FRP reinforcement carried the tensile 

stress initially due to the applied load and steel reinforcement had partial contribution 

for Beams 1 and 2. On the other hand, due to existing large amount of deflection in 

Beam 3, only FRP contributed to tensile stress and steel reinforcement may only have a 

negligible contribution. So, the assumption that steel reinforcement has no contribution 

in the load carrying capacity of the repaired beam is found to be more appropriate for 

Beam 3, which can further be confirmed by the very close analytical result to the 

experimental one. 

 

Table 8.5  Analytical and experimental load carrying capacity of repaired beams 

Specimen ID Analytical 

Maximum load 

2Panalytical 

 (kN) 

Experimental 

maximum load 

2Pexperimental  

(kN) 

% (Analytical / Experimental) 

Beam 1 63.49 132.22 48.0 

Beam 2 62.86 129.33 48.6 

Beam 3 63.35 52.30 121.1 

 

8.4 Analytical study on the effect of steel reinforcement on the performance of 

repaired beams 

In order to investigate the effect of steel reinforcement on the repaired beams tested 

under four-point bending, mid-span deflection, Δ of beams at different load values were 

calculated analytically from the following equation considering different cases of steel 

reinforcements and some assumptions: 

)43(
24

22 aL
EI

Pa                                                                                              (8.9) 

where P = the value of one load cell = the average of two load cell values in a four-

point-bending test, a = the distance of load cell from support, L = span length of the 

beam. 
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After obtaining the analytical values of mid-span deflection, which are in the elastic 

range, the experimental deflections plotted against loads were compared to the 

analytical values for different cases of steel reinforcements. 

Assumptions in this study were as follows: 

1. Beam sections are cracked 

2. Stresses are elastic  

 

The schematic diagram of transformed (all materials were transformed into equivalent 

concrete) cracked section of repaired beam is shown in Figure 8.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.8 Schematic diagram of transformed cracked section of repaired beam 

 

In order to obtain the bending stiffness EI, first the depth of neutral axis c was 

calculated for four different cases: 1) top and bottom steel is in elastic range, concrete 

has cracked and FRP is intact, 2) both top and bottom steel have yielded, concrete has 

cracked and FRP is intact, 3) bottom steel has yielded, top steel is in elastic range, 

h d 
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concrete has cracked and FRP is intact and 4) top steel has yielded, bottom steel is in 

elastic range, concrete has cracked and FRP is intact. The moment of inertia I for all 

cases were determined and multiplied by the concrete elastic modulus to get the value of 

EI of the beams. 

 

Case 1:  

By equilibrating the moment of area of compression and tension zone,  

hAndAncbcdAn fss bottomtop 21
'

1 2
)1(                                                                (8.10) 

where 
c

s

E
E

n1 , 
c

f

E
E

n2 , 
topsA = area of top steel reinforcements,

bottomsA = area of 

bottom steel reinforcement, Af  = area of FRP, d’ = depth of top steel axis from the top 

fibre of the beam, d = depth of bottom steel axis from the top fibre of beam and h = 

depth of bottom steel axis 

Also, Es = elastic modulus of steel, Ec = elastic modulus of concrete and Ef = elastic 

modulus of FRP. 

The value of c can be calculated from the following equation, 

b

dAnhAndAn
c topbottom sfs })1({2 '

121                                                               (8.11)     

and 2
2

2'
1

2
1

23

)1(
212

chAndcAncdAncbccbI fss topbottom
    (8.12)  

 

Case 2: 

As the reinforced concrete beams are designed to fail by initiation of yielding of steel 

reinforcements, the contribution of steel reinforcement can be neglected after yielding. 

Therefore, 
bottomsA and 

topsA in Equation 8.10  can be considered as ‘0’ which leads to the 

following equation: 
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b
hAn

c f22
                                                                                                            (8.13) 

and 2
2

23

212
chAncbccbI f                                                                    (8.14) 

 

Case 3: 

Considering 0
bottomsA , Equation 8.10 turns into the following equation:  

b

dAnhAn
c topsf })1({2 '

12                                                                                 (8.15) 

and 2
2

2'
1

23

)1(
212

chAndcAncbccbI fstop
                                (8.16) 

 

Case 4: 

Considering 0
topsA , Equation 8.10 can be re-written as: 

b
hAndAn

c fsbottom
)(2 21                                                                                        (8.17) 

 and 2
2

2
1

23

212
chAncdAncbccbI fsbottom

                                      (8.18) 

 

Applying the above equations for cases 1-4, EI values and mid-span deflections Δ for 

arbitrary values of P can be calculated and a linear plot of the total load (2P) in a four-

point bending set-up against the mid-span deflection (Δ) can be obtained and this plot 

has been referred as 2P-Δ plot or relationship in the rest of this chapter.  The 

experimental 2P-Δ for three repaired beams can then be compared to the analytical ones 
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to understand the proximity of the experimental initial stiffness with any of the four 

cases of analytical stiffness. 

 

8.4.1 Results of the analytical study on the effect of steel reinforcement 

 

Repaired Beam 1: 

The analytical 2P-Δ relationship of Repaired Beam 1 for four cases stated in the 

previous section and the experimental 2P-Δ have been plotted in Figure 8.9. It is 

obvious that the analytical stiffness considering the effect of top and bottom steel, 

cracked concrete and FRP are almost the same as the stiffness neglecting the effect of 

top steel. Even for the other two analytical stiffness, the effect of top steel is negligible 

although the stiffness neglecting top and bottom steel is slightly lower than the one 

neglecting only the bottom steel. Comparison of the experimental initial slope to the 

analytical ones clearly shows that the steel reinforcements are effective in the repaired 

beams to provide sufficient stiffness which is very close to the analytical stiffness 

considering the effect of steel reinforcements. Therefore, both steel reinforcements and 

FRP contributed to the load carrying capacity of Repaired Beam 1, although the steel of 

Control Beam 1 just exceeded the yield strain before unloading was carried out. This 

can be attributed to the strain hardening of steel reinforcement after it reaches plastic 

range. Hence, considering the steel as ineffective after yielding may severely 

underestimate the stiffness of the repaired beam. 
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Figure 8.9 Load-deflection plot of Repaired Beam 1 considering the effects of steel 

reinforcement 

 

Repaired Beam 2: 

Similar to Beam 1, Beam 2 exhibited an initial slope of the load-deflection response 

(Figure 8.10) quite close to the analytical load-deflection plot considering steel 

reinforcement is effective in load carrying capacity. This behaviour represents the 

considerable contribution of steel reinforcement in the load carrying capacity of Beam 2 

even though the strain of bottom steel reinforcement of control beam approached the 

yield strain before unloading. Therefore, considering the strain hardening part after steel 

yielding may lead to prediction of the stiffness of the repaired beam close to the 

experimental stiffness. 
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Figure 8.10  Load-deflection plot of Repaired Beam 2 considering the effects of steel 

reinforcement 

 

