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Abstract 

The use of near surface mounted (NSM) carbon fibre reinforced polymer (CFRP) 

reinforcement is a recent and a promising technique for increasing the flexural capacity and the 

fatigue life of reinforced concrete (RC) flexural members. Prestressing the NSM CFRP rod may be 

utilized for a further enhancement in the monotonic and fatigue flexural response of RC beams.  

 

The aim of this study is to investigate the effectiveness of strengthening RC beams with non-

prestressed and prestressed CFRP rods to increase the monotonic and fatigue flexural strength of 

the beams. Twenty-two RC beams were fabricated. Five beams were not strengthened and acted 

as control to simulate an existing structural member. The other beams were divided into groups 

that were strengthened with non-prestressed CFRP rod (0% prestressed), and prestressed CFRP 

rod (40%, or 60% prestressed of the CFRP rod tensile strength). A beam from each group was 

tested under monotonic load and acted as a reference beam for those tested under cyclic loads.  

 

The test results showed that strengthening the RC beams with NSM CFRP rods increased both 

the monotonic flexural capacity and the fatigue strength. An increase in the yield and ultimate 

load of 26% and 50% was achieved, when the beams were strengthened with non-prestressed 

CFRP rod compared to the control beam. Also, the flexural stiffness of the strengthened beam 

was slightly enhanced by 16% over that of the control beam. When the beams were strengthened 

with prestressed CFRP rod (40% and 60%), considerable improvements in the cracking, yield, 

and ultimate loads were achieved as well as the flexural stiffness (serviceability). In a comparison 



 

iv 

to the control beam, an increase up to 91% in the yield load and 79% in the ultimate load were 

obtained, in addition to 52.6% improvement in the flexural stiffness (pre-yielding) when a 

prestressed NSM CFRP rod was applied.  

 

A model to predict the flexural behaviour of the beams (control, non-prestressed, 40%, and 60% 

prestressed strengthened beams) under monotonic loading using section analysis is presented. It 

includes a model for flexural crack spacing considering the effect of the CFRP reinforcement, and 

the transfer length model. For an easy use, the monotonic flexural behaviour model is adopted in 

a computer language (Visual Basic 6).  

 

A model based on strain-life approach is also utilized to predict the fatigue life of the beams at 

various load ranges for all tested RC beams. For a given load range, by obtaining the nominal 

maximum and minimum stresses using the monotonic flexural model, the fatigue life of a beam is 

estimated by accounting for the effect of notch (ribs of the reinforcing bars), and the effect of 

mean stress.  

 

In summary, this study presents the first North American experience by using prestressed NSM 

CFRP rod for strengthening RC beams. Using such high prestressing levels of 40% and 60% with 

NSM strengthening method is considered the original contribution for monotonic flexural 

behaviour. Under cyclic loading, investigating the fatigue behaviour and constructing the fatigue 

life curves for RC beams strengthened with non-prestressed NSM CFRP rod is a considerable 
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contribution to the very limited information available in the literature. This study also includes 

the inventiveness of testing the fatigue response of the RC beams strengthened with prestressed 

NSM CFRP rod. A monotonic flexural model of strengthened RC beams with non-prestressed and 

prestressed NSM CFRP strengthened beams was developed to predict load versus deflection, 

strain in the concrete, strain in the tension and compression steel reinforcement, and strain in 

CFRP rod. The model is verified with the experimental results with excellent agreement. A 

model using strain-life approach was also developed to predict the fatigue life of non-prestressed 

and prestressed beams with a reasonable accuracy.  
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Chapter 1 
Introduction 

 

1.1 General 

Rehabilitation and strengthening of reinforced concrete structures and bridges are major 

challenges facing structural engineers.  Most of the infrastructure is usually subjected to 

repeated loads, which cause a structure to failure at a load level below its static capacity. 

Thus, fatigue loads (repeated loads) should be taken into consideration in the rehabilitation of 

concrete structures. Furthermore, these structures that have been built more than several 

decades may need to be strengthened and upgraded to meet the current service load demands. 

Several methods of strengthening reinforced concrete (RC) structures using various materials 

have been studied and applied in the rehabilitation field. The most recent type of material 

used is fibre reinforced polymer (FRP) reinforcement. 

 

FRP has proven to be an excellent strengthening material for rehabilitation of RC structures 

compared to other traditional strengthening materials. This is due to the fact that it has a 

small weight to volume ratio, which makes application easier, a high strength to weight ratio, 

and non corrosive properties, which enhance the durability performance of RC structures.  In 

addition, FRP has a high fatigue strength under repeated loads (fatigue).  

 

The use of the FRP can be either as internal reinforcement for a new construction, or as 

surface or near surface mounted (NSM) reinforcement (rod/strip) for strengthening an 
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existing reinforced concrete (RC) structure. Recently, using FRP as NSM is considered to be a 

promising method for strengthening and rehabilitating RC structures (Asplund, 1949; De 

Lorenzis et al., 2000; El-Hacha et al., 2004; Yost et al., 2004; Liu et al., 2006). 

 

The advantages of using NSM FRP strengthening compared to other FRP strengthening 

techniques are numerous. In the NSM technique, the FRP is typically embedded in a pre-cut 

groove in the concrete structural member and bonded by epoxy, which protects the FRP 

material from any physical impact or vandalism. In strengthening of the negative moment 

region of a continuous slab, for example where the surface may be exposed to physical and 

environmental damage, the NSM technique does not require a protection for the FRP because 

it is embedded in epoxy, whereas for externally bonded FRP, a protection is needed. 

 

1.2 Objectives 

Recently, the use of fibre reinforced polymer (FRP) as near surface mounted (NSM) 

reinforcement has attracted a considerable attention. However, there are only limited number 

of studies on NSM FRP strengthening available in the literature, namely for non-prestressed, 

and prestressed reinforcement. The majority of the studies investigated the effectiveness of 

non-prestressed NSM FRP strengthening on the flexural response of RC beams under 

monotonic loads, while only a few of studies investigated the fatigue flexural behaviour by 

testing limited number of specimens. According to the author’s knowledge, there is only one 

study that was conducted to investigate the flexural behaviour of RC beams strengthened 

with prestressed NSM FRP material under monotonic loading (Nordin et al., 2001; Nordin 
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and Taljsten, 2006). To date, the flexural fatigue behaviour of RC beams strengthened with 

prestressed NSM FRP material has not been investigated.  

 

Therefore, the main contribution of the current study is to investigate the effectiveness and 

feasibility of using non-prestressed and prestressed NSM CFRP rods for flexural strengthening 

of reinforced concrete (RC) members under monotonic and cyclic loading. The research is 

comprised of experimental and analytical programs to achieve the following objectives: 

• To investigate the monotonic flexural strength of RC beams strengthened with non-

prestressed, and prestressed CFRP rods; 

• To determine the fatigue strength of RC beams strengthened with non-prestressed, and 

prestressed CFRP rods; 

• To evaluate the transfer length of the prestressed CFRP rod at different levels of 

prestressing; 

• To develop an analytical model to predict the monotonic flexural response of RC beams, 

in particular to those that are strengthened with non-prestressed and prestressed NSM 

CFRP rods; 

•  To predict  the fatigue life of all beams (control, strengthened with non-prestressed and 

prestressed NSM CFRP rod beams) at various load ranges by accompanying the strain-life 

approach with the transfer length mode, and monotonic flexural behaviour model and; 

• To develop a computer program written in the Visual Basic (VB) language using the 

models developed in this thesis to predict both the flexural behaviour of RC beams 

strengthened with non-prestressed and prestressed NSM CFRP rods. 
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1.3 Thesis Structure 

The thesis is divided into nine chapters as shown in Figure 1.1. Chapter One provides an 

introduction, and describes the objectives of this study, and the organization of the thesis. 

Chapter Two provides background material including information on fibre reinforced 

polymer (FRP) materials, fatigue of steel, FRP, and concrete. It also presents a survey of the 

recent available literature on the use of NSM technique to strengthen RC beams under 

monotonic and fatigue loadings for the non-prestressed and prestressed FRP reinforcement. 

Chapter Three describes the experimental program, specimen fabrication, test 

instrumentation, prestressing and loading test set-up. The monitoring of the prestressing 

process and the experimental estimation of the transfer length of the prestressed CFRP rod 

are presented in Chapter Four.  It also includes a proposed model based on shear lag theory to 

predict the prestressing force along the prestressed CFRP rod. Chapter Five discusses the 

results obtained from testing the reinforced concrete (RC) beams (control and strengthened) 

under monotonic loading. In Chapter Six, a discussion of the results obtained from testing the 

RC beams under cyclic loading and their behaviour is provided. An analytical model that 

predicts the flexural response of the RC beams (non-strengthened and strengthened) is 

presented in Chapter Seven. Chapter Eight presents an analytical model that predicts the 

fatigue life of RC beams using strain-life approach (fatigue analysis) accompanied with the 

monotonic flexural model. Conclusions, recommendations, and future work are provided in 

Chapter Nine. 
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Figure 1.1: Thesis structure 
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Chapter 2 
Background and Literature Review 

 

Several strengthening methods have been used to rehabilitate RC structures (i.e. enlarging the 

member’s cross section, adding steel or FRP plate to the tension face, and externally post-

tensioning for RC beams). Using these methods has shown an improvement in the flexural 

behaviour of the up-graded RC beam, but with some limitations on their use. Enlarging the 

cross section of the concrete member may be limited by a lack of available space. Also, it 

increases the dead load on the structure. Using steel plates for flexural strengthening gives an 

increase in strength, even-though, it adds more dead load onto the structure (Lerchental, 

1970; Kajfasz et al., 1970; Swamy et al., 1987; Jones et al., 1988; Oehlers, 1992). A 

disadvantage of exposed steel reinforcement in case of using externally bonded steel plate is 

that in time, it may corrode. In case of externally post-tensioning application, the 

strengthening materials (steel) are usually exposed to the environmental exposure, therefore a 

protection is needed. Fibre reinforced polymers (FRP) are the best alternative and more 

attractive than the previously mentioned types of strengthening due to their light-weight, 

chemically resistance and high fatigue strength and ease of application (ISIS, 2001). 

 

2.1 Fibre Reinforced Polymers (FRP’s) 

Fibre reinforced polymers (FRP’s) are composite materials that consist of two components: 

fibres and matrix as shown in Figure 2.1 (Gibson, 1994). The properties of the FRP materials 

are mainly determined by the choice of fibres and their volume fraction. In civil engineering 
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applications, three types of fibres are commonly used namely, Aramid (AFRP), Glass (GFRP), 

and Carbon (CFRP) (ISIS, 2001; ACI Committee 440R, 1996).  They generally have a higher 

ultimate strength than that of the conventional reinforcing steel, and exhibit linear-elastic 

behaviour until they fail by rupture (sudden failure). The stress-strain behaviour of the three 

types of fibres is presented in Figure 2.2 in comparison with a reinforcing steel bar and a steel 

tendon (ACI Committee 440R, 1996). 

 

              

Figure 2.1: Components of composite materials 

 

 

Figure 2.2: Stress-strain relationships for different fibres and steel (ACI committee 440R, 

1996) 

Fibres 

Matrix 
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2.1.1 Fibres 

Carbon fibres have superior strength compared to others (aramid and glass) as shown in Table 

2.1. Fibres function as load carrying components in the FRP composites and provide a tensile 

strength, that basically depends on three factors: the type of fibres (carbon, glass, and aramid), 

the amount of fibres (volume fraction), and the orientation of the fibres (00, 450, 900). 

 

Table 2-1: Mechanical properties of different FRP’s (ISIS Canada, 2001) 

 

Material 

 

Modulus of Elasticity 

(GPa) 

Ultimate Elongation 

(%) 

CFRP 200-800 0.4-2.5 

GFRP 70-87 2-5.6 

AFRP 74-179 1.9-4.6 

 

2.1.2 Matrix 

A matrix is usually a polymer in the composite that binds the fibres together. It is function in 

the composite material is to transfer the load to the fibres, and to protect the fibres from 

mechanical and environmental damage (Jones, 1999). It is important to emphasize that the 

matrix should have a higher strain to fracture than the fibres (Figure 2.3). If not, the matrix 

will crack before the fibres fail resulting in un-protected fibres.  Two main types of matrix, 

polyester and epoxy, are used. Their mechanical properties are given in Table 2.2. 
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Figure 2.3: Tensile stress-strain relationships for the composite FRP and its components 

(reproduced from ACI committee 440R, 1996) 

 

 

Table 2-2: Mechanical properties of matrices (ACI committee 440R, 1996) 

 

 

 

 

 

 

 

2.2 Strengthening of RC Structures 

Over the last decades, traffic loads on infrastructures such as bridges have become heavier and 

more frequent. It is expected that this tendency will continue. Also, our knowledge of the 

structural behaviour has increased and led to an awareness that some existing structures are 

overloaded. Impact loads due to accidents can damage bridges leading to a deficiency in 

structural capacity that may not be able to carry the existing service load. Moreover, 

 

Material 

Tensile  

Strength 

(MPa) 

Tensile  

Modulus 

(GPa) 

Density 

(kg/m3) 

Ultimate 

 strain 

(%) 

Polyester 20-100 2.1-4.1 1000-1450 1-6.5 

Epoxy 55-130 2.5-4.1 1100-1300 1.5-9 

Fibre 

Fibre Composite 

Resin 

Strain 
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sometimes, mistakes or construction errors may result in an inadequate load carrying capacity 

in the structure. For example in the USA, approximately 30% of the bridges (600,000 bridges) 

are deficient in load carrying capacity and require strengthening (Xanthakos, 1996; Mallet, 

1994; and Norris et al., 1997).  The reasons for structural deficiency are graphically illustrated 

as shown in Figure 2.4.  

 

 
Figure 2.4: Necessity of concrete structure strengthening 

 

To overcome these deficiencies in the structural performance, and to maintain these 

infrastructures under service, structural upgrading is needed. Using FRP materials to 

strengthen RC structures is one of the methods used lately, and it can be applied as externally 

bonded or near surface mounted with non-prestressed or prestressed FRP reinforcement. 

North American guidelines and codes are available and address the design and specifications 

for using FRP to strengthen RC structures (ACI committee 440R, 1996; CSA S-806, 2002; CSA 

S6, 2006; 2002; ISIS, 2001). 
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2.3 Strengthening of RC Beams with Non-prestressed FRP Reinforcement 

Strengthening of RC beams has been intensively investigated during the last two decades 

using FRP materials with their various forms (sheet/strip/rod). They have been either 

externally bonded or embedded near the surface of a beam. Most of the researchers 

investigating the strengthening of RC structures have rehabilitated concrete members using 

non-prestressed FRP strips/laminates. Summary of most test results found in the literature 

using FRP material (externally/near surface bonded) for strengthening RC beams is presented 

in the following sub-sections. 

 

2.3.1 Externally Bonded FRP (EB FRP) 

The use of FRP for strengthening RC structures has been studied by numerous researchers 

since 1970 (ISIS, 2001).  Saadatmanesh and Ehsani (1989) studied the effect of using different 

areas of glass FRP (GFRP) on flexural strengthening. The test results showed that flexural 

strength increased with increasing area of the GFRP sheets. McKenna (1993) investigated the 

use of CFRP and GFRP to strengthen reinforced concrete beams under monotonic loading. 

All beams were monotonically loaded. Their test results showed that a significant increase in 

the flexural capacity of the strengthened RC beams was observed.  

 

Triantafillou and Pleveris (1992) performed an analytical study to predict modes of failure of 

RC beams strengthened with FRP sheets under static loads. The results of their model were 

later supported by testing a series of RC beams. They found that de-bonding of FRP limited 

the number of FRP layers that could be used.  
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Hutchinson and Rahimi (1993) tested thirty 2.1 m long RC beams under monotonic loading to 

investigate the changes in flexural behaviour when the beams were strengthened with GFRP 

and CFRP sheets. Various variables were studied including FRP type and thickness. Their 

experimental results showed that using either GFRP or CFRP remarkably increased the 

flexural capacity of their RC beams.    

 

Spadea et al. (2001) investigated the strength and ductility of RC beams repaired with bonded 

CFRP laminates. Various CFRP layouts were studied including an external bonded CFRP 

plate, with external anchorages and with modified external anchorages (bonding CFRP plates 

on the CFRP U-wrap on the side of the beam). It was found that bonding an external CFRP 

plate to strengthen the RC beams increased the flexural strength but at the expense of 

ductility (reduction in ductility). They also concluded that the ductility were consistent, close, 

and similar for a range of RC beams strengthened with EB CFRP plate with and without 

external anchorages.  

 

Brena et al. (2003) studied the increase in the flexural capacity of RC beams strengthened 

with CFRP composites. Four different layouts were investigated: bonded CFRP laminates on 

the soffit of the beams with and without CFRP U-wraps and CFRP composites bonded on 

each side of the beams within the tension zone with and without CFRP U-wraps. All the 

strengthened beams exhibited a stiffer behaviour than their companion control beams. They 

also showed a higher ultimate load compared to the control beams. Providing CFRP U-wrap 

was able to delay or prevent the de-bonding of the flexural CFRP composite sheet.  
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Alagusundaramoorthy et al. (2003) studied the flexural behaviour of RC beams strengthened 

with CFRP sheets or fabric with and without anchorages. Two types of CFRP materials 

(pultruded / fabric) were investigated. Two amounts (106.4 mm2 and 487.6 mm2) of pultruded 

CFRP area were considered. It was reported that the increase was 49% and 40% for 

strengthened beams with CFRP sheet and fabric respectively. A 58% increase was achieved 

when anchorages were used. 

 

2.3.2 Near Surface Mounted FRP (NSM FRP) 

Using FRP as a near surface mounted technique was studied by De Lorenzis et al. (2000). Both 

shear and flexural strengthening were investigated. Their test results showed that for 

flexurally strengthened RC beams, an increase of 44% of the ultimate strength was achieved 

compared to the capacity of the control beam.  

 

Hassan and Rizkalla (2002, 2003) investigated the feasibility of using different strengthening 

systems as well as different types of FRP for flexural strengthening of large scale prestressed 

concrete beams. The test results showed that the use of NSM FRP was feasible and cost 

effective for strengthening concrete bridge members.  

 

Yost et al. (2004) studied the structural performance of retrofitted concrete flexural members 

using a near surface mounted CFRP method. They reported an increase of 30% and 78% in 

the yield load and ultimate strength compared to the values for the control beam, 

respectively. They also found that the bond strengths between the CFRP reinforcement, the 
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epoxy and the adjacent concrete were adequate to develop the full tensile capacity of the 

CFRP reinforcement.    

 

El-Hacha et al. (2004) investigated the feasibility of using near surface mounted CFRP 

strengthening on RC beams. They reported that a full composite action between the NSM 

strips and the concrete was achieved. An increase in the flexural capacity of the strengthened 

RC beams was observed.   

 

El-Hacha and Rizkalla (2004) also conducted a study on the flexural strengthening of RC 

beams using NSM FRP technique. Various variables were examined: number of the FRP 

rod/strip, form of FRP: strip/rod and type of FRP: glass and carbon. They found in their study 

that using NSM reinforcement for flexural strengthening with CFRP strip had a higher load 

carrying capacity than those of the CFRP rod for the same axial stiffness. Such result was 

explained as a possibility of an early de-bonding that occurred between the CFRP rod and 

epoxy interface.   

 

Barros and Fortes (2005) and Barros et al. (2006) investigated the effectiveness of CFRP 

laminates as a NSM for structural strengthening. They examined different variables which are 

number of CFRP laminate, different steel reinforcement ratios, and different depths of the 

cross-section. It was found that an increase of 91% as an average was obtained. It is also 

reported that a high deformability of the strengthened RC beams was assured and an increase 

in the rigidity of the beam of 28% corresponding to the serviceability limit state analysis.  
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Jung et al. (2006) performed an experimental investigation on the flexural behaviour of RC 

beams strengthened with NSM CFRP reinforcement. Two amounts of CFRP strip were 

examined, namely 21mm2 and 35mm2. They reported that the NSM strengthened specimens 

utilized the CFRP reinforcement more efficiently than those of externally bonded 

strengthened beams.   

 

An analytical evaluation of RC beams strengthened with NSM strips was presented by Kang 

et al. (2006). The study focused on the relation between the ultimate strength and the depth 

of the NSM groove size and the spacing between the CFRP strips. They concluded that the 

minimum spacing between the NSM groove (for multiple number of CFRP strips) and from 

the edge of the beam should exceed 40 mm to ensure that each CFRP strips behaved 

independently.  

 

Aidoo et al. (2006) conducted a full-scale experimental investigation on repairing of RC 

interstate bridge using CFRP materials. Three types of strengthening methods were 

investigated: externally bonded, NSM, and powder actuated fasteners. All methods showed an 

increase in the load-carrying capacity of the girders. They reported that in particular, the 

externally bonded and NSM CFRP methods behaved better than the powder actuated fastener 

method, although the NSM showed a significantly higher ductility and was explained to be 

due to the better bond chrematistics. 
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2.4 Strengthening of RC Beams with Prestressed FRP Reinforcement 

Prestressing of the strengthening FRP materials has many advantages. It provides a better 

utilization of the FRP reinforcement, reduces the stress in the internal steel reinforcement, 

and increases the yield load of a beam. It also decreases the crack width size and the mean 

crack spacing resulting in more durable structures. Several studies have shown an increase in 

the yield load of 50% compared to un-strengthened beams and up to 25% compared to beams 

strengthened with non-prestressed strengthening materials (Wight, 1998; Nordin et al., 2001). 