Repaired Beam 3: 

Unlike Beams 1 and 2, Beam 3 had lower initial stiffness that can be observed from 

Figure 8.11. Also, the experimental stiffness was close enough to the analytical stiffness 

ignoring the effect of steel. The better prediction for Beam 3 stiffness could be possible 

due to the fact that the steel of Control Beam 3 exceeded far beyond the yield strain and 

almost reached the value corresponding to its tensile strength. So, the strain hardening 

part was absent in case of repaired Beam 3. As a result, the maximum deflection 

reached for this beam was only about 30 mm, which was much lower than the other two 

beams. And the beam failed immediately after the FRP debonding.  
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Figure 8.11  Load-deflection plot of Repaired Beam 3 considering the effects of steel 

reinforcements 

 

From the observations stated above, it is worth mentioning that the modification of 

Equations 8.5 and 8.6 by considering the residual strength of the steel reinforcement 

instead of neglecting the strength completely is likely to improve the prediction of 

ultimate moment and load carrying capacity of repaired beams. The analytical equations 

considering this fact and the corresponding results have been presented in the following 

section. 

 

8.4.2 Prediction of load-carrying capacity of repaired beams considering steel 

strain hardening 

The inclusion of strain hardening of steel reinforcements after the steel yielding to 

predict the ultimate moment and load carrying capacity of FRP repaired beams has been 

adopted from an analytical investigation by Quantrill, Hollaway & Thorne (1996). In 

this study, Quantrill, Hollaway & Thorne (1996) replaced the yield plateau of steel 

stress strain curve with the strain hardening part as shown in Figure 8.12 to predict the 

response of FRP strengthened beams. Unlike their study where uncracked beams were 
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response of the damaged beams repaired with FRP. And the residual tensile strength of 

steel considering strain hardening instead of perfect plasticity after yield point can be 

calculated by Equation 8.19.    

)()( 0Re yusysss ffEf ; if ys0                                                           (8.19) 

where ssf Re = residual tensile strength of steel, sE = modulus of elasticity of steel, 0s = 

strain in steel reinforcement at the failure of control beam, y = yield strain of steel, uf

= ultimate tensile stress of steel and yf = yield stress of steel. 

Equation 8.19 turns into the following equation if usy 0 .       

)( 0Re su
yu

yu
ss

ff
f                                                                                    (8.20) 

where u = strain of steel at ultimate tensile strength and y  = yield strain of steel. 

As the steel reinforcement reaches the necking stage after it reaches the ultimate stress, 

it is no longer able to contribute to load carrying or stiffness of the beam. Therefore, the 

residual strength of steel is considered as zero when the steel reinforcement reaches or 

exceeds the value of u at the failure of control beam.   

Finally, the nominal moment capacity and load capacity of the repaired beams can be 

determined from Equations 8.21 - 8.23 . 

)
2

()
2

( Re
f

sss
f

fufn

a
dfA

a
hfAM                                                                    (8.21) 

where 
bf

fAfA
a

c

sssfuf
f '

2

Re                                                                                     (8.22) 

and the load carrying capacity for four point bending test set-up,  

L
M

P n3                                                                                                                 (8.23) 
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Figure 8.12  Stress-strain curve of mild steel (Quantrill, Hollaway & Thorne 1996) 

 

The results obtained by the analytical prediction considering the residual strength of 

steel reinforcement have been summarised in Table 8.6. In addition, a comparison of 

analytical predictions to the experimental ones has been shown. It is evident that taking 

the strain hardening of steel into account has led to significant improvement in the 

analytical prediction of ultimate loads of Beams 1 and 2. The analytical loads were 93.6 

% and 81.0% of the experimental values for Beams 1 and 2, respectively, whereas 

neglecting the steel reinforcement showed very conservative prediction for these beams 

before.  
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Table 8.6 Analytical and experimental load carrying capacity of repaired beams 

considering the residual steel strength 

Specimen ID Analytical 

maximum load 

2Panalytical  

(kN) 

Experimental 

maximum load 

2Pexperimental  

(kN) 

% (Analytical / Experimental) 

Beam 1 123.74 132.22 93.6 

Beam 2 104.77 129.33 81.0 

Beam 3 63.35 52.30 121.1 

 

8.5 Conclusions 

The purpose of the study was to investigate the appropriateness of typical FRP 

strengthening scheme applied to repair severely damaged reinforced concrete beams. 

Although, most of the repair works are usually conducted to structural members loaded 

within the serviceable limit, this study was mainly carried out considering the local 

failures of members due to extreme loading and to provide temporary solutions in the 

case where immediate retrofitting is necessary. All beams were designed with some 

modifications of the existing closed form equations and neglecting the effect of existing 

steel reinforcement which had already yielded before the repair works. Moreover, an 

analytical study was conducted considering the effect of residual strength of steel 

reinforcement. The findings of the study are listed as follows: 

- Beams 1, 2 and 3, regardless of the concrete mix design used for their fabrication, 

showed reasonable amount of strength recovery after being repaired with CFRP. 

The percentage of strength recovery for Beams 1, 2 and 3 was 110.7, 128.5 and 

45.6, respectively. 

- The failure of all beams was controlled by the debonding of CFRP from concrete, 

although the beams were designed with minimum amount of CFRP. This failure 

mode is typical of FRP strengthened structural members and is initiated by the new 

or existing cracks in concrete.  

- CFRP complete wrapping applied at both ends of CFRP longitudinal reinforcement 

and middle of the beam span improved the performance of the beams by preventing 



Chapter 8. Experimental study on short performance of reinforced concrete structures 
repaired with FRP 

M. I. Kabir  264 
 

the propagation of delamination of FRP. Even, partial fracture of FRP in strips was 

observed in Beams 1 and 2. 

- In prediction of ultimate load carrying capacity, the analytical approach neglecting 

the steel reinforcement was found to be too conservative for Beams 1 and 2 but 

reasonable for Beam 3. This is mainly because of the conservative assumption on 

the steel reinforcement performance after yielding. In reality, yielding of the steel 

reinforcement and subsequent unloading will result in strain hardening and not loss 

of strength. However, this assumption is valid where the beam has been subjected to 

large deflections and steel strain has exceeded well beyond the yield strain.  

- The analytical approach with consideration of strain hardening of steel after yielding 

can provide better prediction of ultimate loads and can be used especially for the 

retrofitting of severely damaged beams with FRP where the steel reinforcement has 

already yielded.  

- The use of non-conventional concrete had no visible effect on the effectiveness of 

the FRP repair technique applied in this study. Hence, the repair technique is equally 

applicable to conventional and non-conventional concrete. 

From the findings stated above, it can be concluded that a suitable strengthening scheme 

with FRP can provide considerable strength recovery even to severely damaged 

reinforced concrete beams loaded beyond their ultimate loads and subjected to large 

deflections and significant cracking. As a result, this repairing technique can be applied 

to repair structural members failed by extreme loading conditions to provide quick and 

temporary solutions. However, the strain in the steel reinforcement at the time of failure 

of the control beams should be assessed and any residual contribution of steel 

reinforcement should be included for better analytical or numerical prediction of 

response of the FRP-repaired beams. Although crack repairing technique was not 

applied in this study and the strengthening scheme mainly depended on the 

effectiveness of FRP itself, the effect of crack repairing technique on the obtained 

results specially the initiation of debonding and shear strength of bond cannot be 

overlooked in real applications and should be considered in future studies. 
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9 Conclusions and recommendations for future research 
 

9.1 Introduction 

Based on the identified gaps in the available literature on long term performance of 

FRP-concrete bond, the main aim of this research project was to investigate long term 

performance of FRP (CFRP and GFRP)-concrete bond subjected to temperature cycles, 

wet-dry cycles and outdoor environment for extended durations. The three 

environmental conditions used for the study were mainly selected to overcome some 

limitations found in the previous research in the literature. Especially, separating two 

variables, namely, temperature and humidity from the hydro-thermal ageing was the 

main reason to investigate the effect of temperature cycles and wet-dry cycles 

separately. Using high temperature for acceleration of any ageing condition such as wet-

dry cycles was found to be a very common practice in the available literature. But the 

conservativeness of this acceleration technique was also reported by researchers. Hence, 

in wet-dry cycles, the range of temperature was kept close to the ambient temperature 

(although constant temperature could not be maintained), and in temperature cycles, dry 

environment was chosen. The outdoor environmental ageing was also chosen as only 

limited data for long term natural ageing of FRP-concrete bond could be found in the 

literature. The effects of the three exposure conditions on concrete and CFRP were also 

studied separately to understand the dependence of the bond strength on the change in 

material properties with exposure time. The secondary objective of this project was to 

conduct an experimental study to investigate the efficacy of well-established FRP-

strengthening scheme in the repair of three severely damaged RC beams fabricated from 

conventional and non-conventional concrete. All three damaged beams were repaired 

with CFRP and same repairing schemes were used for all beams. In addition, a short 

analytical study on the CFRP-repaired beams was conducted to understand the effect of 

residual strength of steel reinforcement on the repaired beams by comparison of 

analytical and experimental results and modified equations were proposed for the 

prediction of load carrying capacity for such repaired beams considering the strain 

hardening of steel reinforcement after yielding.  
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In this chapter, a summary of research findings as well as some recommendations for 

future research have been provided. 

 

9.2 Material properties due to exposure 

The experimental material characterisation, namely, CFRP tensile strength and modulus 

of elasticity, and concrete compressive strength were investigated after being exposed  

to temperature cycles (up to five weeks, three months and one year), wet-dry cycles (up 

to one month, six months, one year and 18 months), and outdoor environment (up to 

two months, six months, one year and 18 months). The observations of the study are 

summarised for CFRP tensile properties and concrete compressive strength as follows: 

 

 CFRP tensile properties: 

- Direct exposure to outdoor environment and wet-dry cycles were found to cause the 

most degradation in the tensile strength of CFRP (about 20% over the period of 18 

months compared to 14.3% due to temperature cycles over one year period). 

- Modulus of elasticity of CFRP was observed to reduce due to exposure to wet-dry 

cycles and maximum reduction was by 15.2%, whereas for specimens exposed to 

outdoor environment, there was only an initial reduction (by 6.6%) but an increase 

of 9% after 18 months was observed. Temperature cycles resulted in an increase in 

MOE by 11% over the period of one year. 

The increase in MOE, despite the reduction in tensile strength for cyclic temperature 

exposure, can be attributed to the possible increase in the MOE of carbon fibres (Fitzer 

1988; Sauder, Lamon & Pailler 2004) and the softening of epoxy matrix which was also 

noticed in some of the previous research (Cao, Zhis & Wang 2009). The possible 

softening of epoxy can lead to the uneven stress distribution among fibres in CFRP 

coupons which would have caused the failure at lower loads even though the fibre 

stiffness increased. 
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 Concrete compressive strength: 

Temperature cycles, wet-dry cycles and outdoor environment were found to cause 

significant improvement of compressive strengths of two batches of concrete during 

almost the whole exposure period and the most prominent increase was due to outdoor 

environmental exposure. Only an initial reduction in strength (by 9%) for batch 1 was 

observed due to cyclic temperature. The possible reason for the development of 

concrete strength due to exposure conditions can be explained from the concept of 

maturity and concrete curing temperature. As the concrete was cured at lab temperature 

(about 20-23o C), the initial strength gain during the curing was slower than the other 

curing techniques associated with relatively higher temperatures. Although the curing 

process at low temperature causes slower rate of strength development at the earlier 

stages such as up to 28 days, it helps to improve the strength at a later stage (Neville 

1963). From the maturity rule, the higher temperature applied after the initial setting and 

hardening period leads to higher compressive strength of concrete (Neville 1963), and 

the temperature cycles applied in this study therefore improved the concrete strength 

with the exposure time. Also, the increase in compressive strength due to wet-dry cycles 

can be attributed to the suitable humid condition for the development of concrete 

strength. Similarly, the increase in compressive strength of concrete exposed to outdoor 

environment can be attributed to the combined effect of components of outdoor 

environmental exposure such temperature and moisture. 

Increases in compressive strength due to temperature cycles were 32% and 28% for 

batch 1 and 2, respectively, whereas those for wet-dry cycles were 32% and 40.7%, 

respectively. Outdoor environment caused the increase of about 59-66% compared to 

the compressive strength of control series. 

 

9.3 Long term performance of FRP-concrete bond 

The experimental investigation on the CFRP and GFRP-concrete bond exposed to 

cyclic temperature, wet-dry cycles and outdoor environment revealed some interesting 

findings based on the analysis of pull-out strength, failure modes, strain profiles and 

fracture properties. The findings of CFRP and GFRP-concrete bond are highlighted 

separately for temperature cycles, wet-dry cycles and outdoor environment: 
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 Temperature cycles: 

- The temperature cycles were found to have no negative effect on the pull-out 

strength of CFRP and GFRP-concrete bond with the exception of initial degradation 

by 1% for CFRP-concrete bond. In fact, temperature cycles improved pull-out 

strength by 10% for CFRP-concrete bond and 8% for GFRP-concrete bond. These 

improvements of pull-out strength can be attributed to the increased concrete 

compressive strength as the failure of both types of bond occurred within the 

concrete substrate with minimal reduction in concrete thickness. 