 

Figure 2.5 shows behaviour typical of RC beams strengthened with non-prestressed and 

prestressed strengthening CFRP rods (Nordin et al., 2001). As shown, the cracking loads of 

the control and non-prestressed strengthened beams are at almost the same load level, which 

for prestressed strengthened beams, there is a noticeable increase in the cracking load level 

compared to the other two beams (Region A). The yield load for the non-prestressed 

strengthened beam has a higher level of load than that of the control beam. When the 

strengthening materials are prestressed, the enhancement in the yield load is almost double 

the enhancement obtained by non-prestressed CFRP rods (Region B). 
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Figure 2.5: RC beams strengthened with FRP Reinforcement: a) control, b) strengthened with 

non-prestressed FRP, c) strengthened with prestressed FRP (Nordin et al., 2001) 

 

2.4.1 Externally Bonded Prestressed FRP (EB FRP) Reinforcement 

Strengthening of RC structures with prestressed FRP materials under monotonic loading has 

been investigated by number of researchers. Usually, three modes of failure are expected in 

RC beams strengthened with externally prestressed bonded FRP materials: a crushing of the 

concrete, a rupture of the FRP, or de-bonding of FRP resulting in a sudden drop in the load 

that constitutes a brittle failure regardless if the tension steel reinforcement has yielded or not 

(Meier and Kaiser, 1991; Meier et al., 1992; Gorden and Hollaway, 1998). 

 

Triantafillou and Deskovic (1991) reported an analysis of the problem of providing the 

maximum achievable prestress level without experiencing a de-bonding failure in the end 

zone. They found that a higher prestress level can be achieved by increasing the length of 

bond. It was also concluded that for prestressed FRP strengthened RC beams, an additional 
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mechanical anchor at the ends would increase the potential of using prestressing technique 

for externally bonded FRP materials.  

 

Later, Triantafillou et al. (1992) verified their analytical model by performing an experimental 

test. A reasonable agreement was achieved between their model and the obtained 

experimental results. It was also found that excellent flexural behaviour was obtained in terms 

of strength, stiffness, and ductility.  

 

A similar study was conducted by Quantrill and Hollaway (1998). Two different span lengths 

(1.0 m and 2.3 m) of RC beams were studied with two levels of prestressed CFRP plate 

(ranging from 17.5% - 41.7% of the CFRP plate tensile strength). The losses after prestressing 

were monitored and the lengths over which the force was transferred to the CFRP plate were 

found to be 150mm and 200mm for 1.0 m and 2.3 m span beams, respectively. Prestressing the 

plate before bonding it to the beam increased the flexural stiffness, the cracking, the yield and 

the ultimate loads. The results also showed that a beam strengthened with prestressed CFRP 

plate exhibited a similar or slightly increased level of ductility compared to non-prestressed 

strengthened beams. This conclusion might be dependant on the type of failure.  

 

Wight et al. (2001) studied the flexural strengthening of RC beams using prestressed sheets 

mechanically anchored at the ends. A prestressing level of 200MPa in the CFRP sheet was 

examined. They reported that prestressing of CFRP sheets to strengthen RC structures was an 

effective and practical method. It was also concluded that prestressed CFRP sheets could 
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remarkably improve the serviceability of reinforced concrete structures. For a further 

research, it was recommended that a higher prestressing level needs to be investigated.  

 

Huang et al. (2005) performed a study to evaluate the effectiveness of using GFRP sheet (non-

prestressed and prestressed) to strengthen two types of RC beams: tee and inverted tee 

section. Based on their test results, it was concluded that using GFRP sheet for strengthening 

RC beams increased the flexural performance. An outstanding enhancement in the flexural 

behaviour was obtained for beams strengthened with prestressed GFRP sheet in terms of the 

ultimate strength and deflection. 

 

2.4.2 Near Surface Mounted FRP (NSM FRP) 

The use of prestressed NSM FRP to strengthen RC beams under static loadings was examined 

by Nordin and Täljsten (2006). Fifteen full-scale RC beams (4000mm×200mm×300mm) were 

tested. Different bonded lengths and two type of CFRP (a medium modulus of elasticity: 

160GPa and a high modulus of elasticity: 250GPa) were investigated. Figure 2.6 shows their 

test results in terms of the load versus mid-span deflection. It was found that using prestressed 

quadratic CFRP rods increased the cracking, yield and ultimate loads of the strengthened 

beams with respect to the reference beam. Based on their monotonic test results, they 

concluded that the fatigue life of RC beams strengthened with prestressed NSM CFRP 

material might be improved (no fatigue experimental tests were conducted). Also, they 

concluded that, the combination of a higher cracking load and smaller crack widths would 

enhance the durability of the structure.  Furthermore, the force transfer between the 
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structure and CFRP rod worked well in the laboratory conditions without a need for a 

mechanical anchor device. The losses in strain (stress) ranged from 2.8 -14.5% at the centre 

and 35.3-100% at the ends.  

According to the author’s knowledge, this is the only study that was carried out to assess and 

evaluate the strengthening of RC beams using prestressed FRP materials as NSM technique.  

 

 

 

Figure 2.6: Load-deflection of test results, non-prestressed and prestressed beams, (Nordin 

and Taljsten, 2006) 

 

2.5 Fatigue 

It has been recognized for years that a metal when subjected to a repeated load (repeated 

stresses) will fail at a stress much lower than that required to cause rupture by a single 

application of the load.  This fatigue failure occurs by a sudden rupture of a metal that in most 

cases occurs without warning.  Fatigue failure is often accompanied by a fracture surface that 

shows two kinds of surface: one smooth and the other rough as shown in Figure 2.7. The 

smooth surface is caused by rubbing of the crack faces during crack propagation, while the 
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rough surface is produced during a ductile failure when the cross section of the member is no 

longer able to carry the applied load.   The progress of the fracture is sometimes indicated by a 

series of rings also called beach marks that progress inward from the point of fatigue crack 

initiation. 

 

Figure 2.7: Fatigue failure in a reinforcing steel bar (Badawi and Soudki, 2006) 

 

Fig 2.8 shows a stress versus time plot for a fatigue test together with definitions of some of 

the terms used in the analysis of the fatigue data. The terms defined are stress ratio, 

alternating, maximum, minimum, and mean stress. Results of fatigue tests are often plotted as 

a S-N curve. The S-N curve plots stress versus number of cycles to failure on logarithmic 

scales as shown in Figure 2.9. The value at which the curve becomes horizontal is taken to be 

the endurance limit (the maximum stress, which can be applied over an infinite number of 

cycles without a fatigue failure occurrence) for ferrous alloys. The endurance limits for steels 

are typically in the range of 35% to 60% of the tensile strength.   

 

Rough surface 

Smooth surface 
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Figure 2.8: Fatigue terms used in the analysis 

 

 

Figure 2.9: S-N curve for ferrous alloys 

 

2.5.1 Steel 

The fatigue strength of reinforcing steel is affected by a combination of geometry and bar size. 

The deformations on the reinforcing bars that provide the bond between the reinforcing steel 

and concrete act as stress raisers with a stress concentration factor (Kt), which is the ratio of 
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the maximum stress to the average stress, and is greater than one. The value of the stress 

concentration depends on the geometry of the structure at the lugs: the more abrupt the 

transition in cross section at the lugs, the higher the local stress, and the higher the value of 

the (Kt). For instance, for ribs those have a smaller angle with respect to the axis of the 

reinforcing bar, they have a higher fatigue life for a given nominal stress. The increase in the 

local stress causes a reduction in the fatigue strength of the structure (Bannantine et al., 1990).  

Typical values of the stress concentration factor for reinforcing bar fall between 1.5 and 2.0 

based on the recommendation given by the American Concrete Institute (ACI committee 215, 

1996). 

 

The fatigue life of a reinforcing bar is also affected by the size of the reinforcing steel 

diameter. A larger bar diameter is associated with a lower fatigue life. This phenomenon is 

partly due to a higher probability of having larger flaws in the larger diameter bars than those 

of the smaller ones because of their greater volume and partly because the lug geometries used 

in the bar changes with size and produces increased stress concentrations (Bannantine et al., 

1990). 

 

There is an effect of mean stress, the average of the maximum and minimum stress of the 

repeated load, on fatigue strength. Figure 2.10 gives an example of the effect of mean stress on 

the fatigue life of steel. As the mean stress increases, the fatigue life of steel decreases (Tilly 

and Tan, 1979). 
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Figure 2.10: Effect of mean stress on the fatigue life of the steel (Tilly and Tan, 1979) 

 

The increase in fatigue damage with stress cycling in a metal is sometimes divided into three 

stages. The first stage termed “initiation” consists of the formation and growth of a small 

fatigue crack to some chosen size. Often, this size is taken to be the crack size of which 

fatigue test coupons fail. The second stage consists of the subsequent propagation of the crack 

to the size at which failure occurs. The last stage is complete rupture of a component. Each of 

these stages is illustrated on a stress amplitude versus cycles graph in Figure 2.11. Fatigue 

cracks in smooth samples usually starts at a small discontinuity such as a grain boundary 

inclusion, an impurity, or a slip band notch. The crack then continuously extends with cycles 

of the repeated load. Initial crack growth in uni-axial fatigue is usually on the plane of 

maximum shear stress range followed by a change to the plane of maximum tensile stress 

range. The crack grows until the cross section of the steel component becomes too small to 

carry the applied load and fast fracture takes place. 
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Figure 2.11: Fatigue damage stages of steel (Bannantine et al., 1990) 

 

2.5.2 Concrete 

Plain concrete can fail at stress levels less than its static ultimate strength when subjected to 

repeated loading. The normalized fatigue strength of a specimen for a given number of cycles 

is defined as the fraction of the static strength that can be supported repeatedly for that 

number of cycles (ACI committee 215, 1996). A number of factors affect the fatigue life of 

concrete including the range of stress, the rate of loading, the stress gradient, and the load 

history. Concrete usually shows a softening in its stress-strain behaviour under repeated 

loading as it is shown in Figure 2.12.  

 

In concrete, a modified Goodman chart, which relates the stress range and mean stress applied 

to concrete for various values of fatigue life as shown in Figure 2.13 is used to predict the 

fatigue life. The maximum stress corresponding to a given fatigue life and minimum stress is 

given. In concrete, the fatigue damage may be divided into three phases in terms of increasing 

maximum strain. In the first stage, which is called the initiation phase, the strain increases 

rapidly, but at a progressively decreasing rate, with increasing number of cycles. The second 
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phase is defined as the stability state phase. The strain increases linearly with increasing 

number of cycles. The last phase represents instability; strain increases at a progressively 

increasing rate until failure occurs. Figure 2.14 shows an example of a plot of the relationship 

between the maximum strain versus the relative number of cycles representing the three 

stages of the fatigue damage in concrete (Neville, 1996). 

 

 

Figure 2.12: Stress-strain curves for concrete under repeated compressive load (Neville, 1996) 

 

 
Figure 2.13: Modified Goodman Chart for fatigue life of concrete (Neville, 1996) 
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Figure 2.14: Relationship between the maximum strain and relative number of cycles of 

concrete under compressive cyclic loading (Neville, 1996) 

 

2.5.3 Fibre Reinforced Polymer (FRP) 

FRP materials generally exhibit a good fatigue resistance, in particular for high modulus fibres 

such as aramid and carbon (ACI committee 440R, 1996). The high modulus FRP materials 

have a better fatigue resistance than reinforcing steel for a repeated load of 10 millions cycles 

(Schwarz, 1992). A study conducted by Gorty (1994) showed that CFRP rods exhibited a 

better fatigue resistance than that of the steel. It was also found that the modulus of elasticity 

of the CFRP rod did not change when the material was subjected to cyclic loading. The 

fatigue failure mechanism in FRP materials is different from that of steel or concrete. Usually, 

four phases occur before FRP fails in fatigue. The first phase is cracking of the matrix 

followed by interfacial de-bonding. Then, a delamination between the fibres and matrix 

occurs. Finally, a FRP composite fails after sufficient fibres breaking causing the remaining 

fibres to fail in tension. The fatigue damage phases of the composite materials are illustrated 

in Figure 2.15. 
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Figure 2.15: Fatigue damage phases in composite materials 

 

2.5.4 Fatigue Behaviour of RC Beams 

Normally, reinforced concrete beams are designed to be under-reinforced in flexure resulting 

in yielding of the reinforcing steel followed by a compressive crushing of the concrete. The 

fatigue life of these beams is usually controlled by the fatigue life of the reinforcing steel as 

reported by ACI Committee 215 (1996). Therefore, the failure mode of an under-reinforced 

concrete beam subjected to cyclic load is by fracture of the tension reinforcement.  

 

Tilly and Tan (1979) conducted a study to investigate the fatigue performance of a reinforcing 

bar under two environmental conditions, uni-axially loaded in air and loaded in flexure 
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where the bar was embedded in concrete. It was found that the difference in the fatigue life at 

a given stress between the two types of tests was small.  

 

Bishara (1982) studied the behaviour of reinforced concrete beams under fatigue loads. He 

found that cyclic loading caused an increase in the measured steel strain at the locations of the 

flexural cracks of 7%. He also noted that the flexural rigidity of the beams was slightly 

reduced as a result of an observable increase in the deflection that accompanied concrete 

softening.    

 

The fatigue behaviour of RC beams was also studied by Heffernan (1997) and Heffernan and 

Erki (2004). They found that an increase of 2% to 6% in the tensile stress of the reinforcing 

bars that was attributed to softening of concrete, which occurred in beams subjected to cyclic 

load. 

 

2.5.5 Fatigue Behaviour of RC Beams Strengthened with FRP Reinforcement 

There has been a considerable amount of research on the flexural fatigue behaviour of RC 

beams strengthened with non-prestressed FRP reinforcement (Barnes and Mays, 1999; 

Rosenboom et al., 2004; Gheroghiu et al., 2006)  

 

 Shahawy and Beitelman (1999) studied the effect of using different numbers of CFRP 

laminate layers on the fatigue behaviour of strengthened RC beams.  It was found that using 

three layers of CFRP laminates resulted in a greater flexural rigidity of the strengthened 
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beams compared to that of the beams strengthened with only two layers of CFRP laminate 

(Figure 2.16). 

 

Christos et al. (2001) performed a study to examine the effects on the fatigue performance of 

reinforced concrete beams of adding GFRP composite reinforcement. Seventeen RC beams 

were tested; nine of them were strengthened with GFRP materials. Their fatigue test results 

are shown in Figure 2.17. 

 

In all the fatigue specimens, a failure was initiated by a failure in fatigue of the reinforcing 

steel. De-bonding of the GFRP gave rise to a secondary failure mechanism. As shown in 

Figure 2.17, the fatigue strength of the strengthened RC beams was greater than that of the 

non-strengthened beams at all fatigue lives. The authors stated that for a given applied stress 

range in the reinforcing steel; the fatigue life for strengthened and non-strengthened beams 

was the same.  
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Figure 2.16: Effect of layers on the flexural fatigue behaviour of strengthened RC beams, left: 

two layers, right: three layers (Shahawy and Beitelman,1999) 

 

 

Figure 2.17: Fatigue life of the non-strengthened and strengthened beams with GFRP 

(Christos et al., 2001) 
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Aidoo et al. (2004) studied the fatigue behaviour of a large-scale reinforced concrete bridge 

girder strengthened with two CFRP composite materials. The two types of CFRP materials 

were CFRP plate applied to the beam using an epoxy based adhesive and CFRP fabric applied 

using an epoxy-based adhesive by a hand lay-up procedure. It was found that the fatigue 

behaviour of the strengthened beams was controlled by the reinforcing steel. It was also 

concluded that the fatigue life of the RC beams was increased by the application of FRP 

strengthening (Figure 2.18) due to a reduction in the tensile stress carried by the steel. They 

also stated that the observed increase in the fatigue life was dependant on the quality of the 

bond between the concrete and the composite materials. The CFRP plate retrofit showed a 

better response under fatigue conditions than did the fabric retrofit.  

 

 

Figure 2.18: The S-N curve (Aidoo et al., 2004) 

 

In another study, Aidoo et al. (2004) carried out a study to investigate the behaviour of RC 

bridge girders retrofit with CFRP materials under cyclic loading. Three different methods of 
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strengthening were studied: a conventional adhesive applied CFRP, NSN CFRP and a 

proprietary CFRP retrofit using powder actuated fasteners. They concluded in their study that 

in the first type of strengthening methods, the bond strength was maintained under fatigue 

loading.  

  

A similar study was conducted by Quattlebaum et al. (2004) using the same methods of CFRP 

strengthening. Based on their test results, it was found that all the strengthening methods 

increased the strength over that of the control beam. It was also observed that the NSM 

method of strengthening showed a moderately ductile behaviour (ductility index of 1.9). All 

the strengthened beams experienced degradation in the bond under cyclic loading. 

  

Brena et al. (2005) preformed a study on the fatigue behaviour of RC beams strengthened 

with CFRP sheets. Two types of strengthening configurations were investigated in their 

study. One group of specimens was strengthened with unidirectional carbon fibre sheets 

bonded onto the tension face of the beam with epoxy resin on-site and a second group was 

strengthened with pultruded CFRP plate bonded onto the sides of the beam near the tension 

face. Some of the beams were subjected to overloading before strengthening. They found that 

the overloaded beams strengthened with pultruded plates failed by fatigue de-bonding along 

the interface between the concrete and plate. It was also found that the maximum stress in 

the CFRP plate ranged from 5~15% of the plate’s ultimate stress. It is worth noting that these 

values are considerably lower than the limit provided by the ACI 440 design guide (ACI 

Committee 440R, 1996).  
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Another study was conducted by Ekenel et al. (2006) to assess the effect of fatigue loading on 

the flexural performance of RC beams strengthened with FRP fabric. Various FRP products 

and anchorages were investigated, namely CFRP fabric bonded by epoxy with and without 

anchor spikes, and CFRP pre-cured laminates bonded with epoxy that had a wedge anchor. 

They found that FRP strengthening increased the fatigue life of the beams by decreasing the 

stress in the reinforcing steel and reducing the crack propagation rate. The change in the 

flexural stiffness at 2 million cycles was almost the same for all the beams - a reduction of 

about 15% compared to the stiffness during the initial cycle.  

 

Carolin et al. (2005) carried out a study to investigate the effect of strengthening RC beams 

with CFRP plate and NSM during static and cyclic loading. Their test results showed that the 

cyclic load did not significantly affect the strengthening. They also concluded that using a 

cementatious bonding agent together with NSM performed well when it cured under static 

conditions.  

 

A study on the fatigue behaviour of RC beams strengthened with GFRP’s was conducted by 

Catalin (2006). Two levels of cyclic loading was investigated namely, low (15%-35% of the 

yield load) and high level (35%-75% of the yield load) of cyclic loading. They concluded that 

the stiffness of the beams deteriorated rapidly in the case of high level cycling. It was also 

reported that the CFRP-concrete interface degraded more for the high level than for the load 

level of cycled beams. 
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Toutanji et al. (2006) studied the cyclic behaviour of RC beams strengthened with CFRP 

sheets bonded by inorganic matrix. The beams were tested under different levels of fatigue 

loadings. They concluded that the fatigue failure occurred by steel breaking first and then 

followed by a rupture in the CFRP sheet. They also stated that by using CFRP sheets for 

strengthening, the fatigue live significantly increased by 55%.   

 

A recent study was carried out by Rosenboom and Rizkalla (2006) on the behaviour of 

prestressed concrete strengthened with various CFRP systems under fatigue loadings. Six 

strengthening systems were examined: 1 CFRP bar NSM, 2 CFRP strip NSM, 1 CFRP strip 

externally bonded, 3, 4, and 5 plies of externally bonded CFRP sheets. Based on their test 

results, it was concluded that strengthening using CFRP materials could reduce the stress ratio 

in the prestressing strands due to their effectiveness in controlling crack widths, and due to 

the enhancement of overall stiffness. They also stated in their conclusion that the 

deterioration of the bond between the CFRP pre-cured laminates and concrete during fatigue 

loading was a concern, and it needed further research.   

 

The summary of most studies conducted on using CFRP reinforcement for strengthening of 

RC beams under monotonic and fatigue loadings is given in Table 2.3 and 2.4. These tables 

show the significance of the current research to investigate the monotonic and fatigue 

behaviour of both non-prestressed and prestressed strengthened beams. 
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Table 2-3: A summary of researches conducted on strengthening RC beams under monotonic 

loading 

Researchers Year Comment 

FRP 

Application 

(EB,NSM) 

Non-prestressed 

Prestressed 

Saadamanesh and Ehasani 1990 Different amount of GFRP EB Non-prestressed 

Triantafillou and Plevris 1992 Prediction of modes of failure EB Non-prestressed 

Hutchinson and Rahimi 1993 Different types of FRP EB Non-prestressed 

Spadea et al. 2001 
Different CFRP layouts in terms of external CFRP 

anchorages 
EB Non-prestressed 

Bener et al. 2003 
Different CFRP layouts  

(on the soffit and on the side of the RC beams) 
EB Non-prestressed 

Alagusundaramoorthy et al. 2003 
two types of CFRP (pultruded/sheet), two amounts of 

CFRP with and without anchorages 
EB Non-prestressed 

Triantafillou and Deskovic 1991 
Study the maximum prestressing level before de-

bonding failure 
EB Prestressed 

Triantafillou et al. 1992 Effect of strengthening EB Prestressed 

Jerrett et al. 1996 Different amount of prestressed CFRP EB Prestressed 

Quontrillou and Hollaway 1998 
Different span lengths, two levels of prestressing 

(17.5%-41.7%) 
EB Prestressed 

Wight et al. 2001 
Multiple layers of prestressed CFRP sheets 

(200MPa prestressed level) 
EB Prestressed 

Hung et al. 2005 
Two types of RC beams 

(T and inverted T section) 
EB Prestressed 

De Lorenis et al. 2000 Effect of strengthening NSM Non-prestressed 

Hassan and Rizkalla 2002 
Different strengthening methods, different types of 

FRP 
NSM Non-prestressed 

Yost et al. 2004 Effect of strengthening NSM Non-prestressed 

El-Hacha et al. 2004 Feasibility of using NSM strengthening NSM Non-prestressed 

El-Hacha and Rizkalla 2004 No. of FRP, type of FRP, form of FRP NSM Non-prestressed 

Barros and Fortes 2004 
No of FRP, steel reinforcement ratio, depth of the 

beam 
NSM Non-prestressed 

Jung et al. 2005 Area of FRP NSM Non-prestressed 

Aidoo et al. 2006 Effect of strengthening NSM Non-prestressed 

Nordin et al. 2005 Different prestressing levels (Max of 27%) NSM Prestressed 

Badawi and Soudki 2006 Two levels of prestressing (40% and 50%) NSM Prestressed 
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Table 2-4: A summary of researches conducted on strengthening RC beams under fatigue 

loadings 

Researchers Year Comment 

FRP 

Application 

(EB,NSM) 

Non-prestressed 

Prestressed 

Heffernan  1997 
Different No. of FRP laminate layers, different 

fatigue loadings 
EB Non-prestressed 

Shahawy and 
Beitelman 

1999 Different No. of FRP laminate layers EB Non-prestressed 

Christos et al.  2001 Study the fatigue life EB Non-prestressed 

Aidoo et al.  2004 
Two strengthening systems  

(CFRP plate and CFRP sheet) 
EB Non-prestressed 

Quattlebaum et al.  2004 Different strengthening systems EB Non-prestressed 

Carolin et al.  2005 Effect of cyclic loading on the CFRP strengthening  EB Non-prestressed 

Brena et al.  2005 
Two strengthening systems  

(CFRP plate and CFRP sheet) 
EB Non-prestressed 

Ekenel et al. 2006 Different FRP products , different types of anchorage EB Non-prestressed 

Catalin  2006 Two different levels of cyclic loading EB Non-prestressed 

Toutanji et al.  2006 Different levels of fatigue loading EB Non-prestressed 

Rosenboom and 

Rizkalla  
2006 Different strengthening systems EB Non-prestressed 

Aidoo et al.  2004 Different strengthening systems NSM Non-prestressed 

Quattlebaum et al.  2004 Different strengthening systems NSM Non-prestressed 

Rosenboom and 

Rizkalla  
2006 Different strengthening systems NSM Non-prestressed 

Badawi and Soudki  2006 Analytical prediction of fatigue life NSM Prestressed 
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Chapter 3 
Experimental Program 

 

The experimental program consisted of twenty-two RC beams. The RC beams were divided 

into four groups, a control group, a non-prestressed strengthened group, and two groups 

strengthened by CFRP rods to 40%, and 60% of their ultimate static strength. In this chapter, 

a description of the test specimen and its different fabrication stages, the procedure used to 

strengthen the RC beams (non-prestressed and prestressed CFRP rod); the instrumentations 

and the test-up are provided.   

 

3.1 Test Matrix 

Twenty-two RC beams were fabricated and tested based on the test matrix given in Table 3.1. 

The beams were divided into four groups: control beams, non-prestressed strengthened 

beams, 40% prestressed strengthened beams, 60% prestressed strengthened beams (the 

percentage of prestressing represents the percentage of the ultimate static capacity of the 

CFRP rod). Each group had a specimen that was monotonically loaded to failure, while the 

other four beams from each group were subjected to repeated fatigue loads. Group D included 

6 beams tested under fatigue loads in addition to the monotonic beam. To study the effect of 

the prestressing level, two additional beams were tested at 30% and 50% prestress level, and 

their results are provided in Appendix A. 
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For the fatigue specimens, the minimum loads given in Table 3.1 are equal to 10% of the 

ultimate strength of the control beams. This minimum level of loading was kept constant for 

all beams. The main purpose of maintaining the same minimum level of loading is to 

represent the dead load on the structure, which would usually be the same for both the 

control and strengthened beams (no dead load would be added to the structure due to the 

CFRP rods used in the strengthening of the RC beams). The maximum loads were chosen to 

achieve fatigue lives ranging between 30,000 and 1,000,000 cycles (taken as a run-out limit). 

 

Table 3-1: Test matrix of the experimental program 

GROUP DESCRIPTION LOADING 
MIN LOAD* 

(%) 

MAX LOAD 

(%) 

Monotonic - - 
Fatigue 10 55 
Fatigue 10 65 
Fatigue 10 75 

A 
Control 

Beams 

Fatigue 10 80 
Monotonic - - 

Fatigue 6.7 45 
Fatigue 6.7 50 
Fatigue 6.7 60 

B 
Non-Prestressed 

Beams 

Fatigue 6.7 65 
Monotonic - - 

Fatigue 5.7 50 
Fatigue 5.7 60 
Fatigue 5.7 65 

C 
40% Prestressed 

Beams 

Fatigue 5.7 75 
Monotonic - - 

Fatigue 5.8 50 
Fatigue 5.8 55 
Fatigue 5.8 65 
Fatigue 5.8 68.8 
Fatigue 5.8 72.5 

 

D 

 

60% Prestressed 

Beams 

Fatigue 5.8 77.5 
* A percentage of the ultimate static capacity of the beam that is equivalent to 6.5kN  
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3.2 Specimen Design Configurations 

The specimen dimensions are shown in Figure 3.1. It had a total length of 3500 mm with a 

clear span of 3300 mm. The dimensions of the cross section were 152 mm wide by 254 mm 

deep. They were reinforced with 2 No. 15M rebars as tension reinforcement and 2 No. 10M as 

compression reinforcement.  

 

3500
3300

8 mm Stirrups @ 75mm

 

Note: all dimensions in mm

25 9.5
15

152

254

30

 

Figure 3.1: Dimensions and steel reinforcement details of the RC beams 

 

A typical concrete cover of 30 mm was used. Enough shear reinforcement was provided in an 

amount calculated to ensure that the beams would fail in flexure, however as it will be seen, 

additional reinforcement had to be added later. Eight millimetres stirrups spaced at 75 mm 

centre to centre were used.  For the strengthened beams, a groove of 15×25 mm was cut into 

the bottom face of beams to allow the placement of the CFRP rod in the beams as near surface 
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mounted (NSM) reinforcement. The CFRP strengthening reinforcement was in all cases, one 

9.5 mm diameter CFRP rod placed at the centre of the NSM groove.       

 

3.3 Specimen Fabrications 

Twenty-two steel cages were assembled. To measure the strain in the tension and 

compression reinforcement during prestressing and loading, four strain gauges were mounted 

at the mid-span of the beam on each rebar (two on the tension rebars and two on the 

compression rebars). In order to place the strain gauges, the surface of the reinforcing bar was 

ground to remove the ribs and to flatten the surface, and was cleaned. After wiring the strain 

gauges, they were coated with wax to prevent and protect them from damage during the 

placement of the concrete. Then, the reinforcing steel cages were placed into wooden forms 

that had been previously prepared and lubricated with oil for easy stripping. A ready mix 

concrete was poured into the forms. During curing, the RC beams were covered with wetted 

burlap and plastic sheets for at least seven days. Figure 3.2 provides photographs of different 

stages of the RC beam fabrication.  
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     Strain gauges mounted on steel                        Steel cages inside the form 

  

Concrete placing process    Concrete curing 

Figure 3.2: Fabrication process of the RC beams 

 

3.4 Material Properties 

As previously stated, the materials used in the fabrication of the RC beams were concrete, 

reinforcing steel, and carbon fibre reinforced polymer rods. Their engineering properties are 

given in the following sections.   

 

3.4.1 Concrete 

Two batches of concrete were used in this study. For the first concrete batch, the 28-day 

specified strength based on standard (CSA A23.3-2004) compression test was found to be 

40MPa (an average value obtained by testing three cylindrical concrete specimens). The 28-

day compressive strength of the second concrete batch was 45MPa. Beams made from the first 



 

43 

batch of concrete were used for the control and non-prestressed strengthened beams. Beams 

made using the second batch of concrete were used to fabricate the prestressed strengthened 

beams. The tensile strengths of the 40MPa and 45MPa concrete were estimated using the 

equation provided in clause 8.6.4 of CSA A23.3-04 standard (2004). The calculated values 

were 3.8 and 4.1 MPa, respectively.   

 

3.4.2 Steel Reinforcement 

Three specimens were tested under monotonic loading to failure. The test results showed the 

average yield stress of the reinforcing steel to be 440MPa with a modulus of elasticity of 

190GPa. The ultimate strength was found to be 560MPa. The cyclic and fatigue properties of 

the reinforcing steel are given in Table 3.2 (Heffernan, 1997). 

 

Table 3-2: Fatigue properties of steel reinforcement (Heffernan, 1997) 

Fatigue property Value 
Cyclic strength coefficient (k') 990 

Cyclic strain hardening (n') 0.1276 
Fatigue strength coefficient (σ'f) 848 
Fatigue ductility coefficient (ε'f) 0.2393 
Fatigue strength exponent (b) -0.064 
Fatigue ductility exponent (c) -0.49 

 

 

3.4.3 Carbon Fibre Reinforced Polymer (CFRP) Rod and Epoxy 

The mechanical properties of the carbon fibre polymer rods were provided by the 

manufacturer (Hughes Bros). Based on the data sheet provided, the average ultimate strain 

obtained by testing eight samples is given as 0.0145 (1.45%), and the modulus of elasticity is 
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given as 136 GPa. As discussed in chapter two, the CFRP exhibits a linear elastic behaviour up 

to failure. Therefore, the ultimate strength of the CFRP rod based on the failure strain would 

be about 1970MPa.  

 

Sikadur® 30 epoxy was used for bonding. This epoxy was chosen for its excellent engineering 

properties. It has a high strength and a high modulus. It also has a high creep resistance under 

long term loads (prestressing application). As provided by the manufacturer, its tensile 

strength at seven days is 24.8MPa; it has an elongation to failure of 1%, and a modulus of 

elasticity of 2.69GPa. The bond strength of Sikadur® 30 varies based on the curing conditions 

and the bonded materials. For hardened concrete to hardened concrete after a two-day moist 

cure, the bond strength is 18.6 MPa, while after a two day dry cure; it is 22 MPa according to 

ASTM C882.  

 

3.5 Strengthening Methods Using NSM Technique 

Near surface mounted (NSM) FRP is one of the recent strengthening methods used for the 

rehabilitation of reinforced concrete structures.  The structure is strengthened by bonding the 

FRP to the concrete in a slit (groove). In this study, two types of NSM CFRP strengthening 

techniques, specifically non-prestressed and prestressed are examined.   

 

3.5.1 Non-prestressed NSM CFRP Rod Strengthened RC Beams 

For non-prestressed strengthening, the unstressed CFRP rod was placed into a groove pre-cut 

into the concrete. The groove was made by making two parallel cuts as deep as the desired 
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depth of NSM groove with a diamond concrete saw. Afterwards, the concrete between the 

two cuts was broken out leaving a rough surface. Then after cleaning the groove, it was half 

filled with epoxy and the FRP rod was placed and pressed into the centre of the groove. Then, 

the remaining space in the groove was completely filled with epoxy. The epoxy was levelled 

with a spatula and cured for at least seven days before testing. Figure 3.3 shows photographs 

of NSM FRP application process. 

 

       

          Making cuts           Chopping concrete              NSM groove 

         

                   Placing CFRP rod            Pressing CFRP rod                Levelling epoxy 

Figure 3.3: NSM CFRP application process 

 

3.5.2 Prestressed NSM CFRP Rod Strengthened RC Beams 

A special prestressing set-up, shown in Figure 3.4, was used that facilitated a safe release of 

the prestressing force in the rods. A bolted anchor that was developed at the University of 

Waterloo (Al-Mayah, 2004) was used to prestress the CFRP rod. The procedure to embed the 
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reinforcing CFRP rod is similar to that used for the non-prestressed strengthened beams, 

except that the CFRP rod is prestressed to the desired force, before the epoxy is poured and 

cured. Again, a groove was made in the concrete. Then, the CFRP rod was stressed to the 

desired force (40% or 60% of its static tension capacity) by means of a hydraulic jack acting on 

the clamp anchor (1) as shown in Figures 3.4, 3.5, 3.6 and 3.7. Once the desired force was 

reached, the screw adjustor was tightened to lock the clamp anchor (2). Then, after the groove 

was completely filled with epoxy, the hydraulic jack was unloaded. At this point, the 

prestressing force acted against the clamp anchors (2) and (3). The epoxy was allowed to cure 

for at least six days before the prestressing force was released. Then, the clamp anchors were 

slowly loosened to give a slow transfer of the force to the beam by the adhesion of the epoxy 

between CFRP rod and epoxy interface. This technique of strengthening provides stresses on 

the beams that partially counteract to the stresses eventually obtained from the applied load 

during testing. 

 

Several strain gauges were mounted on the tension and compression reinforcement at the 

mid-span section and on the CFRP rod at several locations at the ends of the bonded length in 

the beam to measure the stress distribution along the CFRP rod. Their readings were used to 

estimate the prestressing force and the transfer length of the prestressed CFRP rod required to 

develop the full prestressing force in the CFRP rod. 

 

Linear variable differential transducers (LVDT’s) were used to measure the slip of the CFRP 

rod that occurred at the time of release of the prestressing force at each end of the beam. In 
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releasing the prestressing force, as mentioned earlier, a slow release of the force was obtained 

by gradually unscrewing the bolts of the clamp anchor. This procedure allows a stable 

equilibrium of shear stresses between the rod and the surrounding concrete to be reached 

without a rapid transfer at the free end. The test set-up is shown in Figure 3.8. 

 

 

 

 

Figure 3.4: A schematic drawing of the set-up of the prestressing system 
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Figure 3.5: Photos of the prestressing set-up system 
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Figure 3.6: Live end of the prestressing set-up 
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Figure 3.7: Dead end of the prestressing set-up 
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  Near End      Far End 

Figure 3.8: Photos of the ends of the prestressing set-up 

 

3.5.3 Shear Strengthening for the Prestressed Strengthened Beams 

Due to a premature failure in the bond between the CFRP rod and epoxy under cyclic loading 

that will be discussed in Chapter 6, an additional shear strengthening was used to ensure a 

fatigue failure in the tension reinforcement before a fatigue bond failure would occur. The 

strengthening method was achieved by the use of a CFRP U-wrap at each of the end zones of 

the beam. Two reasons for using this method of strengthening were: first, that the CFRP 

provide confinement to help prevent splitting of the concrete, and second to prevent shear 

cracks near the end of the bonded length of the prestressed CFRP rod so that the bond 

between the free end and the first shear crack would act as an anchorage for the prestressed 

CFRP rod. The CFRP U-wrap strengthening scheme used is show in Figure 3.9. A 300 mm 

wide CFRP sheet was bonded at 100 mm from the location of the support. 

 

 

 

 

LVDT 



 

52 

 

 

Figure 3.9: CFRP U-wrap strengthening for the prestressed strengthened beams 

 

3.6 Test Set-up and Instrumentation  

Linear variable differential transducers (LVDT’s) and strain gauges were used to measure 

beam deflection and strains (in steel, concrete, and CFRP), respectively. As mentioned 

previously in Section 3.5.2., four 5 mm strain gauges (120Ω, gauge factor: 2.11) were placed on 

the reinforcing steel (compression and tension) at the mid-span section to measure the 

maximum compressive and tensile steel strains. For non-prestressed strengthened beams, an 

additional strain gauge was mounted on the CFRP rod at the mid-span section. Another strain 

gauge was placed on the concrete to measure the compressive strain in the concrete on the 

top side of the beam. Figure 3.10 shows a schematic drawing of the strain gauge locations. As 

shown, on the steel and CFRP 5-mm strain gauges (120Ω, gauge factor: 2.11) were used and a 

70-mm gauge (120Ω, gauge factor: 2.11) was placed on the concrete. For prestressed 

strengthened beams, additional six strain gauges were placed on the CFRP rod at several 

locations within 500 mm from the end of the bonded length. 
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Figure 3.10: Strain gauge instrumentation of the RC beams 

 

Both the monotonically and cyclically loaded beams were tested to failure in a four point 

bending fixture using a Servo controlled hydraulic actuator of 222kN (50kips) capacity 

(Figure 3.11). The rate of loading was 1.5 mm/min (stroke-control) for the monotonic loading 

and a cyclic loading frequency of 1.5 Hz (load-control) was used for the fatigue loading. Three 

LVDTs were used to monitor the vertical deflections at the mid-span, under one of the 

loading points, and under the mid point of the shear-span section.  

 

The load, the strains, and the vertical displacement were recorded by a National Instrument 

data acquisition system. The test was stopped once the beam failed. Failure for the monotonic 

beams occurred by crushing of the concrete at the compression face of the beam after yielding 

of the tension reinforcement, rupture of the CFRP rod, or de-bonding of the CFRP rod.  For 

cyclically loaded beams, the beam was first loaded to the maximum load of the load range and 

then unloaded to the mean value of the load range. Then, cyclic loading about this mean load 

5 mm strain 

5 mm strain 
70 mm strain gauges 

Mid-Span Section 
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was applied. The mode of failure for the cyclic loaded beams was by a fatigue failure of one or 

both tension reinforcing bars. For all failures, a sudden drop in the load and a sudden large 

increase in the vertical deflection occurred.  

 

 

a) Schematic 

 

 
b) Photo 

 

Figure 3.11: Loading test set-up of the RC beams 
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Chapter 4 
Monitoring of Prestressing and Transfer Length 

 

In this chapter, monitoring of the CFRP rod prestressing and release for both 40% and 60% 

prestressed strengthened beams are presented. A discussion of the test results for each of the 

two prestressing levels is given, and a brief summary that combines the findings for both 

prestressing levels is provided. An empirical model to predict the transfer length based on 

experimental results is also proposed.  

     

Results for four typical RC beams strengthened to 40% and 60% of the ultimate strength of 

the prestressed CFRP rod are presented herein. In the prestressing application, the CFRP rod 

experiences two stages in terms of its prestressing profile which occur before and after the 

release of the gripping anchors. After prestressing the CFRP rod and filling the NSM grooves 

with epoxy (Sikadur 30), the beams were left for at least 6 days to allow for curing of the 

epoxy before releasing the force (un-tightening the clamp anchor). This defines the first stage. 

The second stage starts, when the clamp anchors holding the forces at each end of the beam 

were released, and the force in the CFRP rods was transferred to the RC beams by means of 

bond (adhesion). Thereafter, the beam was left for one day, which allowed most of the initial 

losses of the force in the prestressed CFRP rod to take place.  The test results obtained are 

given in terms of a strain in the CFRP rod versus time plot, a prestressing force in the rod at 

release versus slip in the CFRP rod plot, and a strain versus distance from the end of the 

bonded length of the rod plot.  
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4.1 Load versus Time Relationship 

A CFRP rod prestressed to 40% of its capacity was used in the 40% prestressed strengthened 

beam group. This is equivalent to an initial prestressing force of 55kN in terms of applied load 

on the CFRP rod. After achieving the desired load level, the clamp anchor was used to 

maintain the force for 6 days until the epoxy cured (there was an almost constant prestressing 

profile along the CFRP rod). Figure 4.1 shows the force readings of the two load cells (far and 

near end) used to measure the load in a typical 40% prestressed strengthened beam.  
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Figure 4.1: Load-time relationship before releasing the applied prestressing force in a typical 

40% prestressed strengthened beam 

 

There is a small difference between the forces recorded for the near and the far end, which is 

presumably due to friction between the rod and the epoxy.  All the other beams exhibited the 

same behaviour. Also, a similar behaviour was obtained for the 60% prestressed strengthened 

beams as shown in Figure 4.2 for a typical 60% prestressed strengthened beam.  
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Figure 4.2: Load-time relationship before releasing the applied prestressing force in a typical 

60% prestressed strengthened beam 

 

4.2 Strain in the CFRP Rod versus Time Relationship 

Seven 5-mm strain gauges (120Ω, gauge factor: 2.11) were mounted on each CFRP rod at 

various locations. As the region most affected by the release of the prestressing force is 

located near the end of the bonded length, strain gauges were placed close to the ends of the 

bonded lengths of the CFRP rods at distances ranging from 25 mm to 600 mm. To avoid 

destruction of the bond within these critical zones due to the installation of the strain gauges 

(strain gauges covered with wax for protection did not transfer bond force), the number of 

strain gauges was limited to three at each end.  An additional strain gauge was located at the 

mid-span of the bonded length to measure the strain in the CFRP rod (far from the stress 

concentrations due to anchor gripping and to bending due to misalignment of the CFRP rod). 

Figure 4.3 plots the strain in the CFRP rod versus time for four typical 40% prestressed 

strengthened beams. The strain readings did not show significant changes before the release 

of the anchors except that after the prestressing application, there was a small initial 
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reduction in the prestressing force (relaxation). As shown in Figure 4.3, after the clamp 

anchors at the ends of the beams were removed (after 6 days), reductions in the strain gauge 

readings occurred that increased with time and proximity of the strain gauge location to the 

end of the bonded length. The strain gauge that was located closest to the end of the beam (25 

mm from the end of the bonded length) showed the greatest reduction in strain, in all cases 

indicating that the largest slip occurred at the end of the bonded length. The mid-span strain 

gauge measured a maximum drop of 2% in the strain from the initial value. Therefore, before 

reaching the mid-span of the bonded length, a transfer of almost the entire prestressing load 

had taken place. The other strain gauges located between (25 mm and 500 mm) showed that 

the strain and the force in the prestressing rod decreased with distance from the end of the 

bonded length. The distance at which the full prestressing force is achieved within the CFRP 

rod defines the transfer length of the prestressing force. It will be discussed later in this 

chapter.  