- Strain profiles did not show any changes with the exception of longer effective bond 

length observed in some exposed series. The longer effective bond lengths of 

exposed specimens, compared to the unexposed specimens, suggests that the bond 

length longer than the theoretical effective bond length of unexposed specimens can 

be helpful to proper attainment of bond capacity in the long term. 

- Experimental fracture energy of CFRP-concrete bond increased due to temperature 

cycles. The two methods used for fitting the experimental shear stress-slip curves, 

namely, rational fit and  Dai, Ueda & Sato (2005) model, gave an increment of 

23.1% and 19.9%, respectively.  

- Discrepancies between the analytical and experimental fracture energies were 

attributed to the possible conservativeness of the analytical approach which mainly 

depends on the maximum pull-out force and FRP stiffness. Trends in the fracture 

energy from the experimental results imply possible dependence of fracture energy 

on the adhesive stiffness (deformability of adhesive) as well as the concrete 

compressive strength, although adhesive properties were not investigated in the 

study. Difficulty in obtaining the shear stress and slip precisely from a small number 

of strain gauges used in this study and the likelihood of the strain gauge reading 

being biased by any local material non-uniformity could also have led to the 

observed discrepancies. 

- Shear stress-slip laws were proposed for CFRP-concrete bond specimens exposed to 

temperature cycles based on the identification of unknown parameters of Dai, Ueda 

& Sato (2005) model fitted to experimental data of this current study. 
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 Wet-dry cycles: 

- Cyclic nature of the pull-out strength and failure patterns of CFRP-concrete bond 

with exposure durations was observed, where only 5% reduction in pull-out strength 

occurred and was attributed to the degraded epoxy strength based on the change in 

failure mode from thick concrete layer to almost no concrete attached to debonded 

CFRP. Performance of GFRP-concrete bond under wet-dry cycles was marginally 

poor (strength reduction by 6.4%) compared to that of CFRP-concrete bond. The 

degradation was attributed to the epoxy degradation and the most series failed with 

almost no concrete attached to the debonded GFRP. 

- Strain profiles of CFRP-concrete bond also revealed a cyclic nature in terms of the 

load at the shifting of initial stress transfer length similar to that of pull-out strength. 

For GFRP-concrete bond, the trend of the loads at the change of initial stress 

transfer length also changed with time (no cyclic nature) and followed almost a 

similar trend to the pull-out strength. Effective bond lengths for most of CFRP and 

GFRP exposed specimens were longer than that of unexposed specimens for most 

exposure durations. 

- The cyclic nature of the experimental fracture energy of CFRP-concrete bond was 

also observed. Wet-dry cycles were found to cause the highest degradation of 

fracture energy among all exposure conditions (by about 37 % for both fits after 18 

months of exposure). The deterioration was related to the brittle failure mode in 

concrete layer observed after 18 months. Discrepancy between the analytical and 

experimental fracture energies were observed for wet-dry cycles too and analytical 

fracture energies were always lower than the experimental values similar to the 

observation made for temperature cycle. 

- Shear stress-slip laws were proposed for CFRP-concrete bond specimens exposed to 

wet-dry series by fitting Dai, Ueda & Sato (2005) model to experimental data of this 

current study. 

 

 Outdoor environment: 

- Exposure to outdoor environment caused the most serious deterioration of pull-out 

strength for both CFRP and GFRP concrete-bond. The effect was more prominent 

for CFRP specimens (15.2 % reduction in strength compared to 9.3% for GFRP 

specimens). Deterioration of bond strength due to outdoor environment can also be 
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attributed to the degraded epoxy strength as unlike the control specimens, very thin 

or almost no concrete layer was found to be attached to debonded FRP for exposed 

specimens.  

- The change in strain profiles, in terms of the loads at the shifting of initial stress 

transfer length, and increase in effective bond lengths for both FRP types was 

identified. 

- Only initial degradation of fracture energy of CFRP-concrete bond by 20.4% and 

23.6% for rational and Dai, Ueda & Sato (2005) model fit, respectively, was 

observed. Similar to other two environmental conditions, discrepancies between 

analytical and experimental fracture energies were observed.  

- Similar to other two exposure conditions, shear stress-slip laws were also proposed 

for outdoor environment series. 

 

9.4 Strength reduction factors for long term performance of FRP-concrete bond 

The strength reductions observed for CFRP and GFRP-concrete bond subjected to 

outdoor environment were the highest among all three exposures applied in this study. 

This is attributed to the various environmental variables such as temperature, 

moisture/humidity, solar exposure (UV), salinity and other chemical substances present 

in the air. Hence, the degradation of FRP-concrete bond due to outdoor environment can 

be considered as the combined effect of all the variables. Assuming koutdoor as the bond 

strength reduction factor for outdoor environmental exposure, the following relationship 

between koutdoor and reduction factors (k) due to individual components of the 

environmental exposure can be assumed: 

zUVdrywettemperatreoutdoor kkkkk ............
                                                                                

(9.1) 

where ktemperature, kwet-dry, kUV represent reduction factors due to individual components of 

environmental exposure such as temperature, wetting and drying and UV light, 

respectively.  

Based on the observations of this research study, the reduction factors for temperature 

cycles, wet-dry cycles and outdoor environment are proposed as listed in Table 9.1. For 

each exposed condition, reduction factor was obtained from the maximum percentage of 
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pull-out strength degradation observed in this study. It should be noted that the 

reduction factor proposed for outdoor environmental exposure is applicable to the 

climatic conditions similar to Sydney, Australia. According to the map of climate zones 

of Australia based on temperature and humidity (Australian Government Bureau of 

Meteorology 2012), Sydney is in warm summer, cold winter zone but the winter has no 

freezing and thawing. Melbourne, Adelaide, Port Lincoln, Perth, Albany and few other 

cities in Australia are in the same climate zone. The proposed factor, therefore, may not 

be applicable to extreme climatic conditions such as in areas where freezing and 

thawing or too high temperatures are expected. From the proposed factors, it can be 

observed that the reduction factors for both FRP types due to outdoor environment are 

lower than the product of the factors due to temperature and wet-dry cycles, which 

follows the relationship shown in Equation 9.1. The reason can be attributed to the large 

number of variables (temperature, humidity, UV, salinity, other chemical substances) 

involved in the real outdoor environmental exposure. Hence, the proposed reduction 

factor for outdoor environmental exposure represents the products of the factors for all 

exposure components and has a lower value than the product of the factors for 

temperature cycles and wet-dry cycles. It should be noted that the temperature cycles 

and wet-dry cycles applied in this study do not represent the true components of outdoor 

environment as these were applied mainly to simulate severe exposure conditions. The 

proposed factors for these two exposure conditions, especially for wet-dry cycles, 

therefore, represent strength reductions due to severe conditions.  