 

The strain readings at three locations within the region of the end of the bonded length of the 

60% prestressed strengthened beams were also recorded. Again in Figure 4.4, the behaviour 

of the strain readings in the prestressed CFRP rod exhibits a pattern of reductions in strain 

with time and decrease from the bonded end similar to those of the 40% prestressed CFRP 

rod. The total loss of prestressing force decreased from 100% at the end of the bonded length 

(free of stress) to 2% at the mid-span section of the bonded length (maximum stress in the 

prestressed CFRP rod). The adhesion bond of the epoxy developed almost the full prestressing 

force in the rod over a relatively short length for both prestressing levels (40% and 60%). 
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Figure 4.3: Strain readings in the CFRP rod versus time after release (40% prestressed 

strengthened beams) 
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Figure 4.4: Strain readings in the CFRP rod versus time after release (60% prestressed 

strengthened beams) 



 

61 

4.3 Load versus Slip Relationship 

The end displacement (end slip) in the CFRP rod, when the clamp anchors were released, was 

measured using two linear variable differential transducers (LVDT’s), one located at each end 

of the beam (Chapter 3). Figure 4.5 gives plots at each end of the beams (far and near ends) of 

end slip versus prestressing force for beams strengthened with 40% prestressed CFRP rod.  

 

The final end slip in the CFRP rod, after removing the clamp anchors, had a minimum value 

of 0.76 mm and a maximum value of 1.15 mm. This variation in the end slip is attributed to 

changes in the rate of release of the prestressing force. When the release was rapid, a higher 

value of end slip was obtained than when the release was slower. Controlling the process of 

release was difficult, and thus considerable variations in the rate of release and the measured 

slip of the CFRP rod were observed. 
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Figure 4.5: Load-slip of the CFRP rod for 40% prestressed strengthened beams 

 

As in the 40% prestressed strengthened beams, the slip between the CFRP and the beam in 

the 60% prestressed beams was measured at the time of release of the prestressing force using 

LVDTs installed at the ends of the beam. The load-slip relationship for the 60% prestressed 

CFRP rod is shown in Figure 4.6. A nearly linear slip versus prestressing force in the CFRP 

rod was observed during the release of the first 50% (approximately 40kN) of the total 

prestressing force. Then, during the release of the remaining force, there was a larger rate of 

increase in the slip with changes in the prestressing force in the rod. The maximum slip in the 

CFRP rod was 2.6 mm and the minimum value was 1.1 mm.  

 



 

63 

0

10

20

30

40

50

60

70

80

90

0 0.2 0.4 0.6 0.8 1 1.2
Slip in CFRP Rod (mm)

Pr
es

tr
es

si
ng

 F
or

ce
 (k

N
)

Near End

0

10

20

30

40

50

60

70

80

90

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Slip in CFRP Rod (mm)

Pr
es

tr
es

si
ng

 F
or

ce
 (k

N
)

Far End
Near End

 
  Specimen (1)     Specimen (2) 

0

10

20

30

40

50

60

70

80

90

0 0.5 1 1.5 2 2.5 3
Slip in CFRP Rod (mm)

Pr
es

tr
es

si
ng

 F
or

ce
 (k

N
)

Far End
Near End

   

0

10

20

30

40

50

60

70

80

90

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Slip (mm)

Pr
es

tr
es

si
ng

 F
or

ce
 (k

N
)

Near End
Far End

 
  Specimen (3)     Specimen (4) 

Figure 4.6: Load-slip of the CFRP rod for 60% prestressed strengthened beams 

 

4.4 Transfer Length 

The transfer length is the length from the end of the bonded portion of the beam to the point 

at which the full prestressing force is achieved. All the strain gauges were located within 500 

mm from the end of the bonded length. Plots of the strain readings in the CFRP rod versus 

the distance from the end of the bonded length for all beams (40% prestressed strengthened 

beams) are given in Figure 4.7.  
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Figure 4.7: Strain readings versus the distance from the end of the bonded length for the 40% 

prestressed strengthened beams after 7 days from release of the prestressing force 

 

The dashed lines in the graphs represent a fit to the strain readings for the CFRP rods. The 

minimum value of the transfer length estimated from the fit was about 240 mm (for a slow 

release of prestressing force). This value is about 25 times the CFRP rod diameter. On other 

hand, a value of 580 mm was recorded (for a quick release of prestressing force), which is 

about 62 times the diameter of the CFRP rod. Most of the specimens exhibited transfer 

lengths ranging between 200 mm and 300 mm except for one beam (specimen No. 2), which 

had a transfer length of 560 mm. It is believed that the larger transfer length for this beam 

was due to the sudden release in the prestressing force that led to an increase in the local 
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damage in the bond between the CFRP rod and epoxy within the end region of the bonded 

length. The transfer length for the 60% prestressed CFRP rods varied from 230 mm to 400 

mm (Figure 4.8). This corresponds to 24 to 41 times the rod diameter. 
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Figure 4.8: Strain readings versus the distance from the end of the bonded length for the 60% 

prestressed strengthened beams after 7 days from release of the prestressing force 

 

4.5 Summary of Transfer Length Results 

In summary, to estimate the average transfer length of each configuration of the two 

prestressing levels (40% and 60%), a normalization of the final strain reading to the initial 

strain reading for every strain gauge was done. Thus, normalized values must fall between 
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two values, 0 (100% losses) and 1 (0% losses). These normalized values are utilized to 

empirically estimate the average transfer length by plotting the normalized strain versus the 

distance from the end of the bonded length as given in Figure 4.9 (a: 40% prestressed 

strengthened beams, and b: 60% prestressed strengthened beams).  

  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 150 300 450 600 750 900 1050 1200 1350 1500 1650
Distance from the end of the bonded length (mm)

N
or

m
al

iz
ed

 s
tr

es
s 

in
 C

FR
P 

ro
d 

( f
f /

 f i
 )

 
a) 40% Prestressed Strengthened Beams 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 150 300 450 600 750 900 1050 1200 1350 1500 1650

Distance form the end of the bonded length (mm)

N
or

m
al

iz
ed

 s
tr

es
s 

in
 C

FR
P 

ro
d 

( f
f /

 f i
 ) 

 
b) 60% Prestressed Strengthened Beams 

Figure 4.9: Transfer length of the prestressed strengthened beams 
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4.6 An Empirical Model to Predict the Transfer Length 

A semi-empirical model is proposed to predict the variation of the prestressing stress in the 

CFRP rod along the beam at transfer.  The model is based on best fit of the measured prestress 

profile using an exponentional expression as follows:  

 

)exp1(ff Bx
pres

−−=          (4-1) 

 

where, 

sf : The prestressing stress in the CFRP rod for a given distance ( x ) from the end of the 

bonded length, 

pref  : The upper limit of the stress in the CFRP rod or the maximum prestressing stress, 

B: A factor to account for the epoxy type, thickness of the epoxy, prestressing level, and a 

method of release. It is obtained from the best fit of the experimental results, 

x : The distance from the end of the bonded length. 

 

A best-fit of the measured data using Equation (4-1) gave a value of the constant (B) of 0.01 

for both the 40% and 60% prestressing levels.  Figure 4.10 and 4.11 show the best-fit curves 

using Equation (4-1) together with experimental results for 40% and 60% prestressed NSM 

CFRP rod, respectively.  
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Figure 4.10: Analytical prediction of the transfer length for the 40% prestressed strengthened 

beams 
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Figure 4.11: Analytical prediction of the transfer length for the 60% prestressed strengthened 

beams 
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The bond stress along the prestressed CFRP rod is estimated by differentiating Equation (4-1) 

to give the following expression. 

Bx
pre

s expBf
dx
df −=            (4-2) 

 

The forces and stresses acting on an element of the CFRP rod are shown in Figure 4.12. For 

equilibrium of the element: 

 

( ) 0dxr2AfAdff cfrpscfrpss =−−+ τπ       (4-3) 

 

 
 

Figure 4.12: Forces and stresses acting on an element of CFRP rod bonded with epoxy 
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Rearranging Equation (4-3) yields to: 

 

r

2

dx
df s

τ
=           (4-4) 

 

By substituting Equation (4-2) into Equation (4-4), the shear stress on the prestressed NSM 

CFRP rod can be expressed as follows:  

 

r

expBf2 Bx
pre

−

=τ         (4-5) 

 

In order to estimate the bond stress along the prestressed CFRP rod, Equation (4-4) is used in 

the form: 

 

)(2

)(

2 ij

sss

xx

ffr

x
fr ij

−

−
=

Δ

Δ
=τ         (4-6) 

 

Figure 4.13 and 4.14 shows the results obtained from Equation (4-5) together with 

experimental results (Equation (4-6). 
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Figure 4.13: Bond stress for 40% prestressed NSM CFRP rod 
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Figure 4.14: Bond stress for 60% prestressed NSM CFRP rod 

 

4.7 Summary 

In summary, the main findings of the current chapter are: 
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• The mechanical clamp used in the prestressing process provided a good mechanical 

anchor for prestressing the near surface mounted CFRP rod, 

• After releasing the prestressing force, the greatest reduction in the strain (stress) of 

the prestressed CFRP rod occurred at the end of the bonded length. The reduction 

continuously decreased with distance from the end of the bonded length until the 

transfer length was achieved, 

• The transfer length for prestressed NSM CFRP rod (40% and 60% prestressing level) 

using epoxy adhesive is short, 

• An empirical model with an exponential form gives a good fit to the transfer length 

data. 
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Chapter 5 
Monotonic Test Results of RC Beams 

 

The test results for four monotonically loaded beams, control beam without CFRP 

strengthening, non-prestressed CFRP strengthened beam, 40% and, 60% prestressed CFRP 

strengthened beams, are presented. This chapter presents the load-deflection behaviour and 

the modes of failure of all the beams tested. The effect of NSM CFRP strengthening on their 

cracking, yielding and ultimate loads is discussed. The change in the load versus strain 

behaviours of the concrete, steel reinforcement, and CFRP reinforcement due to 

strengthening and prestressing are also discussed. 

 

5.1 General Behaviour 

During monotonic loading, the load-deflection relationship of a typical reinforced concrete 

(RC) beam exhibits three stages: a pre-cracking stage, a post-cracking/pre-yielding stage, and 

a post-yielding stage. These stages are separated by the cracking and yielding loads. A beam 

strengthened with a CFRP rod exhibits similar load-deflection behaviour, but higher 

cracking, yielding, and ultimate loads. Figure 5.1 schematically shows the effect of 

strengthening on the load versus deflection of RC beams.  

 

The cracking load is a level at which the tensile stress at the bottom of the beam is higher 

than the tensile strength of the concrete. This leads to the initiation of flexural cracks and a 

reduction in the flexural stiffness of the beam. The yield load is defined as the load level at 
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which the tension steel reinforcement yields. The ultimate load corresponds to a load drop 

due to crushing in concrete (control), or FRP rupture, or excessive slippage (strengthened 

beam). The transition loads between critical stages depend on  the concrete strength, amount 

of the reinforcing steel, and amount of FRP reinforcement (for strengthened beam). For 

example, a large amount of tension steel reinforcement and/or FRP reinforcement can cause 

crushing in the concrete before the steel yields.  

 

 
Figure 5.1: Effect of FRP strengthening on the behaviour of the RC beam 

 

The flexural stiffnesses in the load-deflection relationship can be approximated by the 

following linear expressions: 
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where, 

kuncr : The un-cracked flexural stiffness of the beam, 

Pcr   : The cracking load of the beam, 

Δcr  : The deflection corresponding to the cracking load of the beam, 

kcr   : The cracked flexural stiffness of the beam, 

Py   : The yield load of the beam, 

Δy  : The deflection corresponding to the yield load of the beam, 

kpost-yield : The post-yield flexural stiffness of the beam, 

Pult   : The ultimate load of the beam, 

Δult  : The deflection corresponding to the ultimate load of the beam. 

  

Another important parameter obtained from the load-deflection curve for RC beams is their 

ductility. The ductility of a beam is a measure of its inelastic ability, and it is expressed by 

various ways. In this study, ductility index (DI) is taken as the ratio of the ultimate deflection 

to the yield deflection of the beam as given in Equation (5-4) is used. 
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yield

ultDI
Δ
Δ

=           (5-4) 

 

5.2 Modes of Failure 

Generally, two primary modes of failure are possible in a RC beam (control or strengthened 

beam): crushing in concrete before yielding of the tension reinforcing steel (an over 

reinforced beam) and a crushing in the concrete after the steel yields (an under reinforced 

beam) with or without FRP rod ruptures. Bond failure by slippage of FRP rod in the NSM 

groove is an undesirable premature failure mode.  

 

In the current study, the control beam exhibited a typical under-reinforced concrete beam 

behaviour (crushing of the concrete after the yielding of the tension steel reinforcement, 

Figure 5.2 (a)). For the strengthened beams, the mode of failure was different for the non-

prestressed and prestressed strengthened beams. The non-prestressed strengthened beam 

exhibited yielding in the tension reinforcing steel followed by crushing of the concrete 

(Figure 5.2 (b)). However, after concrete crushing, the beam was able to maintain the 

maximum load for a significant amount of further deflection. During this deflection, shear 

cracks developed along the groove of the NSM on the soffit of the beam (Figure 5.3). Failure 

of the prestressed strengthened beams (40% and 60%) was due to a yielding in the tension 

reinforcing steel followed by a sudden rupture of the CFRP rod (Figure 5.2 c and d). 
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a) Control Beam (concrete crushing) 

    

b) Non-prestressed Strengthened Beam (concrete crushing) 

    

c) 40% Prestressed Strengthened Beam (CFRP rupture) 

            
d) 60% Prestressed Strengthened Beam (CFRP rupture) 

Figure 5.2: Modes of failure of the tested beams 
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Figure 5.3: Shear cracks along the NSM groove 

 

A map of the modes of failure is given in Figure 5.4. Two modes of failure were observed for 

the strengthened beams. The 0% prestressed strengthened beams failed by concrete crushing 

after the steel yielded (Mode I). Crushing of concrete after yielding of the tension 

reinforcement occurred at a low level of prestressing (Mode I). As the prestressing level 

increased, the mode of failure changed to yielding in the reinforcing steel followed by rupture 

in the CFRP rod. There was a reduction in the concrete strain at ultimate load (Mode II).  At 

very high prestressing level, the beam would fail like an over strengthened beam by a rupture 

of the CFRP rod before yielding of the steel or crushing of the concrete (Mode III).   
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Figure 5.4: Effect of prestressing level on the mode failure 

 

5.3 Effect of Prestressing 

Due to prestressing, the initial unloaded stresses and strains in all mediums of a prestressed 

beam (concrete, steel reinforcement, and CFRP rod) will have non-zero values. Figure 5.5 

shows the initial strains (stresses) in the CFRP rod, concrete (compression face of the beam) 

and the tension steel reinforcement.  Because prestressing gives rise to an initial tensile strain 

in the CFRP rod in an unloaded beam, the applied load required to cause the additional strain 

to rupture is less than for a non-prestressed strengthened beam in which the initial strain is 

zero. Prestressing gives rise to an initial compressive strain in the reinforcing steel and 

increases the load at which the steel yields. 
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Due to an initial tensile concrete strain in the top face of the beam by prestressing, a higher 

applied load is required to recover the tensile strain to reach the ultimate compression strain. 

Same effect is for the tension steel reinforcement, whereby an initial pre-compression strain 

is induced by prestressing.  

 

 

 

 

Figure 5.5: Effect of prestressing on stress-strain behaviour of materials of RC beams 
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5.4 Load-Deflection Relationship 

The load-deflection curves for the beams tested are plotted in Figure 5.6. The beams exhibited 

three regimes (pre-cracking, pre-yielding, and post-yielding stages) typical of RC beam. A 

summary of load and deflection values at cracking stage, yielding stage and ultimate stage are 

given in Table 5.1. 
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Figure 5.6: Load-deflection curves of the tested beams 

 

Table 5-1: Summary of test results 

Stage Cracking Yielding Ultimate 

Beam Pcr 

(kN)

Δcr 

(mm)

Py 

(kN)

Δy 

(mm)

Pult 

(kN) 

Δult 

(mm) 
Control 10.20 1.86 55.10 23.5 64.3 85.3 

Non-prestressed 10.92 1.76 69.50 26.03 96.5 65.49 

40% Prestressed 30.09 4.34 95.00 25.82 115.25 48.34 

60% Prestressed 40.00 5.05 105.00 25.72 112.26 32.89 
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5.4.1 Cracking Load 

The beam will crack, once the tensile stress at the extreme bottom fibre of concrete exceeds 

the tensile strength of the concrete due to a flexural loading exceeds the tensile strength of 

the concrete. The tensile strength of concrete may be taken as being equal to 10% of its 

compressive strength or calculated using Equation (5-5) (CSA-A23.3-2004). 

 

'6.0 cr ff =           (5-5) 

 

where, 

rf : The tensile strength of the concrete, MPa, 

'
cf  : The compressive strength of the concrete, MPa. 

 

 The cracking load of the control beam was found to be 10.2kN with a corresponding 

deflection of 1.86 mm. When the beam was strengthened with non-prestressed (0% 

Prestressed) CFRP rod, an increase in the cracking load was obtained together with a small 

decrease in the corresponding deflection. The changes were about 7% and -5.4% for cracking 

load and deflection, respectively. A remarkable increase in the cracking load was obtained 

when the beam was strengthened with a prestressed CFRP rod. The increases were 

approximately 3 to 4 times for the cracking load of the control beam for the 40% and 60% 

prestressing levels, respectively.  
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The changes in cracking loads and strains can be estimated from an elastic analysis of the 

beam. From mechanics, the cracking load of a beam prestressed with NSM CFRP rod can be 

calculated as follows. The eccentric prestressing force causes two types of stresses on the 

concrete beam section: an axial compressive stress (axial force) and a bending stress (due to 

moment caused by the eccentricity of the CFRP rod). These stresses are: 

 

tion

prestress
axial A

P

sec

=σ          (5-6) 

tion

bprestressb
bending I

yeP

sec

=σ         (5-7) 

tion

tprestresst
bending I

yeP

sec

=σ         (5-8) 

 

where, 

axialσ : The axial compressive stress due to prestressing force ( prestressP ), 

prestressP : The applied prestressing force, 

tionAsec : The area of the cross-section of the beam, 

b
bendingσ  : The bending stress on the bottom fibre of the beam section, 

e : The eccentricity of the applied prestressing force, 

by : The distance from the bottom fibre to the neutral axis of the concrete beam section, 

tionIsec : The moment of inertia of the cross-section, 

t
bendingσ : The bending stress on the top fibre of the beam section, 
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ty : The distance from the top fibre to the neutral axis of the concrete beam section. 

 

At the cracking load of a beam strengthened with a prestressed CFRP rod, the total stress due 

to prestressing, self-weight, and applied load in the extreme bottom fibre of the cross-section 

of the beam will be equal or greater than the tensile strength of the concrete. This yields the 

following expression. 

 

tion
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tion
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sec
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secsecsec
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where, 

appliedM : The applied moment due to loading, 

wsM . : The moment due to self-weight of the beam. 

 

Based on the four-point bending scheme of loading used in this study, and substituting 

Equation (5-5) and rearranging Equation (5-9) in terms of cracking load ( crP ), Equation (5-9) 

can be rewritten as: 
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where, 

crP : The cracking load of the prestressed strengthened beam, 

a : The shear span length in the four point bending loading fixture. 

 

Figure 5.7 gives the cracking load versus the prestressing levels for the analytical (Equation 5-

10) and experimental results. The analytical results show a reasonably good agreement with 

experimental data. Prestressing of a CFRP strengthening rod increases the cracking loads, and 

gives narrower flexural crack widths and smaller deflection, which is advantageous in terms 

of the serviceability and durability of a structural element. The maximum allowable 

prestressing level is restricted to a 60% of the ultimate static capacity of the rod (ACI 440, 

1996). The main purpose of this limitation is to prevent a creep rupture in the CFRP rod. 
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Figure 5.7: Effect of CFRP prestressing level on the cracking load 

Cracking on the bottom fibre of the beam
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5.4.2 Yield Load 

As defined previously, the yield load of a RC beam is the load causing yielding of the tension 

steel reinforcement. The control beam had a yield load of 55.1 kN at a mid-span deflection of 

23.5 mm. When the beam was strengthened with non-prestressed CFRP rod, an increase of 

26% in the yield load and an increased deflection of 26.03 mm at the mid-span section were 

observed. An increases of 72.4% and 90.6% of the yield load of the control beam were 

obtained for the 40% and 60% prestressed strengthened beams, respectively. Figure 5.8 shows 

a good agreement between the experimental results and the analytical model (presented later 

in Chapter 7). Also, it should be noted that the increase in the yield load is approximately 

linear with the applied prestress level.  
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Figure 5.8: Effect of prestressing on the yield load 
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5.4.3 Ultimate Load 

The definition of the ultimate load used herein is the maximum applied load resisted by a 

beam or the load just before a sudden drop in the load if this occurs. For the control beam, the 

failure occurred by concrete crushing preceded by yielding of the tension steel reinforcement. 

The ultimate load was 64.3kN at a maximum mid-span deflection of 85.3 mm. When the 

beam was strengthened with non-prestressed CFRP, a similar mode of failure was obtained. 

During further loading after concrete crushing, the load was maintained at the same level 

during a significant increase in deflection. Shear cracks developed in the NSM groove within 

the mid-span region and traveled towards the ends of the beam. The ultimate load was about 

96.5kN with a corresponding mid-span deflection of 65.49 mm. Comparing the ultimate load 

of the non-prestressed beam to the control beam, an increase of 50.1% was achieved. In 

prestressed beams strengthened with a CFRP rod, a further increase in the ultimate load was 

achieved. The ultimate load for the 40% CFRP prestressed beam was 115.25kN. This is an 

increase equal to 79.2% of the ultimate of the control beam. The increase compared to the 

ultimate load of the non-prestressed beam is 19.4%. For the 60% level of prestressing, the 

ultimate load was 112.26kN, which is 2.6% less than for the 40% prestressed strengthened 

beam. The observed changes in the ultimate strength of the beam with prestressing level 

together with an analytical prediction taken from Chapter 7 are shown in Figure 5.9.   

 

As the prestressing level increases, the ultimate capacity of the strengthened RC beam 

increases. Beyond a given prestressing level, a reduction in the ultimate capacity is observed. 

This is schematically shown and described in Figure 5.10. 
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Figure 5.9: Effect of prestressing level on the ultimate load 

 

 

 

Figure 5.10: Effect of prestressing level on the strain of CFRP rod 

 

CFRP Strain 

Note: P3 > P2 > P1 

A
p

p
lie

d
 L

o
ad

 

Non-prestressed 

40% Prestressed 

60% Prestressed P1 

P2 

P3 

R
up

tu
re

 
S

tr
ai

n 40% of rupture strain 
60% of rupture strain 



 

89 

It is worth noting that although the ultimate strength is less for the 60% prestressing level 

than for the 40% level, serviceability and fatigue life are expected to improve with an increase 

in prestress from 40% to 60%. This is based on the fact that as the prestress level increases, 

higher compressive strains are induced in the tension steel reinforcement. This is shown in 

Figure 5.11. For the 60% prestressed beam strengthened with CFRP rod, a higher compressive 

strain is obtained than that for the 40% prestressed strengthened beam at a zero level of 

applied load (Figure 5.11). As the beams are loaded to a given load (P), a smaller strain is 

found for 60% prestressed strengthened beam than for the 40% one. Thus, for a given applied 

fatigue load cycle, the mean stress will be lower and thus the fatigue life is expected to be 

greater for the 60% prestressed beam than for the 40% prestressed beam.  

 

 

Figure 5.11: Strain in the tension steel reinforcement versus the applied load 
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5.4.4 Flexural Stiffness 

The changes in the flexural stiffnesses (pre-cracked, pre-yielding and post-yielding) caused by 

strengthening and prestressing the RC beams, are discussed below. 

 

Pre-cracking flexural stiffness 

The greatest flexural stiffness in a RC beam occurs before cracking. In this region, the entire 

section (un-cracked section) of the beam resists the external applied load. Strengthening the 

beam as well as increasing the cracking load and its corresponding deflection, also increases 

the moment of inertia and therefore the pre-cracking flexural stiffness.  

 

It can be seen in Figure 5.12 that the pre-cracking flexural stiffness of the beam increases as 

the prestressing level increases. A maximum value is recorded at a 60% prestressed 

strengthened beam with an approximate increase of 45% compared to that of the control 

beam. 
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Figure 5.12: Normalized pre-cracking flexural stiffness 
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Pre-yielding flexural stiffness 

The post-cracking flexural stiffness is the slope of the load between cracking load and the load 

causing yielding steel.  There is a continuous increase in the stiffness as defined herein. The 

prestressing effect of strengthening on the pre-yield flexural stiffness is less at a high level of 

prestressing. Figure 5.13 shows an increase of 50% in the post-cracking flexural stiffness to 

that of the control beam was obtained.  
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Figure 5.13: Normalized pre-yielding flexural stiffness 

 

Post-yielding flexural stiffness 

Post-yield stiffness is defined as the slope of the portion of the load-deflection curve between 

the steel yield load and failure. A remarkable effect is found when the RC beam is 

strengthened with NSM CFRP rod. The post-yielding flexural stiffnesses for the 0%, 40%, and 

60% prestressed strengthened beams are 3, 5.4, and 6 times greater than that of the control 
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beam, respectively. Their stiffness values normalized to that of the control beam are plotted 

versus prestressing levels in Figure 5.14. 

 

In general, as prestressing level increases, the location of the neutral axis increases in distance 

from the extreme top fibre of the beam cross section. This results in a larger un-cracked zone 

in the cross section and a higher cracked moment of inertia leading to a stiffer flexural 

rigidity of the beam (Figure 5.15). 
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Figure 5.14: Normalized post-yielding flexural stiffness 
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Figure 5.15: Effect of prestress on stiffness 

 

5.4.5 Ductility 

The ductility index is the ratio of the deflection at the ultimate load to the deflection at a load 

causing yielding in the tension steel reinforcement. Typically, an under-reinforced concrete 

beam exhibits a high value of ductility index (DI). The larger the amount of reinforcing 

material is used in a beam for given dimensions and concrete compression strength; the lower 

will be the value of the ductility index (DI). Another reason for a ductility reduction is the 

applied prestressing force. A high prestressing level as noted previously reduces the deflection 

at which the CFRP rod ruptures.  Figure 5.16 plots a best-fit of the ductility index data for the 

beams tested. The ductility index decreases continuously as the prestressing level increases. 

For a range of prestressing between 0% and 60% used in the present tests, there is a roughly 

linear relationship between the reduction of the ductility index of the strengthened beams 

(0%, 40%, and 60% prestressed) and the prestressing level. The reductions in the ductility 

index compared to the control beam for the 0%, 40% and 60% prestressed strengthened beam 

are 30.6%, 47.2%, and 63.9%. Based on the analytical model provided in Chapter 7, the 
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ductility index will equal unity at the prestressing level of 82% at which the yielding and 

ultimate loads are the same.  
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Figure 5.16: Ductility index of the tested beams 

 

5.5 Strain Behaviour 

The strains in the tension steel reinforcement, the CFRP reinforcement, and the compressive 

face of the concrete were measured during prestressing (Chapter 4) and loading (Chapter 5 

and 6). In this sub-section, the strain histories of these elements in the RC beams tested are 

presented and discussed.  

 

5.5.1 Concrete 

Figure 5.17 plots the applied load versus compressive strains for the compression faces of the 

concrete of the beams (control, and 0%, 40%, and 60% prestressed strengthened beams). As 

previously noted, the control and 0% prestressed strengthened beam failed by concrete 
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crushing. Evidence of this failure mode is seen in the large compressive strains exhibited by 

these beams in Figure 5.17.  When the beam was strengthened with 40% and 60% prestressed 

CFRP rod, the mode of failure changed to rupture of the CFRP rod. The initial tensile strains 

in the concrete at the extreme top fibre of the section due to prestressing are neglected in the 

graph for two reasons. The first reason is that their magnitudes are very small compared to 

the compressive strains at failure. The second reason is that due to presence of hair shrinkage 

cracks in the beam before prestressing stresses near these cracks will in any case remain near 

zero during prestressing.  
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Figure 5.17: Compressive strain in concrete for the tested beams 

 

The load level at a given concrete strain increases as the beam is strengthened and then 

prestressed. The presence of the CFRP rod and an increase in the prestressing force both 

result in a reduction of the cracked portion of the cross-section of the beam so that, the 

applied compression force on the concrete is distributed on a larger un-cracked cross-
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sectional area. This leads to a neutral axis closer to the bottom of the section and lowers the 

concrete strains. Figure 5.18 is a plot of the concrete strain at the ultimate load. Regions 

corresponding to two of the three possible modes of failure discussed in Section 5.3 (mode I 

and mode II) are indicated in the figure.  
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Figure 5.18: Concrete compressive strain at ultimate load versus the prestressing level 

 

5.5.2 Steel Reinforcement 

The tension steel reinforcement was monitored with strain gauges placed at the mid-span 

section of the beam on both rebars.  Prestressing of the CFRP rod induces initial compressive 

strains in the tension steel reinforcement at the time of prestressing. Afterwards under 

loading, the tension steel reinforcement is positively (tensile) strained and as the load 

increases the compressive strain is removed and a tensile strain is induced in the tension steel 

reinforcement (when the strain is reduced to zero, the tension steel reinforcement is said to 

be decompressed). Figure 5.19 (a and b) plots the load versus strain in the two tension 
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reinforcement bars during loading. As shown, the control and 0% prestressed strengthened 

beam have zero strain at zero load. The increase in the yield load of the 0% prestressed beam 

is due to the fact that the tensile force in the beam induced by the external load is shared by 

the tension steel reinforcement and the CFRP rod. For the 40% and 60% prestressed beam, 

the yield load is further increased because of the initial compressive strains due to 

prestressing, which increases the range of load required to reach the yield stress in the steel 

(See Section 5.4).  Under fatigue loading, the lower strain reading for a given maximum load 

level will result in a lower mean stress and a longer fatigue life for a given load range.   
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Figure 5.19: Tension steel reinforcement strains versus applied load 

 

5.5.3 CFRP Rod 

The tensile strain in the CFRP rod was also monitored under monotonic loading. Figure 5.20 

shows the applied load versus the strain in the CFRP rod. The 0% prestressed (non-

prestressed) strengthened beam failed by concrete crushing at a maximum CFRP tensile strain 

of about 11000 με. The ultimate strain of the CFRP rod is reached for the two prestressed 
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strengthened beams (about 13600 and 12000 με for the 40% and 60% prestressed beams, 

respectively). The difference in the two ultimate strain measurements is probably due to the 

distance of the strain gauge from flexural cracks. The closer the strain gauge is to a flexural 

crack, the higher will be the strain measured (the crack acts as a stress raiser). The strain 

readings in the prestressed CFRP rod after prestressing are shown in the figure as an initial 

strain at zero load.  In both beams (40% and 60%), the CFRP strain readings beyond the 

cracking load fall together up to the yield load.  
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Figure 5.20: Strains in the CFRP rod versus applied load 

 

5.6 Linearity of Strain Profile (Strain Compatibility) 

To examine strain compatibility between the concrete, the steel reinforcement, and the CFRP 

rod and the linearity of the strain profile across the cross section, strain readings for all 

(concrete, steel, and CFRP) are plotted versus the depth of the cross section of the beam in 

Figure 5.21 for the control beam.  
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Figure 5.21: Strain profile of the section of the control beam at various levels of loading 

 

The results show that the strain profiles are close to linear. A similar set of data for the non-

prestressed strengthened beam plotted in Figure 5.22 also nearly linear strain profiles. Since, 

the compatibility in the strain is valid for the CFRP rod, the CFRP rod acts as part of a 

composite section (there is full-composite action and no slip between the CFRP and the 

concrete). 

 

When the beams were strengthened with prestressed CFRP rod (40% and 60%), the strain 

profiles show an acceptable linear profiles across the depth of the section in Figure 5.23 and 

Figure 5.24, respectively. 
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Figure 5.22: Strain profile of the section of the non-prestressed strengthened beam 

 

 

 

 

0

50

100

150

200

250

300

-3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000
Strain (micro-strain)

D
is

ta
nc

e 
fr

om
 th

e 
bo

tto
m

 o
f t

he
 b

ea
m

 (m
m

)

10 kN
20 kN
30 kN
40 kN
50 kN
60 kN
70 kN
80 kN
90 kN
100 kN

Tension Steel

Compression Steel

CFRP Rod

 
Figure 5.23: Strain profile of the section of the 40% prestressed strengthened beam 
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Figure 5.24: Strain profile of the section of the 60% prestressed strengthened beam 

 

 

Based on the above strain profiles, the neutral axes of all beams (control, non-prestressed 

strengthened, 40%, and 60% prestressed strengthened beam) versus the load level are plotted 

in Figure 5.25. 
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Figure 5.25: Neutral axis locations versus the applied load 
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It can be noted that the location of the neutral axis from the top face of the beam decreases as 

the load level increase for all beams. This behaviour is expected since the flexural crack 

propagates upward as the load increases. It is also important to show that the largest neutral 

axis is obtained for the location of the neutral axis of the 40% and 60% prestressed 

strengthened beams closer to the top of the beam is consistent with greater stiffnesses 

(compared to the control and non-prestressed beams) exhibited by these beams.  

 

5.7 Summary 

Based on the test results presented in this chapter, the main findings are: 

• The NSM technique is very effective in increasing the flexural capacity of a RC beam. 

With non-prestressed strengthened RC beam, a reasonable reduction in the ductility 

is obtained with respect to that of the control beam; 

• Prestressing the CFRP rod up to 40% of its capacity as NSM greatly increases the 

flexural performance in terms of cracking, yielding, and ultimate load. It also shows a 

higher flexural strength than the 60% prestressed strengthened beam; 

•  Prestressing the NSM CFRP rod up to 60% gives the greatest enhancement in the 

flexural behaviour over all the other beams, but a small reduction in the ultimate 

capacity compared to that of 40% prestressed beam; 

• As the prestressing level increases, there is a continuous enhancement in the pre-

yielding and post-yielding flexural stiffness. However, the degree of enhancement is 

less for pre-yielding and post-yielding flexural stiffness between 40% and 60% 

prestressing; 
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• Using NSM CFRP rod for strengthening results in a reduction in the ductility of the 

flexural element and prestressing further lowers the ductility; 

• Strain linearity across the beam cross section and compatibility between the CFRP 

rod and concrete was observed for all beams and monotonic load levels.  
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Chapter 6 

Fatigue Test Results for the RC Beams 

 

This chapter presents and discusses the test results for the cyclically loaded beams. Data for 

deflection versus number of cycles is discussed and related to the cyclic behaviour of the 

constituent materials used in the beam specimens (concrete, tension reinforcement steel, and 

CFRP). The deformation of each of these materials under cyclic loading is presented in terms 

of the measured strains versus cycles as a percent of the number of cycles of fatigue life. At 

the end of the chapter, the fatigue life curves for all the specimen configurations (control, 

non-prestressed, 40% and 60% prestressed strengthened beams) and a brief summary of the 

main findings are provided. Cyclic behaviour of the test beams is given in Appendix B. 

 

6.1 Fatigue Failure Modes 

Three modes of failure were observed for the cyclically loaded RC beams. A fatigue failure in 

the tension steel reinforcement was the usual mode of failure. The second mode of failure was 

a fatigue failure of the bond between the prestressed CFRP rod and the epoxy, which 

occurred in a few cases. The last mode, a fatigue failure in the prestressed CFRP rod, occurred 

only once for a test with a high prestress level accompanied by a large load range. The 

mechanisms describing these modes of failure are given in the following sections.  
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6.1.1 Fatigue Failure of the Tension Steel Reinforcement 

For the current specimen design, most of the beams failed by a fatigue failure in the tension 

steel reinforcement due to cyclic loading as shown in Figure 6.1. This mode of failure was 

expected since the stress range in the tension steel reinforcement was high enough to cause a 

fatigue failure in the steel before a fatigue failure would occur in the CFRP rod. All of the 

control beams, the non-prestressed beams, the 40% prestressed beams, and most of the 60% 

prestressed strengthened beams, failed in this mode of failure. This is consistent with reports 

in the literature that CFRP reinforcement exhibits a higher fatigue life than that of the mild 

steel reinforcement (Jones, 1997). But, when the beam was strengthened with a prestressed 

CFRP rod, other modes of failures that are presented in the following sections occurred in 

some beams.   

 

 

 

 

Figure 6.1: Fatigue failure due to a rupture in the reinforcing steel bar 
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6.1.2 Fatigue Failure of the CFRP Rod 

The second mode of failure observed was a fatigue failure of the CFRP rod. This mode of 

failure occurred for only one beam. That beam was strengthened with a 60% prestressed 

CFRP rod and loaded at the highest load range (load range of 74.7kN). When the CFRP rod 

was tensioned, it caused an initial tensile strain in the CFRP rod and an initial compressive 

strain in the tension steel reinforcement. These initial induced strains changed the mean 

stresses and the fatigue lives of the steel and the CFRP rod. As the prestressing level of the 

CFRP rod increases, its mean stress increases and its fatigue life decreases, whereas, for the 

tension steel reinforcement an increase in the prestressing level leads to a decreased mean 

stress and an increased fatigue life. At some prestressing level, fatigue failure in the 

prestressed CFRP will occur before the steel reinforcement fails. As schematically shown in 

Figure 6.2, which gives fatigue life curves for fatigue failure in the steel reinforcement and 

the CFRP rod at various levels of CFRP prestress, the fatigue life curves for failure of the 

CFRP rod decrease and the fatigue life curves for failure of the tension steel reinforcement 

increase with an increase in prestressing force. As a result, at a high prestressing level, the 

beams strengthened with a prestressed CFRP rod exhibit two modes of fatigue failure. At high 

applied loads ranges, a fatigue failure in the CFRP rod occurs, while at lower load ranges, the 

failure occurs by fatigue failure in the tension steel reinforcement. The point at which the 

failure changes from fatigue failure in the CFRP rod to fatigue failure in the tension steel 

reinforcement is shown in Figure 6.2 as the transition point.  At this point, fatigue failures in 

the CFRP rod and in the tension steel reinforcement occur at the same number of cycles. 
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Figure 6.3 shows a photograph of the 60% prestressed strengthened beam that failed by 

rupture of the prestressed CFRP rod at a large load range. 

 

 

Figure 6.2: Effect of prestressing on the fatigue life of the prestressed strengthened beams 

 

 

 

 

Figure 6.3: Fatigue failure in the CFRP rod (60% prestressed strengthened beam) 
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6.1.3 Fatigue Bond Failure 

The third mode of failure observed was a fatigue bond failure (Figure 6.4). Initially, after 

prestressing, the interfacial stress in the CFRP rod is highest at the end of the bonded length 

and decreases with distance from the end of the bonded length as illustrated in Figure 6.5. At 

the point, where the prestressing force in the CFRP rod is fully achieved (both beams had 

same transfer length of 350 mm from the end of the bonded length), the interfacial stress 

approaches zero. However under cyclic loading, shear/flexural cracks start to develop leading 

to a redistribution of the interfacial shear stresses between the CFRP rod and the concrete. It 

remains a maximum at the end of the bonded length, but it drops to zero at crack locations 

(Figure 6.5).   

 

 

 

 

Figure 6.4: Fatigue bond failure of the 40% prestressed strengthened beam 

 

When a CFRP U-wrap was provided, the first shear crack was shifted away from the support 

to a distance of 600 mm and hence the anchorage length increased to this length. On the 



 

109 

other hand, in the un-wrapped beam, the first shear crack was only 250 mm away from the 

support. Thus, the average interfacial shear stress was smaller in the wrapped beams than in 

the unwrapped beams. Therefore under cyclic loading, a bond fatigue failure was more likely 

for unwrapped than for wrapped beams. 

 

Three strain gauges mounted near the end of the bonded length of the beam (200 mm, 300 

mm, and 400 mm from the end of the bonded length) gave the data shown in Figure 6.6 for 

the beam that failed in bond. The total strains represent the initial strains due to prestressing 

and the strain due to loading. As the number of cycles increased, the readings of all of the 

strain gauges decreased. The strain gauge closest to the end of the bonded length showed the 

greatest initial decrease in strain. As the number of cycles increased, the force in the 

prestressed CFRP rod at all gauged locations continued to decrease approaching zero value. 

Once, the tensile strain in the CFRP rod is equal zero, it means that the transfer of the stresses 

between the concrete and the CFRP rod does not occur and a local bond failure has 

happened. This local de-bonding was accompanied by a continuous increase in the slip 

between the prestressed CFRP rod and the epoxy with an increasing number of cycles. To 

decrease the slip between the prestressed CFRP rod and the epoxy, the interfacial stress 

between the CFRP rod and epoxy was reduced by using CFRP U-wraps. When CFRP U-

wraps were applied to the beam, the shear stresses within the anchorage length were smaller 

than those of unwrapped beams. This led to a reduced slip between the prestressed CFRP rod 

and the concrete, and increased the number of cycles required to cause a fatigue bond failure 

so that a fatigue failure in the tension steel rather than a bond failure occurred. 
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Figure 6.5: Shear stress distribution in the CFRP rod 
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Figure 6.6: Tensile strains in the CFRP rod for the beam that failed by fatigue bond failure 
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6.2 Deflection versus Number of Cycles 

The deflection of a beam under cyclic loading is affected by the behaviour of the concrete, the 

compression and tension steel, and the CFRP reinforcement. Figure 6.7 shows the deflections 

of the control beams, at various load ranges versus the number of cycles normalized to the 

fatigue lives of the specimens. The maximum deflection in the RC beams increased as the 

number of cycles increased. 
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Figure 6.7: Deflection versus normalized number of cycles for the control beams 

 

The deflection behaviour for the control beams under repeated loads shows three stages. 

There is an increase in deflection during the first 10% of the specimen fatigue life. Thereafter, 

the deflections remained constant in the second phase, followed by an increase just before 

failure. Only one specimen loaded at a load range of 10%-80%, showed an unusual increase in 
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the deflection after 55% of its fatigue life. This result may be due to an instrumentation 

problem.    

 

As shown in Figure 6.8, the non-prestressed strengthened beams exhibit a deflection versus 

number of cycles behaviour similar to that of the control beams, except that just before 

failure, there was a pronounced increase in the deflection at onset of failure. 
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Figure 6.8: Deflection versus normalized number of cycles for non-prestressed strengthened 

beams 

 

For the 40% prestressed strengthened beams, a slow continuous increase in the deflection 

with an increasing number of cycles followed a more rapid initial increase (Figure 6.9). The 

continuous increase in the deflection of the beams with an increasing number of cycles under 
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cyclic loading was accompanied by slip between the CFRP rod and the epoxy as shown in 

Figure 6.10.   
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Figure 6.9: Deflection versus normalized number of cycles for the 40% prestressed 

strengthened beams 

 

It is worth noting that the beam loaded at the lowest load range of 5.7%-50% exhibited larger 

deflection readings than two of the beams loaded at higher load ranges. This beam had a large 

slip during the first cycle of loading as shown in Figure 6.10.  During that cycle, the recorded 

slip in the prestressed CFRP rod at the north end was about 1.1 mm, which was accompanied 

with an increase in the deflection of the beam from about 12.5 mm to 19 mm.  
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Figure 6.10: Effect of CFRP rod slip on the deflection behaviour 

 

For the 60% prestressed strengthened beams, the deflection behaviour shown in Figure 6.11 is 

similar to that of the 40% prestressed strengthened beams. It is important to emphasize 

however, that the beams had different modes of failure. The strengthened beam loaded at the 

highest load range had an initial increase in deflection after which the deflection became 

stable. This beam failed by a bond fatigue failure in spite of strengthening by a CFRP U-wrap. 