 

Table 9.1 Strength reduction factors for CFRP and GFRP-concrete bond 

Bond type koutdoor ktemperature kwet-dry ktemperature×kwet-dry 

CFRP-

concrete 

0.84 0.99 0.95 0.94 

GFRP-

concrete 

0.90 1 0.93 0.93 
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9.5 Short term performance of CFRP repaired beams 

Experimental study on the repair of three severely damaged RC beams demonstrated the 

effectiveness of typical FRP strengthening schemes in the repair of damaged RC beams. 

Load carrying capacity of two beams could be fully restored and that of the third one 

with pre-existing wide cracks could be restored to up to 45 % of its original strength. 

Also, the effectiveness of FRP anchorage provided by wrapping at the both ends and in 

the mid span of the beam was demonstrated by the partial rupture of external FRP 

flexural reinforcement. Although debonding of FRP could not be prevented completely, 

the anchorage restricted the propagation of debonding. It should be noted that no crack 

repairing technique, except filling of voids with repair mortar, was adopted and the 

repairing technique solely depended on the FRP itself. The suitability of the applied 

FRP repairing technique to conventional and non-conventional concrete could also be 

understood as no visible effect of concrete type was observed in the study. The 

analytical prediction of ultimate load and moment carrying capacity by neglecting the 

contribution of steel reinforcement was found to be too conservative for the strain level 

of steel reinforcement which is very close to the yield point. But this prediction method 

can be reasonable for the case where the steel strain has exceeded far beyond the yield 

point and reached almost close to the ultimate strain value. Analytical prediction 

considering the steel strain hardening part showed much better prediction of load 

carrying capacity for all repaired beams. Although the concept of considering the 

residual strength of steel was adopted from the study of Quantrill, Hollaway & Thorne 

(1996), modifications of their equations are proposed in order to use for repairing of 

damaged beams for three conditions of steel reinforcement: i) strain lower than the yield 

strain, ii) strain exceeding the yield strain but lower than ultimate tensile strain and iii) 

strain at ultimate tensile strain. The importance of assessment of the condition of steel 

reinforcement before repairing is, therefore, stressed. 

 

9.6 Recommendations for future research 

Based on the findings and limitations of the current study a number of recommendations 

can be made as future studies as follows: 

1. As the trend of pull-out strength and fracture energy observed in this study revealed 

the possible dependence of these parameters on the adhesive strength and shear 
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stiffness, adhesive properties can be determined for similar environmental 

conditions. 

2. The lower boundary of the temperature cycles could not be reached below 30o C due 

to the limitation of the drying oven used in this study. Hence, FRP-concrete bond 

system can be studied by reducing the minimum temperature, for example, to 5o C 

as a wider temperature range is likely to result in more significant bond-strength 

deterioration. In addition, the coupled effect of temperature cycles and wet-dry 

cycles can be a possible investigation in future studies. 

3. Cyclic nature of pull-out strength of CFRP-concrete bond under wet-dry cycles 

observed in this study suggests the need for investigation for extended durations. 

4. As the conservativeness of the analytical fracture energy could not be conclusive 

due to very small number of strain gauges attached to the FRP in this study, using a 

large number of strain gauges with close intervals is suggested to capture the strain 

profile, slip, average local shear stress, and stress transfer lengths, precisely. An 

alternate to using large number of strain gauges is by using digital image correlation 

(DIC) as reported by Subramaniam, Ali-Ahmad & Ghosn (2008). In addition, for 

measurement of slip at the loaded end of FRP-concrete bond, attachment of LVDT 

instead of the installation of large number strain gauges can also be conducted.  

5. Study of the effect of sustained load on the FRP-concrete bond subjected to 

environmental conditions can be conducted. 

6. A numerical model can be developed for the prediction of long term performance of 

FRP-concrete bond subjected to environmental conditions using the information and 

data obtained from this research.  

Results from this study could not be extended for the prediction of service life for 

two types of FRP-concrete bond by developing an empirical relationship such as the 

one based on the Arrhenius principle (Litherland, Oakley & Proctor 1981) due to the 

discontinuous trend of the bond strength with duration of exposure. Empirical 

relationship based on Arrhenius principle has been used in some previous research 

by Litherland, Oakley & Proctor (1981), Dejke & Tepfers (2001) and Chen, Davalos 

& Ray (2006), mostly for durability evaluation of FRP reinforcement exposed to 

simulated concrete environment. However, there is a scope for using the information 

from this study to predict long term performance of FRP-concrete bond exposed to 

environment for evaluation of numerical models. 
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7. As the proposed equations for the repair of damaged RC beams have been verified 

only with the data from three beams and a single type of FRP, further experimental 

studies incorporating different degrees of damage and other FRP types can be 

conducted.  

8. No crack repairing technique before the application of FRP was applied in this 

study. But acknowledging the effect of this on the results obtained, it is 

recommended to include this technique in future studies.  
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A. Appendix A: Material test results for long term performance of 

FRP-concrete bond 
 

A.1 Concrete compressive strength 

 

Table A.1 Compressive strength of concrete for CFRP cyclic temperature pull-out 

specimens 

Series Mean compressive strength (MPa) 

Control 31.2 

CT2 36.3 

CT3 28.6 

CT4 41.2 

 

Table A.2 Compressive strength of concrete for GFRP cyclic temperature pull-out 

specimens 

Series Mean compressive strength (MPa) 

Control 35.9 

GT2 42.3 

GT3 39.4 

GT4 46.0 
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Table A.3 Compressive strength of concrete for CFRP cyclic wet-dry pull-out 

specimens 

Series Mean compressive strength (MPa) 

Control 31.2 

CH1 35.5 

CH2 35.1 

CH3 37.9 

CH4 41.4 

 

Table A.4 Compressive strength of concrete for GFRP cyclic wet-dry pull-out 

specimens 

Series Mean compressive strength (MPa) 

Control 35.9 

GH1 39.0 

GH2 42.7 

GH3 50.5 

GH4 49.9 

 

Table A.5 Compressive strength of concrete for CFRP outdoor environment pull-out 

specimens 

Series Mean compressive strength (MPa) 

Control 31.2 

CE1 38.9 

CE2 43.3 

CE4 41.1 

Fabricated from concrete batch two 

Control 35.9 

CE3 59.7 
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Table A.6 Compressive strength of concrete for GFRP outdoor environment pull-out 

specimens 

Series Mean compressive strength (MPa) 

Control 35.9 

GE1 44.2 

GE2 48.4 

GE3 54.9 

GE4 57.1 

 

A.2 Tensile stress-strain curves of FRP coupons 

 

  
(a) CTControl-6 (b) CTControl-7 

  
(c) CTControl-8 (d) CTControl-9 
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(e) CTControl-10 

Figure A.1 Stress-strain curves of CFRP control coupons 

 

  
(a) GTControl-1 (b) GTControl-2 

  
(c) GTControl-3  

Figure A.2 Stress-strain curves of GFRP control coupons 

 

0

500

1000

1500

2000

2500

0 5000 10000 15000

St
re

ss
 (M

Pa
) 

μ Strain 

0

500

1000

1500

2000

0 5000 10000 15000

St
re

ss
 (M

Pa
) 

μ Strain 

0

500

1000

1500

2000

0 5000 10000 15000

St
re

ss
 (M

Pa
) 

μ Strain 

0

500

1000

1500

0 5000 10000 15000

St
re

ss
 (M

Pa
) 

μ Strain 

0

500

1000

1500

2000

0 5000 10000 15000

St
re

ss
 (M

Pa
) 

μ Strain 



Appendices 

M. I. Kabir  291 
 

  
(a) CTT2-6 (b) CTT2-7 

  
(c) CTT2-8 (d) CTT2-9 

 
(e) CTT2-10 

Figure A.3 Stress-strain curves of CFRP five week cyclic temperature coupons 
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(a) CTT3-6 (b) CTT3-7 

  
(c) CTT3-8 (d) CTT3-9 

 
 

Figure A.4 Stress-strain curves of CFRP three month cyclic temperature coupons 
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(a) CTT4-6 (b) CTT4-7 

 

(c) CTT4-9 (d) CTT4-10 

Figure A.5 Stress-strain curves of CFRP one year cyclic temperature coupons 
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(c) CTH1-8 (d) CTH1-9 

 
(e) CTH1-10 

Figure A.6 Stress-strain curves of CFRP one month cyclic wet-dry coupons 
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(c) CTH2-9 (d) CTH2-10 

Figure A.7 Stress-strain curves of CFRP six month cyclic wet-dry coupons 
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CTH3-10 

Figure A.8 Stress-strain curves of CFRP one year cyclic wet-dry coupons 

 

  
(a) CTH4-6 (b) CTH4-7 

  
(c) CTH4-8 (d) CTH4-9 
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(e) CTH4-10 

Figure A.9 Stress-strain curves of CFRP 18 month cyclic wet-dry coupons 

 

  
(a) CTE1-6 (b) CTE1-7 

  
(c) CTE1-8 (d) CTE1-9 
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(e) CTE1-10 

Figure A.10 Stress-strain curves of CFRP two month outdoor environment coupons 

 

  
(a) CTE2-6 (b) CTE2-7 

  
(c) CTE2-8 (d) CTE2-9 
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(e) CTE2-10 

Figure A.11 Stress-strain curves of CFRP six month outdoor environment coupons 

 

  

(a) CTE3-6 (b) CTE3-7 

  
(c) CTE3-8 (d) CTE3-9 
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(e) CTE3-10 

Figure A.12 Stress-strain curves of CFRP one year outdoor environment coupons 

 

  
(a) CTE4-6 (b) CTE4-7 

  
(c) CTE4-8 (d) CTE4-9 
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(e) CTE4-10 

Figure A.13 Stress-strain curves of CFRP 18 month outdoor environment coupons 

 

A.3 Tensile strength and modulus of elasticity (MOE) of FRP 

 

Table A.7 Tensile properties of CFRP five week cyclic temperature coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTT2-6 2389.0 2613.6 

 

 

9.6 247.2 242.8 13.8 

CTT2-7 3035.8 286.5 

CTT2-8 2470.1 209.9 

CTT2-9 2554.8 261.4 

CTT2-10 2618.2 209.0 
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Table A.8 Tensile properties of CFRP three month cyclic temperature coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTT3-6 2230.2 2474.8 

 

 

22.2 238.3 234.4 7.2 

CTT3-7 3105.2 251.8 

CTT3-8 2213.3 207.5 

CTT3-9 1831.2 243.4 

CTT3-10 2993.9 231.0 

 

Table A.9 Tensile properties of CFRP one year cyclic temperature coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTT4-6 2589.1 2595.9 

 

 

6.0 270.4 246.6 7.5 

CTT4-7 2535.2 242.3 

CTT4-8 - - 

CTT4-9 2447.8 225.9 

CTT4-10 2811.6 247.6 
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Table A.10 Tensile properties of CFRP one month cyclic wet-dry coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTH1-6 3288.2 2703.9 

 

 

15.6 263.6 248.5 17.0 

CTH1-7 2754.7 295.1 

CTH1-8 2812.5 220.2 

CTH1-9 2528.6 273.3 

CTH1-10 2135.5 190.5 

 

Table A.11 Tensile properties of CFRP six month cyclic wet-dry coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTH2-6 2447.8 2383.9 

 

 

18.3 189.2 191.9 16.3 

CTH2-7 2452.9 240.9 

CTH2-8 - - 

CTH2-9 2350.9 183.1 

CTH2-10 2284.1 154.2 
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Table A.12 Tensile properties of CFRP one year cyclic wet-dry coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTH3-6 2180.7 2316.5 

 

 

7.5 140.7 191.3 25.8 

CTH3-7 2436.4 245.4 

CTH3-8 2423.8 223.9 

CTH3-9 2080.8 137.5 

CTH3-10 2460.8 209.2 

 

Table A.13 Tensile properties of CFRP 18 month cyclic wet-dry coupons  

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTH4-6 2489.7 2629.0 

 

 

8.8 216.2 231.0 10.6 

CTH4-7 2288.4 209.5 

CTH4-8 2795.0 267.4 

CTH4-9 2773.4 217 

CTH4-10 2798.4 244.8 
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Table A.14 Tensile properties of CFRP two month outdoor environment coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTE1-6 2295.0 2301.4 

 

 

13.1 198.6 211.4 7.3 

CTE1-7 2144.4 228.0 

CTE1-8 2222.3 205.8 

CTE1-9 2810.8 227.8 

CTE1-10 2034.4 196.6 

 

Table A.15 Tensile properties of CFRP six month outdoor environment coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTE2-6 2697.6 2420.5 

 