The beam was previously loaded at a load range of 5.8%-50% and had been classified as a run-

out after 1,005,000 cycles of loading. During the time when the beam was loaded at the 5.8%-

50% load range, a small amount of slip between the prestressed CFRP rod and the epoxy was 

recorded. A fatigue failure in the prestressed CFRP rod occurred when the beam was then 

loaded at a load range of 5.8%-72.5%. This beam exhibited a continuous increase in deflection 

until failure. It had a fatigue life much shorter than that expected for a fatigue failure of the 

tension steel reinforcement. A larger deflection was observed for the beam loaded at a load 

range of 5.8%-65% than expected based on the deflections of the other beams. This was 

attributed to a large initial slip in the CFRP rod at the beginning of loading. The deflection 

increases with increasing number of cycles for the 60% prestressed beams was similar to that 
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for other beams (control, non-prestressed, and 40% prestressed strengthened beams). There 

was an initial increase in the deflection due to concrete softening followed by stabilization 

until near failure. Just before fatigue failure, a sudden large increase in deflection was 

observed. The data acquisition system recorded the data (deflection, slip, and strains) only up 

to 30% of fatigue life for the beam that was loaded at a load range of 5.8%-55%. 

 

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80 90 100
Percent of the number of cycles to failure (%)

D
ef

le
ct

io
n 

(m
m

)

60% Prestressed (load range:5.8%-50%)
60% Prestressed (load range:5.8%-55%)
60% Prestressed (load range:5.8%-65%)
60% Prestressed (load range:5.8%-68.8%)
60% Prestressed (load range:5.8%-72.5%)
60% Prestressed (load range:5.8%-77.5%)

 

Figure 6.11: Deflection versus normalized number of cycles for the 60% prestressed 

strengthened beams 

 

6.3 Strain in the Concrete versus Number of Cycles 

As discussed in Chapter two, plain concrete softens early in its loading history under cyclic 

loading (Neville. 1999). When compression steel is present in the concrete as in the beam 

specimens used in this work (compression reinforcement of 2 No. 10 mm deformed rebars), 

the reduction in concrete force as it creeps, is partly offset by an increase in stress and force in 
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the steel as it is compressed.  Concrete softening and creep strains were therefore lower than 

they would have been for plain concrete.  

 

Figure 6.12 plots the compressive strains in the concrete versus the percent of the normalized 

number of cycles to failure for the control beams at various load ranges. In all cases, there is 

some initial softening of the concrete followed by a stable maximum compressive strain until 

failure. As expected, the maximum compressive strains in the concrete increased with 

increases in load range. 
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Figure 6.12: Compressive strain in concrete versus the number of normalized cycles for the 

control beams 

 

The strain behaviour in the concrete of the non-prestressed strengthened beams was similar 

to that of the control beams. Figure 6.13 shows the compressive strain readings in the 

concrete versus the percent of the normalized number of cycles of the fatigue life of the 
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specimens. The compressive strain readings of the concrete show a small increase during the 

first 10% of the fatigue life for each specimen.  
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Figure 6.13: Strain in concrete versus the number of normalized cycles for the non-

prestressed strengthened beams 

 

The concrete compressive strain readings versus the normalized number of cycles for the 40% 

prestressed strengthened beams are shown in Figure 6.14. This strain versus cycle behaviour 

of the concrete is similar to that of the control and non-prestressed strengthened beams.  Due 

to prestressing, the compressive strain in the concrete at a given load is much smaller than it 

was when the beam was strengthened with non-prestressed CFRP rod (Chapter 5). Thus, the 

maximum strain in the prestressed strengthened concrete beams at the beginning of a test was 

much less than it was for the non-prestressed beams. This is due to the initial tensile strain 

induced in the compression face of the beam by prestressing (under loading, the maximum 

strain is the sum of the tensile strain due to prestressing, and the compressive strain due to 
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loading). For the beam tested at a load range of 5.7%-50%, there was a continuous increase in 

the maximum compressive strain in the concrete with increasing number of cycles up to 

failure. This beam had a much larger slip in the CFRP rod during cyclic loading (2.0 mm) 

than the beams loaded at other load ranges.  
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Figure 6.14: Strain in concrete versus normalized number of cycles for the 40% prestressed 

strengthened beams 

 

The changes in concrete strain with the number of cycles for the 60% prestressed 

strengthened beams (Figure 6.15) were similar to those of the 40% prestressed strengthened 

beams. Strain gauges failed at 50% and 20% of the fatigue lives of specimens that were loaded 

at load ranges of 5.8%-50% and 5.8%-55%, respectively. The compressive strains in the 

concrete for the beam that was loaded at 5.8%-65% exhibited an initial increase during the 

first 22% of the fatigue life. This increase was accompanied by an initial increase in the slip of 

the prestressed CFRP rod (Section 6.6). When slip occurred, it led to a reduction in the 
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prestressing force in the CFRP rod (Section 6.7) and a larger deflection in the beam. As a 

result, the flexural cracks increased in length, and higher compressive strains were induced in 

the concrete.  
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Figure 6.15: Strain in concrete versus normalized number of cycles for the 60% prestressed 

strengthened beams 

 

6.4 Strain in the Tension Steel Reinforcement versus Number of Cycles 

As mentioned in Chapter 3, a strain gauge was mounted on each tension reinforcing bar at the 

mid span section. Figure 6.16 shows the maximum tensile strains versus cycles as a percentage 

of the number of cycles to failure for a control beam (loaded at a load range of 10%-75%). 

Both reinforcing bars (right and left) showed a similar behaviour until at a given number of 

cycles, one of the reinforcing bars exhibited a sudden increase in its maximum tensile strain, 

while the second rebar showed a sudden reduction in the maximum tensile strain indicating 

that it had failed. As the fatigue crack in the failing bar rapidly increased in length just before 
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failure, there was a transfer of load from the cracked rebar to the intact rebar, a rapid decrease 

in the maximum load and the tensile strain in the cracked rebar, and an increase in the 

maximum load and the maximum tensile strain in the intact rebar.   

 

Figure 6.17 illustrates schematically the tensile stress distributions in a rebar before and after 

a fatigue crack leads to failure of a rebar. Within the constant moment region, the initial 

stresses in the tension steel are equal at the flexural crack locations. Once a fatigue crack 

propagates through a rebar, the stresses in the failed rebar will be zero at the location of the 

fatigue crack. As distance from the fatigue crack increases, the stress in the rebar increases 

and approaches the stress for an uncracked bar. 
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Figure 6.16: Typical strain in the tension steel reinforcement versus normalized number of 

cycles (Control beam: 10%-75%) 
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Figure 6.17: Effect of a fatigue crack on the stress (strain) of a tension steel reinforcing bar 

 

The maximum tensile strain versus normalized number of cycles for the control beams is 

shown in Figure 6.18. Initially, there is a small increase in the strain range of the tension steel 

reinforcement due to softening of the concrete. Thereafter, the strain stabilizes until one of 
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the tension reinforcing bars fails by fatigue. This is accompanied by an increase in the force 

and the strain readings of the second reinforcing bar as previously described.   
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Figure 6.18: Strain in the tension steel reinforcement versus normalized number of cycles for 

the control beams 

 

The maximum tensile reinforcement strains for the non-prestressed strengthened beams show 

a strain versus number of cycles pattern that is similar to that of the control beams. Figure 

6.19 shows the maximum strain readings for the two tension reinforcing bars versus the 

normalized number of cycles for a typical non-prestressed strengthened beam (6.7%-60%). 

The behaviour is similar to that of the control beams.   
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Figure 6.19: Strain in the tension steel reinforcement versus normalized number of cycles 

(Non-prestressed strengthened beam: 6.7%-60%) 

 

Figure 6.20 shows a plot of the strain readings for the tension reinforcing bars versus 

normalized number of cycles for various load ranges for the non-prestressed strengthened 

beams. The behaviour is similar to that of the control beams.     

 

The readings of maximum tensile strain in the tension reinforcing bars versus number of 

cycles for the 40% prestressed strengthened beams are plotted in Figure 6.21. There was an 

initial increase in the maximum tensile strain in both rebars (1 and 2) due to an initial slip of 

the CFRP rod. A period of nearly stable strains was observed followed by a decrease in the 

strain in one rebar (2) at 35% of the fatigue life of the specimen. In contrast, there was little 

change in the strain in the strain of second rebar before failure.  
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Figure 6.20: Strain in the tension steel reinforcement versus normalized number of cycles for 

the non-prestressed strengthened beams 

 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 10 20 30 40 50 60 70 80 90 100
Percent of the number of cycles to failure (%)

M
ax

im
um

 s
tr

ai
n 

in
 te

ns
io

n 
st

ee
l

 (m
ic

ro
-s

tr
ai

n)

Tension Reinforcing Bar (1)

Tension Reinforcing Bar (2)

 

Figure 6.21: Strain in the tension steel reinforcement versus normalized number of cycles 

(40% prestressed strengthened beam: 5.7%-60%) 

 

Figure 6.22 shows the maximum strain in the tension steel versus normalized cycles for the 

40% prestressed strengthened beams. After an initial change in the maximum tensile strain in 
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steel, the steel strains showed little change until failure. For the beam loaded at 5.7%-75%, 

the maximum tensile strain at the end of the first load application was much larger than for 

the other beams loaded at lower load ranges calculations indicated that there was yielding of 

the reinforcing steel.   
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Figure 6.22: Strain in the tension steel reinforcement versus normalized number of cycles for 

the 40% prestressed strengthened beams 

 

Data for maximum tensile strain in the tension steel reinforcement versus the normalized 

number of cycles to fatigue failure for the 60% prestressed strengthened beams as shown in 

Figures 6.23 and 6.24 are similar to the data for the other beams (control, non-prestressed, 

and 40% prestressed strengthened beams). The strains in the beams stabilized after 5% of 

their fatigue lives and remained stable until 95% of their fatigue lives. 
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Figure 6.23: Strain in the tension steel reinforcement versus normalized number of cycles 

(60% prestressed strengthened beam: 5.8%-68.8%) 
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Figure 6.24: Strain in the tension steel reinforcement versus normalized number of cycles for 

the 60% prestressed strengthened beams 
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6.5 Slip in the CFRP Rod versus Number of Cycles 

Slip in the prestressed CFRP rod causes a redistribution of the stresses in all of a beam’s 

constituent materials (concrete, compression and tension steel reinforcement and CFRP rod).  

When slip between the CFRP rod and the epoxy occurred under cyclic loading, the 

prestressing force in the prestressed CFRP rod was reduced. The mean compressive stress 

increased in the compression steel and the concrete, while the tension steel underwent an 

increase in its tensile mean stress. This caused the beam to fail at a fatigue life much shorter 

than would have been the fatigue life of a beam that did not experience slip between the 

CFRP rod and the concrete. 

 

In the current study, the slip of the CFRP rod was measured only for the prestressed 

strengthened beams. That is because, the prestressed CFRP rod had a high initial stress due to 

prestressing, whereas the non-prestressed rod had no stress. Thus, under cyclic loading, the 

slip between the CFRP rod and the concrete is likely to be greater in the beams with 

prestressed CFRP than in the beams with non-prestressed CFRP reinforcement. Plots of slip 

between the prestressed CFRP rod and the concrete versus the percentage of the normalized 

number of cycles for the 40% prestressed strengthened beams are given in Figure 6.25. It can 

be seen that when there was slip, most of it occurred within the first 10% of the fatigue life of 

a specimen. The maximum slip recorded was about 2.0mm for a beam tested at a load range of 

5.7%-50%. 



 

129 

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

0 10 20 30 40 50 60 70 80 90 100
Percent of the number of cycles to failure (%)

Sl
ip

 in
 C

FR
P 

ro
d 

(m
m

)

North End (load range: 5.7%-50%)

South End (load range: 5.7%-50%)

 

Load range: 5.7%-50% 
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Load range: 5.7%-60% 
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Load range: 5.7%-65% 
Figure 6.25: Slip versus normalized number of cycles for the 40% prestressed strengthened 

beams 
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The 60% prestressed strengthened beams had values of slip between the prestressed CFRP rod 

and the epoxy smaller than those of the 40% prestressed beams except for the beam that was 

reloaded at a 5.8%-77.5% range after 1,005,000 cycles at a 5.8%-50% range (Figure 6.26).  

 

The measured end slip of the prestressed CFRP rod after loading at 5.8%-50% for 1,005,000 

cycles was 0.16 mm.  Once the beam was reloaded at a higher load range of 5.8%-77.5%, the 

beam failed by a combination of two mechanisms, a bond failure between the prestressed 

CFRP and the epoxy in one of the end zones followed by splitting of the concrete along the 

entire length of the beam. The maximum slip recorded in the 60% prestressed strengthened 

beams was about 0.16mm. 
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      Load range: 5.8%-50%             Load range: 5.8%-55% 
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    Load range: 5.8%-65%           Load range: 5.8%-68.8% 
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    Load range: 5.8%-72.5%          Load range: 5.8%-77.5% 

Figure 6.26: Slip versus normalized number of cycles for the 60% prestressed strengthened 

beams 
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6.6 Strain in the CFRP Rod versus Number of Cycles 

Most of the strain gauges on the CFRP rod were damaged long before the fatigue life was 

reached. Figure 6.27 shows the measured strains in the CFRP rod versus the number of cycles 

normalized as a percent of the fatigue life for the 40% prestressed strengthened beams. There 

was a small increase in strains at the beginning of cyclic loading, which is attributed to 

softening of the concrete. Then, the maximum strain readings remained constant until failure.  

 

For the 60% prestressed strengthened beams, the strain gauges survived long enough that 

most strain readings for the CFRP rod were valid. The results in terms of strain versus the 

percentage of the fatigue life are shown in Figure 6.28. There was an initial increase in the 

maximum strain that is attributed to concrete softening (micro-cracking). Then, there was a 

reduction in the maximum strain in some specimens (5.8%-50%, 5.8%-65%, and 5.8%-68.8%) 

during cyclic loading. These beams had a large amount of slip between the CFRP rod and the 

concrete. That led to a reduced prestressing force.  The maximum tensile strain in the CFRP 

rod for the beam tested at a 5.8%-55% load range showed a remarkable increase in strain 

readings after about 10% of its fatigue life followed by failure of the strain gauge.  The beam 

loaded at 5.8%-65% showed an early reduction in the maximum tensile strain. This is 

believed to be due to slip in the prestressed CFRP rod leading to a reduction in its prestressing 

force. The maximum tensile strain in the beam loaded from 5.8%-72.5% of its capacity 

exhibited a continuous decrease up to failure.  It is important to point out that except for the 

beams loaded at a 5.8%-72.5% and 5.8%-77.5% load range, the beams failed by fatigue of the 
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tension steel. The former beam failed by a fatigue failure in the CFRP rod, while the latter 

failed by a fatigue bond failure.  
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Figure 6.27: Strain in the CFRP rod versus normalized number of cycles for the 40% 

prestressed strengthened beams 
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Figure 6.28: Strain in the CFRP rod versus normalized number of cycles for the 60% 

prestressed strengthened beams 
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6.7 Fatigue Life 

A run-out for fatigue failure of the tension steel reinforcement is taken herein to be 1,000,000 

cycles. Table 6-1 and Figure 6.29 give fatigue life data for the control, non-prestressed, 40% 

prestressed, and 60% prestressed strengthened beams. The fatigue endurance limit for the 

control beams was found to be a 29kN load range when the minimum cyclic load was 6.5kN. 

All of the beams that are discussed here failed by a fatigue failure of the tension reinforcing 

bars.  

 

When the beams were strengthened with a non-prestressed CFRP rod, there was an increase 

in the fatigue limit. The run-out limit for the beams was then 36kN.  This amounts to an 

increase of 24% in the fatigue limit compared to that of the control beams. Despite some 

scatter, the test results obtained fall close to a log linear curve.  

 

Table 6-1: Fatigue test results 

Group Description Load Range No. of Cycles Mode of Failure 

10%-55% Run-out No Failure
10%-65% 340,000 Tension Steel
10%-75% 170,000 Tension Steel
10%-80% 90,000 Tension Steel

A Control Beam 

10%-85% 39,000 Tension Steel
6.7%-45% 1,003,000 Tension Steel
6.7%-50% 630,000 Tension Steel
6.7%-60% 220,000 Tension Steel

B 
Non-prestressed 

Strengthened 
Beams 

6.7%-65% 130,000 Tension Steel
5.7%-50% 340,000 Tension Steel
5.7%-60% 150,000 Tension Steel
5.7%-65% 140,000 Tension Steel
5.7%-65% 45,000 Bond

C 
40% Prestressed 

Strengthened 
Beams 

5.7%-75% 28,000 Tension Steel
5.8%-50% Run-out No Failure
5.8%-55% 580,000 Tension Steel
5.8%-65% 240,000 Tension Steel

5.8%-68.8% 180,000 Tension Steel
5.8%-72.5% 2,400 CFRP Rod

D 
60% Prestressed 

Strengthened 
Beams 

5.8%-77.5% 6,200 Bond
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Figure 6.29: Fatigue life of the control, non-prestressed, 40% prestressed, and 60% prestressed 

strengthened beams 

 

A further increase in the fatigue limit was observed, as shown in Figure 6.29, when the beams 

were strengthened with a 40% prestressed CFRP rod. The fatigue endurance limit increased 

to a 41kN load range. The increases in the fatigue limit were 41% and 14% compared to those 

of the control and non-prestressed strengthened beams, respectively.  

 

As expected (Chapter 5) and shown in Figure 6.29, the highest fatigue limit was obtained for 

the 60% prestressed strengthened beams. Based on the experimental fatigue data, two curves 

are fitted and plotted in the graph for these tests given in Figure 6.30. The solid curve 

represents the fitted fatigue life curve for failure of the tension steel reinforcement. The 

dashed curve represents a fatigue life curve for the CFRP rod (the gentle slope assumed for 
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the FRP is consistent with results reported in the literature, Jones, 1999). At a load range of 

75kN, failure occurred by fatigue of the CFRP rod. A fatigue bond failure was obtained for the 

beam tested at a load range of 82kN. This beam had been previously loaded at a load range of 

50kN and was a run-out (1,0005,000 cycles). A maximum slip of 0.15 mm in the CFRP rod 

was recorded, when the beam was loaded at 50kN load range. The fatigue limit of the 60% 

prestressed strengthened beams was 50kN. The increases were 72%, 39%, and 22% higher 

than those for the control, non-prestressed, and 40% prestressed strengthened beams, 

respectively. It is worth mentioning that higher fatigue lives would have been obtained for all 

the prestressed strengthened beams if no slip between the CFRP rod and the epoxy had 

occurred.  
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Figure 6.30: Fatigue life of the 60% prestressed strengthened beams 
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6.8 Summary 

Based on the fatigue test results presented herein, the main findings are: 

• Three modes of fatigue failure occurred depending on the prestressing level of the 

CFRP rod. For the control and non-prestressed CFRP strengthened beams, a fatigue 

rupture in the tension reinforcing bar occurred. For the 40% prestressed strengthened 

beams, two modes of failure occurred: a bond failure and fatigue failure of the tension 

reinforcing bars. At the highest level of prestressing (60%), three modes of failure 

occurred: a bond fatigue failure, a fatigue failure in the prestressed CFRP rod, and a 

fatigue failure in the tension reinforcing bars; 

• Using a CFRP rod without prestressing increased the fatigue limit of the strengthened 

beams by 24% compared to the control beam fatigue limit; 

• Strengthening the RC beams with a 40% prestressed NSM CFRP rod increased the 

fatigue limit by 41% compared to the fatigue limit of the control beams; 

• Using a 60% prestressed CFRP rod further increased the fatigue limit of the 

strengthened beams. An increase of 72% (50kN) compared to the strength of the 

control beam was achieved; 

• Prestressing the CFRP rod to a high level (60% of its capacity) caused a fatigue failure 

in the prestressed CFRP rod before a fatigue failure in the tension steel reinforcement 

at a high load range. This is attributed to the high mean stress in the CFRP rod due to 

the prestressing level and the high load range. Prestressing increases the initial tensile 

strain (and stress) in the CFRP rod and the compressive strain (and stress) in the 

tension steel; 



 

138 

• A fatigue bond failure was observed for some specimens. The failure was accompanied 

by a continuous slipping of the CFRP rod at one end of the beam followed by splitting 

of the concrete cover at the same end, which travelled towards the other end of the 

beam.  In other prestressed beams, with smaller values of slip between the CFRP rod 

and the concrete, this kind of failure did not occur; 

• The CFRP U-wraps placed at the ends of the fatigue beams reduced the bond 

degradation (slip) between the prestressed CFRP rod and the epoxy.  
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Chapter 7 
Monotonic Flexural Model 

 

This chapter presents a non-linear flexural model to predict the monotonic behaviour of RC 

beams prestressed with NSM CFRP rods. The model predicts load, deflection, concrete strain, 

steel reinforcement strain, and CFRP rod strain at various loading stages.  

 

7.1 Concept of the Model 

The concept used to predict the flexural behaviour of the RC beams (control, non-prestressed 

NSM, and prestressed NSM) is based on dividing the beam into a number of elements 

(sections). These elements fall into: un-cracked and cracked regions as shown in Figure 7.1. 

The length of the elements within the cracked zone is set equal to the average flexural crack 

spacing. The un-cracked region is also analyzed using elements having length equal to the 

average flexural crack spacing.  

UNCRACKED 
ZONE

FULLY CRACKED ZONEUNCRACKED 
ZONE

P P

 

Figure 7.1: Concept of the monotonic flexural model 

P/2 P/2 
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7.2 Flexural Crack Spacing Model 

Figure 7.2 shows schematically, the development of flexural cracks during loading. In the 

beginning, at a level of loading less than the cracking load, the beam is divided into un-

cracked elements. When the load reaches the cracking load, equally spaced flexural cracks 

develop within the maximum moment region (constant moment region). This region will be 

divided into cracked elements. Outside this region, the beam will be analyzed using un-

cracked elements with the element size taken to be equal to the average crack spacing. As the 

load increases, new flexural cracks are initiated. At ultimate stage, all flexural cracks are 

considered completely developed (crack stabilization state). The un-cracked and cracked 

regions of the beam are estimated as described below.  

 

The un-cracked zone extends from the support of the beam to the first flexural or shear crack.  

The length of the un-cracked zone is not constant during loading. It depends on the cracking 

moment, the external applied load, and the prestressing level (prestressed strengthened beam) 

as shown in Figure 7.3. All the elements within that length are analyzed as un-cracked 

sections.  
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Figure 7.2: Development of flexural cracks of a beam 

 

 

Figure 7.3: Un-cracked region in the beam 
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Thus, considering the effect of prestressing, the un-cracked length (Sun) can be described by 

Equation (7-1) and (7-2).  
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where,  

unS : The un-cracked length of un-cracked zone, 

l : The length of the beam,  

crM : The cracking moment of the beam, 

appliedM : The external applied moment, 

prestressM : The prestressing moment at a given section. 

 

The fully cracked zone extends over the region in which the moment is higher than the 

cracking moment. An equation suggested by Euro-Code 2 is used to predict the average 

flexural crack spacing - Equation (7-3). 

 

eff
m kks

ρ
φ

2125.050+=         (7-3) 

cef

s
eff A

A
=ρ           (7-4) 



 

143 

⎪
⎪
⎪
⎪

⎩

⎪⎪
⎪
⎪

⎨

⎧

××

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ −

×

=

..5.2

3
)(

min

ccb

chb

Acef        (7-5) 

 

where 

ms  : The flexural crack spacing of the RC beam, 

1k : The bond coefficient (0.8 for high bond rebars and 1.6 for plain rebars), 

2k  : The strain distribution coefficient (0.5 for bending and 1.0 for pure tension), 

φ : The diameter of the reinforcing bar, 

effρ : The effective reinforcement ratio, 

sA : The area of the tension reinforcement, 

cefA : The area of concrete in tension, 

b : The width of the beam cross section, 

..cc : The concrete cover, 

h : The depth of the beam, 

c : The neutral axis location. 

 

For CFRP strengthened beams, Equation (7-3) is modified to account for the modular ratio of 

the reinforcing materials (steel and CFRP). The revised equation can be rewritten as follows: 
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frp
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where, 

frpA : The area of the FRP reinforcement, 

En : Modular ratio of CFRP reinforcement relation to steel, 

sE : Young’s Modulus of the steel reinforcement, 

frpE : Young’s Modulus of the CFRP reinforcement. 

 

The calculated flexural crack spacing of the control beam was found to be 74 mm compared to 

an observed average value of 80 mm in the beam tests. On the other hand, for a  strengthened 

beam, the flexural crack spacing is found using Equation (7-6) to be 71 mm which is smaller 

than that of the control beam. The predicted flexural crack spacing shows a reasonable 

agreement to that experimentally measured (76 mm).   

 

The total number of cracked elements ( k ) is calculated using Equation (7-9). 
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Using an element size equal to the average crack spacing, the total number of un-cracked 

elements ( m ) within the un-cracked length at any given load is given by Equation (7-10). 

 

ms
S

m un=           (7-10) 

 

Thus, the total number of elements ( n ), un-cracked and cracked, for half of the beam is as 

follows. 

 

2
kmn +=           (7-11) 

 

7.3 Assumptions of the Model 

Several assumptions summarized as follows are utilized in the current model: 

• Plane sections remain plane after bending; 

• Perfect bond exists between the concrete, the steel, and the CFRP rod; 

• Shear effects are neglected. 

 

7.4 Material Properties 

The beams have three materials: concrete, steel reinforcement and CFRP reinforcement. The 

stress-strain relationships are assumed to be as follows.   
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7.4.1 Concrete 

Concrete is assumed to have a parabolic stress-strain relationship as shown in Figure 7.4. The 

stress in the concrete vs. corresponding strain can be expressed as given by Equation (7-12) 

(Collins and Mitchell, 1987). 
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'4500 cc fE =          (7-14) 

 

where, 

cf : The concrete stress corresponding to a given concrete strain (ε  ), 

'
cf : The concrete compressive strength,  

ε  : The concrete stain corresponding to a given concrete stress ( cf ), 

oε : The concrete strain corresponding to the concrete compressive strength, 

cE : The Young’s modulus of concrete. 
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Figure 7.4: Stress-strain relationship of concrete 

 

7.4.2 Tension and Compression Steel Reinforcement 

The compression and tension reinforcement are assumed to be elastic-plastic with a 1% strain 

hardening slope (bi-linear behaviour), the idealized stress-strain relationship is shown in 

Figure 7.5. Equation (7-15) gives the expression for steel stress vs. corresponding strain. 
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where, 

sf  : The steel stress corresponding to a given steel strain ( sε ), 

yf : The steel yield stress corresponding to the steel yield strain ( yε ), 

sε : The steel strain corresponding to a given steel stress ( sf ), 

yε : The steel yield strain corresponding to the steel yield stress ( yf ), 

sE : The modulus of steel before yielding (pre-yielding stage), 

SPE : The modulus of steel after yielding (post-yielding stage). 
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Figure 7.5: Stress-strain relationship of steel reinforcement 

 

7.4.3 CFRP Rod 

Figure 7.6 shows the stress-strain curve of the CFRP rod used which is linearly elastic up to 

failure. The relationship is given in Equation (7-17). 
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cfrpcfrpcfrp
Ef ε=           (7-17) 

 

where, 

cfrp
f : The CFRP stress corresponding to a given CFRP strain (

cfrp
ε ), 

cfrp
ε : The CFRP strain corresponding to a given CFRP stress (

cfrp
f ), 

cfrp
E : The Young’s modulus of the CFRP rod. 
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Figure 7.6: Stress-strain relationship of CFRP rod 

 

7.5 An Estimation of RC Beam Deflection 

The maximum deflection of the RC beam at the mid-span is estimated based on an integration 

of the curvatures in the un-cracked and cracked sections of along one half of the beam length. 

It is given by: 
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Using numerical integration, Equation (7-18) can be rewritten as follows. 
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where, 

spanmid−Δ : The mid-span deflection of the beam, 

n : The number of element within the half of the beam length,  

ix : The distance between the support to a given element ( i ), 

iφ : The curvature at a given element ( i ), 

ms : The flexural crack spacing.  

 

7.6 Sectional Analysis  

Section analysis is used to estimate the strains and the curvatures along the length of the 

beam. In the control and non-prestressed strengthened beams, the initial strains in the 

constituent materials (concrete, steel reinforcement, and CFRP rod) are zero. But, in the 

prestressed strengthened beams, these initial strains have non-zero values due to prestressing. 
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Initial Strains due to Prestressing: 

When the beam is strengthened with prestressed CFRP rod, initial strains are induced in the 

constituent materials (concrete, compression, tension, and CFRP rod). These strains are 

calculated using the basic principles of mechanics and the model assumption of Section 7.4. 

The initial strain in the CFRP rod due to prestressing can be estimated using Equation (7-20). 
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where, 

icfrpε : The initial strain in the CFRP rod due to prestressing force ( iP ), 

iP : The prestressing force at a given element ( i ), 

cfrpA : The cross-sectional area of the CFRP rod,  

cfrpE  : Young Modulus of the CFRP. 

 

The initial strains due to prestressing in the extreme top and bottom fibres of the concrete, 

compression and tension reinforcement can estimated as follows. 
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where, 

it
ε  : The initial strain in the concrete at the top fibre of beam cross section due to 

prestressing, 

iP : The prestressing force at a given element ( i ), 

ie : The eccentricity of the prestressing force from the neutral axis for a given element ( i ), 

ty  : The distance between the top fibre of the beam cross section to the neutral axis of a given 

element ( i ), 

cE  : Young Modulus of concrete, 

ibε : The initial strain in the concrete at the bottom fibre of beam cross section due to 

prestressing, 

by  : The distance between the bottom fibre of the beam cross section to the neutral axis of a 

given element ( i ), 

'
isε : The initial strain in the compression steel reinforcement due to prestressing, 
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'd : The distance from the centre of the compression steel reinforcement to the top fibre of 

the beam cross section, 

isε : The initial strain in the tension steel reinforcement due to prestressing, 

h : The depth of the cross section of the beam, 

d : The distance between the centre of the tension steel reinforcement to the top fibre of the 

beam cross section. 

 

7.6.1 Equilibrium Requirements for Sectional Analysis 

For any given section, the resultant of the internal forces (concrete, steel reinforcement and 

CFRP reinforcement) in the section equals zero and the internal moment of the section equals 

to the external applied moment. The equilibrium of the internal forces can be expressed as 

given in Equation (7-25).  
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And the moment equilibrium is given in Equation (7-26) as follows. 
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where, 

cA : The area of concrete in compression, 

cf : The compression stress of concrete, 

ctA : The area of concrete in tension, 

ctf  : The tension stress of concrete, 

'
sA : The area of the compression steel reinforcement, 

'
sf  : The stress in the compression steel reinforcement, 

sA : The area of the tension steel reinforcement, 

sf  : The stress in the tension steel reinforcement, 

cfrpA  : The area of the CFRP reinforcement, 

cfrpf  : The stress in the CFRP reinforcement, 

y: The vertical distance from the neutral axis to the corresponding force,  

extM  : The external applied bending moment. 

 

The actual concrete compressive stress in the compression zone can be simplified by replacing 

it with an equivalent rectangular block as shown in Figure 7.7. This block can be obtained by 

using the stress-block factors, α1 and β1 given in Equation (7-27) and (7-28) (Collins and 

Mitchell, 1987).  
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Figure 7.7: Equivalent compressive stress in concrete 

 

 

2

11 3
1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛−=

co

c

co

c

ε
ε

ε
ε

βα         (7-27) 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=

co

c

co

c

1 2
6

4

ε
ε
ε
ε

β          (7-28) 

 

where, 

1α : The ratio of the average stress in the compression stress block to the concrete strength, 

1β : The ratio of the depth of the compression stress block to the depth of the neutral axis, 

cε  : The strain at extreme top fibre of concrete for a given load level, 

coε  : The corresponding strain in concrete to the concrete compressive strength. 
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The magnitude of the resultant compressive concrete force and its location from the neutral 

axis of the section are given by Equation (7-29) and (7-30) (Collins and Mitchell, 1987): 
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where, 

cC : The resultant concrete compression force at a given stress ( cf ), 

cy : The distance between the neutral axis to the equivalent concrete compression force 

location. 

 

The concrete tensile stress used in the equilibrium equations (7-25 and 7-26) is determined as 

follows. When the tensile stress at the extreme bottom fibre of concrete is less than the 

tensile strength of concrete ( rf ), the magnitude and location of the concrete tensile force is 

given by Equations (7-31) and (7-32), respectively as follows: 
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( )∫ −=

ctA

rctct chfb
2
1Adf         (7-31) 

 

( )∫ −=
ctA

rctct chfbAdyf 2

3
1

       (7-32) 

 

'
cr f6.0f λ=          (7-33) 

 

where, 

rf : The modulus of rupture of concrete,  

λ : Factor to account for concrete density. 

 

7.6.2 Pre-cracking Stage 

In the pre-cracked stage, the tensile stress in the concrete at the extreme bottom fibre of the 

section is less than the tensile strength of concrete. This means that the entire section (full-

composite action) is acting to resist the external applied load. Thus, the gross moment of 

inertia (Ig) is used at this stage. All elements within the beam are considered to be un-cracked.  

 

Prestressed Strengthened Beam 

For the prestressed beam, the calculation procedure for the strains and the deflections is 

different from the control and non-prestressed strengthened beam. The strains in the beam 

have initial values that depend on the prestressing level.  The beam is considered to have 
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elastic behaviour within the pre-cracking stage, and thus the neutral axis location can be 

found by using superposition as shown in Figure 7.8.  

 

 

Figure 7.8: Internal stresses of prestressed strengthened beam at pre-cracking stage 

 

The strains in the top and bottom concrete section:  
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The strains in tension and compression steel reinforcement: 
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The strain in the CFRP rod: 
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The strains in concrete, steel reinforcement and CFRP rod are related linearly as shown in 

Figure 7.9. These strains can be expressed in terms of the extreme top compressive strain of 

concrete as follows. 
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where, 

cε  : The strain at the extreme top fibre of the cross section, 

'
sε : The strain in the compression steel reinforcement, 

sε : The strain in the tension steel reinforcement, 

cfrpε : The strain in the CFRP reinforcement (rod), 

tε : The strain at the extreme bottom fibre of the cross section. 
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Figure 7.9: Strain, stress distribution and internal forces at pre-cracking stage 

 

The force and moment equilibrium equation for the control, non-prestressed, and prestressed 

strengthened beams can be rewritten as given in Equation (7-43) and (7-48). 
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7.6.3 Pre-yielding Stage 

When the tensile stress in the extreme bottom fibre of the concrete exceeds the tensile 

strength of concrete, flexural cracks appear and the beam is considered to be composed of 

cracked sections. The stress distribution in a section will change as shown in Figure 7.10.  

 

 

Figure 7.10: Strain, stress distribution and internal forces at pre-yielding stage 
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The force and moment equilibrium equations can be expressed for the pre-yielding stage as 

follows. 
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7.6.4 Post-yielding Stage 

The post-yielding stage starts when the tension steel reinforcement yields. The stress and 

strain distributions in a section during the post-yielding stage are given in Figure 7.11. 

 

 

Figure 7.11: Strain, stress distribution, and internal forces at post-yielding stage 
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The force and moment equilibrium equations can be written as follows: 
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It should be noted that each element in the beam is dealt with based on the applied load level 

for that element to calculate the stresses, strains, and deflection of the beam. For example, at 

ultimate stage, the constant moment region will be analyzed as a post-yielding stage. Part of 

the shear span is analyzed as pre-yielding stage. Sections near the support may be analyzed as 

un-cracked section (pre-cracking).  

 

7.7 Calculation Procedure 

7.7.1 Control and Non-prestressed Strengthened RC Beams 

The calculation procedure to predict the load-deflection for a given element within the beam 

(control and non-prestressed) is given as follows: 

• Assume a given external applied load on the beam; 

• Calculate the external moment for the element being analyzed; 

• Assume a strain (higher than the initial strain) at the compression fibre of concrete 

(for prestressed beam) at the given element; 

• Calculate the equivalent stress block factors ( 1α ) and ( 1β ) of the compression stress 

of the concrete using Equations (7-27) and (7-28); 

• Calculate the neutral axis depth using force equilibrium equations; 

• Calculate the stresses and strains in the compression, tension steel and CFRP 

reinforcement; 

• Calculate the internal moment; 

• Compare the calculated internal moment to the assumed external moment; 
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• Perform a trial and error procedure by revising the assumed value of the concrete 

strain, until the internal and external moments are equal; 

• Calculate the curvature of the given element ( i ); 

• Calculate the deflection of the given element ( i ); 

• Repeat the procedure for all elements within the half length of the beam; 

• Calculate the deflection for the given applied external load; 

• Repeat the procedure for new values of the external load.    

 

The above procedure is summarized in a flowchart as shown in Figure 7.12. It includes the 

call functions for the un-cracked and cracked section analysis that are given in Figure 7.13 

and 7.14, respectively. The flowchart for calculating initial strains and camber in prestressed 

strengthened beams is given in Figure 15. The flowchart for calculation of the mid-section 

deflection is given in Figure 7.16. 

 

7.7.2 Prestressed Strengthened RC Beams 

The calculation procedure for the prestressed strengthened beam is slightly different from the 

control and the non-prestressed strengthened beams due to initial strains induced in the 

section. The summary is given as follows. 

• Calculate the initial strains in the section due to prestressing; 

• Calculate the initial deflection of the beam (camber); 

• Assume an external applied load; 

• Calculate the stresses and the strains at given element ( i ); 
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• Calculate the neutral axis of the section based on the stress profile produced; 

• Calculate the curvature at a given element ( i ); 

• Calculate the deflection at a given element ( i ); 

• Increase the external applied load by certain increment; 

• Repeat the procedure until the external applied load equal to the cracking load of the 

beam; 

• Beyond the cracking load, the same procedure for the control and non-prestressed 

strengthened beams is used considering the total strain in the CFRP rod (prestressing 

strain and decompression strain in the concrete at the level of the CFRP rod). 
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Figure 7.12: Main flowchart of the model 
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Figure 7.13: Flowchart of the un-cracked section analysis 
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Figure 7.14: Flowchart of the cracked section analysis 

Return 

No 

Yes

No Yes

Solution < Error 

Cracked Section 

Calculate the neutral axis depth (c) using 

force equilibrium equation  

εci = εci + 0.000001 

Calculate α and β 

Calculate the internal moment (Mint) 

(elastic region of steel) 

Error = 0.001× Mint 

Solution = |Mext - Mint| 

Calculate the strains  

(compression, tension, and CFRP reinforcement) 

εs < εy 

Calculate the internal moment (Mint) 

(plastic region of steel) 

Calculate the neutral axis depth (c) using 

force equilibrium equation  

Assume initial compression strain in 

concrete εci = initial strain (prestressing) 



 

173 

 

 
Figure 7.15: Flowchart of the initial strain and cambering of the prestressed beams 

 

 

 

Figure 7.16: Flowchart of the deflection calculation 
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7.8 Computer Program and Verification of the Model 

The model was coded using Visual Basic 6 into a computer program called NSM-FRP. The 

NSM-FRP is divided into three sub-programs based on the condition of the beam: control, 

non-prestressed strengthened and prestressed strengthened beam. The predictions from the 

model were compared with the experimental results. 

 

7.8.1 Computer Program (NSM-FRP) 

Inputs for the program include the cross-section of the beam, NSM groove size, amount of 

reinforcement and material properties (concrete, steel reinforcement, and CFRP 

reinforcement). It also allows specifying the prestressing level of the FRP reinforcement.  

 

The output of the program includes a graphical representation of the load-deflection, load-

strain in concrete, load-strain in the compression and tension steel reinforcement, load-strain 

in the FRP reinforcement, and moment-curvature relationship. Figure 7.17 shows the plots of 

the different relationships for the 40% Prestressed strengthened beam. The program also 

provides the user with an option to save the output results into a text file.  
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      a) Load-deflection    b) Moment-Curvature 

 

  
       c) Load-compression steel strain          d) Load-tension steel strain 

 

  
 e) Load-concrete strain        f) Load- CFRP strain 

Figure 7.17: Outputs of the program 
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7.8.2 Verification of the Model 

To verify the analytical and experimental results, graphical representations are provided as 

follows. The measured load versus stress and load versus strain relationships for the different 

materials (tension steel reinforcement, concrete, and CFRP rod) at mid-span section during 

loading are compared with the analytical results obtained from the model.  

 

7.8.2.1 Load-Tension Steel Reinforcement Strain Relationship 

The comparisons between the experimental and predicted results in terms of load versus the 

tension steel reinforcement for all beams (control, non-prestressed, 40% and 60% prestressed 

strengthened) are shown in Figure 7.18.  

 

The correlation between the experimental and predicted results for the test beams is within a 

reasonable agreement except for the control beam. The strain gauges for the control beam 

were located at the ribs of the reinforcing, which gave a higher local strain than the average 

local strain. 
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Figure 7.18: Experimental and analytical load-tension steel reinforcement strain 

 

7.8.2.2 Load-Compressive Concrete Strain Relationship 

The predicted results of the compressive strain in the concrete show a good agreement for all 

beams. Figure 7.19 shows the predicted and the experimental measurements of load versus 

concrete strain. Due to the presence of the shrinkage hair cracks around the cross-section of 

the beam at the mid-span, the tension strain readings in the concrete at the time of 

prestressing were not recorded (zero strain readings were obtained).  
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Figure 7.19: Experimental and analytical load-concrete strain 

 

7.8.2.3 Load-Tensile CFRP Rod Strain Relationship 

The predicted load vs. tensile strain in the CFRP rod is also compared to the experimental 

readings. Figure 7.20 shows the comparison between the analytical and experimental results 

for the non-prestressed, 40%, and 60% prestressed strengthened beams. Excellent correlation 

was found except for the 40% prestressed strengthened beam. It is believed that an existing 

bond defect at the location of the strain gauge caused higher strain readings within the un-

cracked stage of loading. After cracking, the experimental and analytical rates of increase in 

strain readings (slope of the curve) are equal.   
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Figure 7.20: Experimental and analytical load-CFRP strain for the strengthened beams 

 

7.8.2.4 Load-Deflection Relationship 

The different beams tested under monotonic loading (control, non-prestressed, 40% and 60% 

prestressed strengthened beam) were analyzed using the proposed model. Comparisons of the 

experimental and analytical load-deflection relationships are shown in Figures 7.21. A good 

agreement between the experimental and predicted results is achieved. Table 7.1 gives the 

values of yield load, yield deflection, ultimate load, and ultimate deflection including the 

percentages of error. It can be seen that most of the predicted results are within an acceptable 

percentage of error. The percentage error of the yield loads for all beams is within ±5.3 % 
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from the experimental results. The error prediction is within ±2.59% for the ultimate loads. 

Most of the deflection predictions for the tested beams fall within a percentage error of ±7.4.  