 

8.6 273.7 232.4 13.1 

CTE2-7 2511.7 211.0 

CTE2-8 2271.9 250.1 

CTE2-9 2458.0 197.2 

CTE2-10 2163.2 230.1 
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Table A.16 Tensile properties of CFRP one year outdoor environment coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTE3-6 2658.3 2472.3 

 

 

12.1 206.0 224.7 9.0 

CTE3-7 2866.0 256.7 

CTE3-8 2470.0 212.1 

CTE3-9 2188.8 231.1 

CTE3-10 2178.2 217.8 

 

Table A.17 Tensile properties of CFRP 18 month outdoor environment coupons 

Specimen ID Tensile 

strength 

(MPa) 

Mean 

(MPa) 

CoV 

(%) 

Tensile MOE 

(MPa) 

Mean 

(GPa) 

CoV 

(%) 

CTE4-6 2584.5 2737.2 

 

 

3.1 222.4 236.5 11.1 

CTE4-7 2769.7 272.4 

CTE4-8 2769.7 206.4 

CTE4-9 2772.9 227.5 

CTE4-10 2789.0 254 
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A.4 FRP failure modes 

 

  
(a) CTT2-6 (b) CTT2-7 

  
(c) CTT2-8 (d) CTT2-9 

 
(e) CTT2-10 

Figure A.14 Failed coupons of CFRP five week cyclic temperature series 

 

  
(a) CTT3-6 (b) CTT3-7 

  
(c) CTT3-8 (d) CTT3-9 

 
(e) CTT3-10 

Figure A.15 Failed coupons of CFRP three month cyclic temperature series 
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(a) CTT4-6 (b) CTT4-7 

 
(c) CTT4-8 (d) CTT4-9 

 
(e) CTT4-10 

Figure A.16 Failed coupons of CFRP one year cyclic temperature series 

 

  
(a) CTH1-7 (b) CTH1-8 

  
(c) CTH1-9 (d) CTH1-10 

Figure A.17 Failed coupons of CFRP one month cyclic wet-dry series 
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(a) CTH2-6 (b) CTH2-7 

  
(c) CTH2-8 (d) CTH2-9 

 
(e) CTH2-10 

Figure A.18 Failed coupons of CFRP six month cyclic wet-dry series 

 

  
(a) CTH3-6 (b) CTH3-7 

  
(c) CTH3-8 (d) CTH3-9 

 
(e) CTH3-10 

Figure A.19 Failed coupons of CFRP one year cyclic wet-dry series 
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(a) CTH4-6 (b) CTH4-7 

  
(c) CTH4-8 (d) CTH4-9 

 
(e) CTH4-10 

Figure A.20 Failed coupons of CFRP 18 month cyclic wet-dry series 

 

  
(a) CTE1-6 (b) CTE1-7 

  
(c) CTE1-8 (d) CTE1-9 

 
(e) CTE1-10 

Figure A.21 Failed coupons of CFRP two month outdoor environment series 
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(a) CTE2-7 (b) CTE2-8 

  
(c) CTE2-9 (d) CTE2-10 

Figure A.22 Failed coupons of CFRP six month outdoor environment series 

 

  
(a) CTE3-6 (b) CTE3-7 

  
(c) CTE3-8 (d) CTE3-9 

 
(e) CTE3-10 

Figure A.23 Failed coupons of CFRP one year outdoor environment series 
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(a) CTE4-6 (b) CTE4-7 

  
(c) CTE4-8 (d) CTE4-9 

 
(e) CTE4-10 

Figure A.24 Failed coupons of CFRP 18 month outdoor environment series 
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A.5 Material data sheets for FRP  
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Figure A.25 Material data sheet for MBRACE carbon and glass fibre 
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Figure A.26 Material data sheet for Sikadur 330 epoxy resin 

 



Appendices 

M. I. Kabir  317 
 

B. Appendix B: Pull-out test results 
 

B.1 Failure modes of CFRP pull-out specimens 

 

  
(a) CT2-2 (b) CT4-2 

Figure B.1 Failure modes of CFRP cyclic temperature pull-out specimens 

 

  
(a) CH1-3 (b) CH1-4 

  
(c) CH2-4 (d) CH2-5 

  
(e) CH3-1 (f) CH3-3 
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(g) CH4-3 (h) CH4-5 

Figure B.2 Failure modes of CFRP cyclic wet-dry pull-out specimens 

 

  

(a) CE1-2 (b) CE1-3 

  
(c) CE1-4 (d) CE2-3 

  
(e) CE2-4 (f) CE3-2 
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(g) CE3-3 (h) CE3-4 

  
(i) CE3-5 (j) CE4-2 

 
(k) CE4-5 

Figure B.3 Failure modes of CFRP outdoor environment pull-out specimens 

 

B.2 Failure modes of GFRP pull-out specimens 

 

  

(a) GControl-2 (b) GControl-3 
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(c) GControl-5 

Figure B.4 Failure modes of GFRP control pull-out specimens 

 

  
(a) GT2-2 (b) GT3-3 

 
(c) GT4-1 

Figure B.5 Failure modes of GFRP cyclic temperature pull-out specimens 

 

  
(a) GH1-1 (b) GH1-3 
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(c) GH1-4 (d) GH2-1 

  
(e) GH2-2 (f) GH2-4 

  
(g) GH3-1 (h) GH3-2 

  
(i) GH3-5 (j) GH4-4 

 
(k) GH4-5 

Figure B.6 Failure modes of GFRP cyclic wet-dry pull-out specimens 
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(a) GE1-2 (b) GE1-3 

  
(c) GE1-4 (d) GE1-5 

  

(e) GE2-1 (f) GE2-2 

  
(g) GE2-4 (h) GE2-5 

  
(i) GE3-2 (j) GE3-3 
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(k) GE3-4 (l) GE4-1 

  
(m)  GE4-3 (n) GE4-4 

 
(o) GE4-5 

Figure B.7 Failure modes of GFRP outdoor environment pull-out specimens 
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C. Appendix C: Fracture properties of CFRP-concrete bond 
 

C.1 Shear stress-slip curve fitting for individual control specimens 

 

 
(a) CControl-2 

 
(b) CControl-3 
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(c) CControl-4 

Figure C.1 Rational fits of control specimens 

 

Table C.1 Fitting parameters for rational fits of control specimens 

Specimens p1 p2 p3 q1 q2 

CControl-1 -0.03927 0.3661 0.0003473 -0.07945 0.005984 

CControl-2 -0.9049 0.8979 0.002142 -0.1479 0.01501 

CControl-3 -3.38 1.081 -0.0006209 -0.1118 0.01432 

CControl-4 2.032 0.2969 0.0009538 -0.08545 0.006261 

 

 

 
(a) CControl-2 
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(b) CControl-3 

 
(c) CControl-4 

Figure C.2 Dai, Ueda & Sato (2005) model fits for control specimens 

 

Table C.2 Fitting parameters for Dai, Ueda & Sato (2005) model fits for control 

specimens 

Specimens A (ε) B (mm-1) 

CControl-1 0.006608 7.033 

CControl-2 0.009267 5.643 

CControl-3 0.006493 8.836 

CControl-4 0.00948 5.234 
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(a) CControl-3 (B2) 

 
(b) CControl-4 (B2) 

Figure C.3 Rational fits for control specimens from concrete batch 2 

 

Table C.3 Fitting parameters for rational fits for control specimens from concrete batch 

2 

Specimens p1 p2 p3 q1 q2 

CControl-2 (B2) -0.4803 0.9346 0.003071 -0.1248 0.01434 

CControl-3 (B2) 0.812 0.1981 -9.699e-005 -0.1144 0.006708 

CControl-4 (B2) -1.114 0.4532 0.001341 -0.1261 0.008278 
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(a) CControl-3 (B2) 

 
(b) CControl-4 (B2) 

Figure C.4 Dai, Ueda & Sato (2005) model fits for control specimens from concrete 

batch 2 

 

Table C.4 Fitting parameters for Dai, Ueda & Sato (2005) model fits for control 

specimens from concrete batch 2 

Specimens A (ε) B (mm-1) 

CControl-2 (B2) 0.0102 5.034 

CControl-3 (B2) 0.00752 5.993 

CControl-4 (B2) 0.006387 8.227 
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C.2 Shear stress-slip curve fitting for control and exposed specimens with a single 

curve for each series 

 

Table C.5 Fitting parameters for rational fits for control series 

Series p1 p2 p3 q1 q2 

CControl -0.1715 0.5723 0.0007071 -0.1142 0.009668 

CControl (B2) -0.5939 0.6707 9.425e-005 -0.1111 0.009998 

 

Table C.6 Fitting parameters for Dai, Ueda & Sato (2005) model fits for control series 

Series A (ε) B (mm-1) 

CControl 0.008399 6.049 

CControl (B2) 0.008317 6.116 

 

Table C.7 Fitting parameters for rational fits for cyclic temperature series 

Series p1 p2 p3 q1 q2 

CT2 -6.209 2.635 0.001346 -0.1325 0.02993 

CT3 1.809 0.5422 0.0002803 -0.07097 0.007917 

CT4 4.329 0.2815 0.000723 -0.06674 0.00613 

 

Table C.8 Fitting parameters for Dai, Ueda & Sato (2005) model fits for cyclic 

temperature series 

Series A (ε) B (mm-1) 

CT2 0.009311 5.430 

CT3 0.009649 4.945 

CT4 0.01147 4.055 
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Table C.9 Fitting parameters for rational fits for cyclic wet-dry series 

Series p1 p2 p3 q1 q2 

CH1 0.8735 0.7358 0.0005899 -0.09648 0.01018 

CH2 -0.2247 0.713 0.0009257 -0.09997 0.01338 

CH3 4.363 0.2699 0.0006211 -0.03224 0.005702 

CH4 -0.2301 0.3626 0.0009844 -0.09532 0.006473 

 

Table C.10 Fitting parameters for Dai, Ueda & Sato (2005) model fits for cyclic wet-

dry series 

Series A (ε) B (mm-1) 

CH1 0.0096 5.267 

CH2 0.008853 5.328 

CH3 0.0126 3.514 

CH4 0.006527 7.749 

 

Table C.11 Fitting parameters for rational fits for outdoor environment series 

Series p1 p2 p3 q1 q2 

CE1 0.9336 0.3204 0.0002327 -0.09732 0.006882 

CE2 0.8173 0.4606 0.0007427 -0.1062 0.007745 

CE3 -0.2251 0.7759 4.719e-005 -0.08688 0.01066 

CE4 -0.668 0.5504 0.001499 -0.1176 0.009553 

 

Table C.12 Fitting parameters for Dai, Ueda & Sato (2005) model fits for outdoor 

environment series 

Series A (ε) B (mm-1) 

CE1 0.008189 6.081 

CE2 0.009153 5.743 

CE3 0.008726 5.641 

CE4 0.007405 6.760 
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D. Appendix D: Short term performance of FRP-repaired beams 
 

D.1 Prediction of load-carrying capacity of repaired beams considering strain 

hardening and residual strength of steel 

 

 Beam 1 example: 

An example of the prediction of load carrying capacity of a damaged RC beam repaired 

with FRP is given in this section where all calculations are for Beam 1 which was used 

for the experimental study. 

Concrete compressive strength '
cf = 80 MPa 

Tensile modulus of elasticity of steel sE =200 GPa = 200,000 MPa 

Yield strength of steel yf = 500 MPa 

Yield strain of steel 
s

y
y E

f
 0.0025 

Strain at the ultimate tensile strength of steel, u = 0.01 

Ultimate tensile strength of steel uf = 560 MPa 

The strain of steel reinforcement at the failure of control beam 0s = 0.00102 

Steel area sA = 330 mm2 

Tensile modulus of elasticity of FRP fE = 284.436 GPa = 284,436 MPa 

Ultimate tensile strength (rupture strength) of FRP fuf = 2987.4 MPa 

and FRP area fA = 32.76 mm2 
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As ys0  the residual strength of steel reinforcement can be calculated considering 

the strain hardening after yielding of the steel as follows: 

)()( 0Re yusysss ffEf  

ssf Re = 360.96 

Now, height of beam h = 200 mm, depth of the bottom steel reinforcement from the top 

of the beam d = 169 mm and width of the beam, b = 150 mm. Hence, the depth of 

equivalent rectangular stress block of the FRP-repaired beam, af can be calculated as 

follows: 

bf
fAfA

a
c

sssfuf
f '

2

Re = 23.79 mm
 

where '
2 003.00.1 cf but 85.067.0 2 (according to  AS 3600 (2009)) 

After calculating af, the moment carrying capacity was calculated as follows: 

22 Re
f

sss
f

fufn

a
dfA

a
hfAM = 37.12 kNm 

and the load carrying capacity of the beam for four-point bending set-up is 

L
M

P n3 = 61.87 kN  

Hence, the total load from two loading points = P2 =123.74 kN. 

 

D.2 Material data sheets 

The technical data sheets for the high build repair mortar applied for filling the voids of 

the damaged beams is shown in Figure D.1. 
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Figure D.1 Data sheets for repair mortar Sika Mono Top-615HB 
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