 

0

10

20

30

40

50

60

70

80

90

100

110

120

0 10 20 30 40 50 60 70 80 90 100 110 120
Deflction (mm)

Lo
ad

 (k
N

)

Experimental 

Analytical

Analytical

Experimental

0

10

20

30

40

50

60

70

80

90

100

110

120

0 10 20 30 40 50 60 70 80 90 100
Deflection (mm)

Lo
ad

 (k
N

)

Experimental

Analytical

Experimental

Analytical

 

     Control Beam           Non-prestressed Strengthened Beam 

0

10

20

30

40

50

60

70

80

90

100

110

120

0 10 20 30 40 50 60 70 80 90 100
Deflction (mm)

Lo
ad

 (k
N

)

Experimental

Analytical

Analytical
Experimental

  

0

10

20

30

40

50

60

70

80

90

100

110

120

0 10 20 30 40 50 60 70 80 90 100
Deflction (mm)

Lo
ad

 (k
N

)

Experimental

Analytical

Analytical

Experimental

 

       40% Prestressed Strengthened Beam           60% Prestressed Strengthened Beam 

Figure 7.21: Comparisons of experimental and analytical load-deflection curves 
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Table 7-1: Summary of the experimental and analytical results 

 Yield Stage Ultimate Stage 

 Experimental Analytical Error Experimental Analytical Error 

 Py Δy Py Δy Py Δy Pult Δult Pult Δult Pult Δult 

Beam (kN) (mm) (kN) (mm) (%) (%) (kN) (mm) (kN) (mm) (%) (%) 

Control 55.10 23.50 58.00 21.90 +5.29 -6.80 64.30 85.30 65.00 87.30 +1.10 +2.30 

Non-

prestressed 
69.50 26.03 69.00 22.90 -0.69 -12.00 96.50 65.49 99.00 62.60 +2.59 -4.40 

40% 

Prestressed 
95.00 25.82 92.50 24.30 -2.59 -5.89 115.25 48.34 115.50 51.90 +0.22 +7.36 

60% 

Prestressed 
105.02 25.72 102.30 24.20 -2.59 -5.91 112.26 32.89 113.30 35.90 +0.93 +9.15 
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Chapter 8 
Fatigue Life Prediction Model 

 

In this chapter, a fatigue life prediction model using a strain-life analysis for the fatigue life of 

the steel reinforcement of the beams tested under cyclic loading is presented. Most of the 

failures predicted were precipitated by a fatigue failure in the tension steel reinforcement. 

The first step in the analysis was to estimate the strains in the tension steel reinforcement for 

a given load range using the monotonic flexural behaviour model presented in chapter 7. For 

the prestressed strengthened beams, a modification to this analysis was made to account for 

changes in the mean stress in the tension steel reinforcement due to slip of the prestressed 

CFRP rod.   

 

8.1 The Strain-Life Approach 

The strain-life approach has been used to estimate the fatigue life of structural components 

having stress raisers, when initial conditions involve residual stress, or when some of load 

cycles result in plastic strains at stress raisers. The strain-life approach uses the cyclic stress-

strain curve for a component material, the fatigue properties for the material, the geometry of 

the component, and the load history.   
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The stresses used in a strain-life fatigue analysis are: 

The Mean stress: is defined as the average of the maximum (
max

S ) and minimum (
min

S ) 

nominal notch root stresses during cycle of loading as given in Equation (8-1) 

 

2
minmax SS

mean
S

+
=          (8-1) 

 

The Stress Amplitude: is defined as one half of the difference between the maximum (
max

S ) 

and minimum (
min

S ) stresses during a load cycle as given in Equation (8-2) 

 

2
minSmaxS

ampS
−

=          (8-2) 

 

The Stress Range: is defined as the difference between the maximum (
max

S ) and the 

minimum (
min

S ) stress during a load cycle. 

 

minmax
SS

range
S −=          (8-3) 

 

For constant amplitude load cycling, these terms can also be graphically illustrated as shown 

in Figure 8.1.  
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Figure 8.1: Applied cyclic load versus time 

 

8.2 Steel Fatigue Properties 

The reinforcing steel used in a conventional concrete structure is usually a mild cold worked 

steel. A monotonic stress-strain curve is obtained by testing a steel coupon under monotonic 

loading to failure. The cyclic stress-strain curve is obtained from strain controlled tests under 

cyclic loading. Two test methods are used to collect cyclic stress-strain data, a series of 

constant strain amplitude tests and an incremental test with step increases and decreases in 

the strain amplitude (ASTM E606). In the first method, the cyclic stress-strain curve for a 

material is obtained from the curve drawn through half life fatigue data from fully reversed 

constant strain amplitude tests. In the second method, a single sample of the material is 

subjected to repeated blocks of gradually increasing and decreasing strain amplitude. After 

the stress-strain values stabilize, the cyclic stress-strain curve is constructed by drawing a 

curve through the steady state stress versus strain amplitude data. 
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The cyclic stress-strain equation (Ramberg-Osgood Equation) given in Equation (8-4) is used 

in fatigue analysis.  

 

n

kE
′

⎟
⎠
⎞

⎜
⎝
⎛

′
+=

1

σσε          (8-4) 

 

where, 

ε : The cyclic strain amplitude of the metal, 

σ : The cyclic stress amplitude of the metal, 

E : Young’s modulus, 

k ′ : The cyclic strength coefficient (obtained by plotting the true cyclic stress amplitude 

versus the cyclic true plastic strain amplitude on a log-log scale), 

n′ : The cyclic strain hardening exponent (the slope of the curve of the logarithm of the true 

cyclic stress amplitude versus the logarithm of the true cyclic plastic strain amplitude and the 

intercept represents ( k ′ ) at a strain of 1.0 as shown in Figure 8.2. 
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Figure 8.2: Logarithm of the true cyclic stress amplitude versus the logarithm of the cyclic 

plastic strain amplitude  

 

8.3 Stress-Strain History 

Mechanical interlocks (ribs) are provided on the reinforcing steel used in concrete to produce 

a good bond between a reinforcing steel bar and the surrounding concrete. During loading, 

these ribs act as stress raisers causing an increased stress and strain at the base of the ribs. 

Fatigue crack initiation occurs at this point.  The local stresses and strains in the steel are used 

in the fatigue analysis. Neuber’s rule is the most widely used method to calculate the local 

stresses and strains at a notch, root in this case (ribs). It states that the geometrical mean of 

the stress and strain concentration factors are equal to (Kt) during the plastic deformation 

(Neuber, 1946), which is expressed as given: 

 

εσ kkKt =            (8-5) 

Logarithm cyclic plastic strain 
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S
k σ
σ =           (8-6) 

e
k ε
ε =           (8-7) 

 

where, 

kσ : The stress concentration factor, 

kε : The strain concentration factor, 

ε :  The local strain, 

e : The nominal strain. 

 

 

 

Figure 8.3: Local stress and strain using Neuber’s rule 
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An equation to calculate the local stress and strain at the notch when nominal strains are 

elastic can be derived by substituting e=S/E in Equation (8-5). Then, the nominal stress, and 

local stress and strain are related by Equation (8-11). 

 

εσ KKKt =           (8-8) 

eS
Kt

εσ
=           (8-9) 

E
SS

Kt
εσ

=           (8-10) 

E

)Sk( 2
t

=εσ          (8-11) 

 

When nominal stress-strain behaviour is no longer elastic, the substitution e=S/E is not valid. 

Then, the local stress and strain at the notch is calculated based on the following expression: 

 

SeKt
2=εσ           (8-12) 

 

where,  

e : The nominal strain and S is the nominal stress at a point in the cyclic stress-strain curve.   

 

In the fatigue analysis used, to calculate the local stress and strain at the reinforcing steel ribs 

in the current study, Equation (8-11) was substituted into Equation (8-4) to give the nominal 
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stress as a function of the local stress (Equation (8-13)).  There is no closed form solution for 

Equation (8-13) to directly find the local stress. Therefore, a trial and error procedure was 

used.  

  

n
1

2
t k

ESk
′

⎟
⎠
⎞

⎜
⎝
⎛

′
+=

σσσ         (8-13) 

 

The local stress (σ) in Equation (8-13) was obtained by a trial and error procedure, and then 

this value of  the local stress was substituted into Equation (8-4) to give the peak local strain 

at the notch. It is important to note that Equation (8-13) is valid only for an elastic nominal 

behaviour.  

 

The intersection of Neuber’s equation and the cyclic stress-strain curve for a loading cycle 

constitutes the origin for the unloading curve (Figure 8.4). The changes in the local stress and 

strain are obtained by using Equation (8-14) (Bannantine et al., 1990). 

 

n
1

k2
2

E
′

⎟
⎠
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⎜
⎝
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′
+=

σΔσΔεΔ           (8-14) 

 

Neuber’s rule is rewritten for the cyclic branch of a stress-strain hysteresis loop (Equation (8-

15)) 
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E
Skt

2)( Δ
=ΔΔ εσ          (8-15) 

 

By substituting the change in the strain given in Equation (8-14) into Equation (8-15), the 

following expression is obtained. 

 

n

t k
ESk

′
⎟
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⎞

⎜
⎝
⎛

′
Δ

Δ+Δ=Δ

1

2 2 σσσ        (8-16) 

 

where, 

SΔ : The change in the nominal stress,  

σΔ : The change in the local stress, 

εΔ : The change in the local strain.  

 

After solving for the changes in the stress and strain, the minimum local stress and strain are 

directly calculated using Equations (8-17) and (8-18). The hysteresis loop for the test cyclic 

load regime is shown in Figure 8.4. 

 

σσσ Δ+= minmax          (8-17) 

 

εεε Δ+= minmax          (8-18) 
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where, 

maxσ : The maximum local stress at the notch (rib), 

minσ : The minimum local stress at the notch (rib), 

maxε : The maximum local strain at the notch (rib), 

minε : The minimum local strain at the notch (rib). 

 

Figure 8.4: Stress-strain loading and unloading behaviour of steel at a notch 

 

8.4 The Elastic Stress Concentration Factor (Kt) 

The local elastic stress concentration factor (Kt) is defined for elastic stress-strain behaviour to 

be the ratio of the actual stress ( actualσ ) at a given point in the structural component to the 

average stress ( aveS ) as given in Equation (8-19).  
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ave

actual
t S

K
σ

=           (8-19) 

 

This factor is dependant on the geometry of the structural component and the loading 

condition. In a RC beam, the mechanical interlocks in the reinforcing steel bar act as stress 

raisers. The maximum nominal stress in the tension steel reinforcement occurs near flexural 

crack locations in the constant moment region of the beam. At the flexural cracks, concrete is 

cracked, and all the tension stresses are taken only by the tension steel reinforcement and as 

shown in Figure 8.5, the nominal stress in the steel bar increases.  

 

Based on the geometry and the shape of the reinforcing steel bars used in the field and on 

research, the American Concrete Institute (ACI-215) recommends a range of values of the 

stress concentration factor for the reinforcing bars between 1.5 and 2. This range was 

supported by data reported by Heffernan, (1997), Masoud et al. (2002), Al-Hammoud (2006). 

In the current study, the value of the stress concentration was initially taken to be 2.0.  

 

Figure 8.5: Tensile stress distribution in the tension steel reinforcement and concrete 

 

Stress in steel 

Stress in concrete 

Flexural crack 



 

193 

8.5 The Fatigue Notch Factor (Kf) 

The fatigue notch factor ( fK ) obtained from fatigue test results is usually used in strain-life 

fatigue analysis. It is defined as follows. 

 

ar

ar
f S

K
σ

=           (8-20) 

 

where, 

fK  : The fatigue notch factor, 

arσ : The completely reversed constant amplitude stresses for smooth specimen tests,  

arS : The completely reversed constant amplitude stresses for notched specimen tests. 

 

For design purposes, the elastic stress concentration factor ( tK ) may be replaced by a fatigue 

notch factor when using Neuber’s rule in fatigue analysis (Topper et al. 1969). A fatigue 

analysis for the current experiments was carried using the stress concentration factor of 2.0 

recommended by American Concrete Institute and also a fatigue notch factor of 2.1 (based on 

the experimental fatigue data for the control beams). 

 

8.6 An Estimation of Fatigue Life 

A strain-life approach was used to estimate the fatigue life of the RC beams. Some simplifying 

assumptions were utilized in the analysis. The transient effects of the cyclic-dependant 

hardening or softening and creep-relaxation in the steel reinforcement were neglected.  
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One of the factors that affects the fatigue life of a structural component is the mean stress. 

When the mean stress increases, the fatigue life decreases as shown in Figure 8.6 (Tilly and 

Tan, 1979).   

 

Figure 8.6: Effect of mean stress on the fatigue life of the steel (Tilly and Tan, 1979) 

 

Several rules have been used to account for the effect of the mean stress on fatigue life. 

Among those suggested are the Morrow approach, a modified Morrow approach (Bannantine 

et al., 1990), and the Smith, Watson, and Topper (SWT) parameter (Smith et al., 1970). 

Morrow’s Equation was shown to be reasonable for steel but inaccurate for aluminium; the 

SWT approach gives acceptable predictions for a wide range of materials. In the current 

study, the SWT parameter is used. It assumes that the fatigue life depends on the product of 

maximum local stress and strain amplitudes. Thus, the fatigue life of a constant amplitude 

fatigue test at the same mean stress is expected to be the same as for a completely reversed 
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constant amplitude test cyclic loading when the product of the maximum stress and strain 

amplitudes has the same value as in the latter test (Smith et al., 1970): 

 

cb
fff

b
f

f
a NN

E
+′′+

′
= )2()2(

)( 2
2

max εσ
σ

εσ       (8-22) 

 

Where, the maximum local stress is function of the mean stress and given as follows: 

 

am σσσ +=max           (8-23) 

 

where, 

maxσ : The maximum stress, 

mσ : The mean stress, 

aσ : The stress amplitude, 

aε : The strain amplitude, 

fσ ′ : The fatigue strength coefficient, 

fε ′  : The fatigue ductility coefficient, 

b : The fatigue strength exponent, 

c : The fatigue ductility exponent, 

fN : The fatigue life. 



 

196 

8.7 The Fatigue Life Prediction Model 

Figure 8.7 gives a flowchart for the fatigue analysis used to predict the fatigue life of the RC 

beams. The monotonic flexural model presented in Chapter 7 was used to estimate the 

nominal stress and strain in the tension reinforcing bars. The maximum and minimum 

nominal stress and strain in the tension steel reinforcement are used as input to the fatigue 

analysis. In the fatigue analysis, the fatigue notch factor was taken to be equal to the 

recommended value by American Concrete Institute for an elastic stress concentration 

( fK = tK  = 2) and the fatigue properties of the tension reinforcement steel are as given in 

Table 8.1 (Heffernan, 1997). Solving for the intersection of the cyclic stress-strain curve, and 

Neuber’s rule yields a maximum local stress and strain at the ribs of the tension steel 

reinforcement. The ranges of the local stress and strain for a given cyclic load range were 

calculated by solving Equations (8-14) and (8-15). The minimum local stress and strain is then 

calculated using Equations (8-17) and (8-18).  The SWT parameter was used to account for 

the effect of mean stress on the fatigue life of the RC beams. The fatigue life ( fN ) of a beam 

at a given mean stress was calculated using Equation (8-22). 

 

Table 8-1: Coefficients of the cyclic stress-strain curve and SWT Equation for the reinforcing 

steel bars (Heffernan, 1997) 

k ′  n′  Cyclic stress-strain curve 
990 0.1276 

fσ ′  fε ′  b c 
SWT Equation 

848 0.2393 -0.064 -0.49 
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Figure 8.7: Flowchart of the fatigue analysis using strain-life approach 

Start 

Calculate the maximum and minimum nominal 
stress from the monotonic flexural model 

Input 
Steel fatigue properties, load 

range  

σ = σi + 1 

Assume σi = 0 

Calculate kt Smax

 Calculate  n
1

2

k
E

′
⎟
⎠
⎞

⎜
⎝
⎛

′
+=

σσσ

Is kt Smax = n
1

2

k
E

′
⎟
⎠
⎞

⎜
⎝
⎛

′
+=

σσσ

Calculate σmax , εmax,  Δσ, and Δε  

Calculate σmax × εa  

Assume Nf = 0  

Nf = Nf  + 1000  

Calculate   ( ) ( ) ( ) cb
fff

b2
f

2
f N2N2

E
+′′+

′
= εσ

σ

Is 

σmax × εa = ( ) ( ) ( ) cb
fff

b2
f

2
f N2N2

E
+′′+

′
= εσ

σ

Number of Cycles (Nf) is obtained 

Yes 

Yes 

No 

No 

Solve for stress and strain for the intersection of the doubled cyclic 
stress strain curve with Δσ Δε = constant  



 

198 

8.8 A Comparison of the Predictions with the Experimental Fatigue Data  

Experimental results and predicted (analytical) fatigue life curves are presented for the 

control, non-prestressed, 40% and 60% prestressed strengthened beams in the following 

sections.  

 

8.8.1 Control Beams 

The fatigue life prediction model presented in this study was used to predict the fatigue lives 

of the control beam for various load ranges. Figure 8.8 gives plots of the hysteresis loops at the 

location of the notch (the base of the ribs of the reinforcing steel bar) for two load ranges. The 

experimental data and predicted curves using fK  values of 2.0 and 2.1 for the control beams 

are given in terms of load range versus fatigue life in Figure 8.9.  

 

The long life test data fall close to the curve predicted using a fK of 2.1. As noted by other 

researchers, the fatigue notch factor decreases at shorter fatigue lives, and in the case a fK  

value of 2.0 gives good predictions for short lives. Thus, a fatigue notch factor having a value 

of 2.1 is appropriate for long fatigue lives, but somewhat conservative for shorter fatigue lives. 
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Figure 8.8: Predicted hysteresis loops at various load ranges for the control beam 
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Figure 8.9: Fatigue life of the control beams (experimental versus analytical) 

 

8.8.2 Non-prestressed Strengthened Beams 

For non-prestressed strengthened beams, the fatigue life calculation procedure is the same as 

for the control beam, except that the strengthening of the beams is accounted for in 

calculating the nominal stresses in the reinforcing steel bars. Hysteresis loops for calculated 

local stresses and strains for two load ranges are given in Figure 8.10. 
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Plots of fatigue test data and a calculated curve for the non-prestressed strengthened beams 

using a fK  value of 2.1 are given in Figure 8.11. Agreement between calculated results and 

test data is good, but again the calculations are conservative for the shorter fatigue lives. 

 

-300

-200

-100

0

100

200

300

400

500

600

700

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Strain (mm/mm)

Lo
ad

 R
an

ge
 (k

N
)

Load Range: 6.7%-50%

  
-300

-200

-100

0

100

200

300

400

500

600

700

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Strain (mm/mm)

Lo
ad

 R
an

ge
 (k

N
)

Load Range: 6.7%-65%

 

Figure 8.10: Predicted hysteresis loops at various load ranges for the non-prestressed 

strengthened beams 
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Figure 8.11: Fatigue life of the non-prestressed strengthened beams 
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8.8.3 Prestressed Strengthened Beams 

As noted in Chapter 6, slip between the prestressed CFRP rod and the epoxy caused an 

increase in the steel reinforcement nominal mean strain, and thus an increase in the 

maximum and minimum nominal stresses in the tension steel reinforcement. This gives an 

increased mean stress as illustrated schematically in Figure 8.12. This increase in the mean 

stress will cause a reduction in the fatigue life. Thus, it should be accounted for in the fatigue 

life calculations. This was done by recording the maximum and minimum stress in the 

tension steel reinforcement after stabilization of the slip between the CFRP rod and the epoxy 

(taken from experimental test results reported in Chapter 6).  

 

 

Figure 8.12: Effect of the CFRP rod slip on the mean stress of the steel reinforcement 
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induced when slip occurs. It is important to mention that the range of the local stress is the 

same for both cases (without and with slip in the CFRP rod).  

 

 

Figure 8.13: Effect of the CFRP slip on the local stress and stain of the steel reinforcement 

 

8.8.3.1 40% Prestressed Strengthened Beams 

Two of the calculated hysteresis loops for the 40% prestressed strengthened beams are given 

in Figure 8.14. 
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Figure 8.14: Predicted hysteresis loops at various load ranges for the 40% prestressed 

strengthened beams 
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Figure 8.15 compares the experimental fatigue life data with a calculated fatigue life curve for 

the 40% prestressed strengthened beams. There is a good and slight conservative agreement of 

the predictions using a fK  value of 2.1 with the experimental data, except for the beam 

loaded at 69kN that failed by another mechanism (fatigue bond failure).    
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Figure 8.15: Fatigue life of the 40% prestressed strengthened beams 

 

8.8.3.2 60% Prestressed Strengthened Beams 

The fatigue life for the 60% prestressed strengthened beams was estimated using the same 

procedure as that used for the 40% prestressed strengthened beams. Figure 8.16 gives plots  of 

calculated hysteresis loops for two load ranges. Figure 8.17 plots test data and a predicted 

fatigue life curve for this case using a fK value of 2.1. The predicted curve is in a good 

agreement with the long life experimental data, but as expected conservative for short fatigue 
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lives. It is important to point out that this predicted fatigue life curve is valid only up to a load 

range of 70kN. For a higher load ranges (greater than 70kN), the mode of failure changed to a 

fatigue failure in the prestressed CFRP rod (as presented in Chapter 6).  
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Figure 8.16: Predicted hysteresis loops at various load ranges for the 60% prestressed 

strengthened beams 

 

0

10

20

30

40

50

60

70

80

90

100

10000 100000 1000000 10000000
Number of Cycles to failure (Nf)

Lo
ad

 ra
ng

e 
(k

N
)

Experimental

Fatigue life prediction based on Kf = 2.1

 

Figure 8.17: Fatigue life of the 60% prestressed strengthened beams 
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8.9 Summary 

The main findings obtained in the current chapter are: 

• The strain-life approach using the SWT mean stress parameter to account for the 

mean stress effect) gave good predictions of fatigue life for all the beams (control, 

non-prestressed, 40% prestressed, and 60% prestressed strengthened beams), except 

that using a fK value of 2.1 that was appropriate for long fatigue lives gave slight 

conservative predictions at short fatigue lives; 

• The range of the stress concentration factor of 1.5 to 2.0 proposed by the ACI is 

unconservative for the beam used in this study; 

• Slip between the CFRP rod and the epoxy caused an increase in the mean stress in the 

tension steel reinforcement. Using the recorded maximum and minimum nominal 

stresses in the tension steel when the slip had stabilized satisfactorily accounted for 

the increased mean stress.  
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Chapter 9 

Conclusion, Recommendations, and Future Work 

9.1 Conclusion and Recommendations 

The conclusions and recommendations of this study are divided into four categories: the 

transfer length results, the monotonic results, the fatigue results, and the analytical models. 

 

9.1.1 Prestressing and Transfer Length 

The main findings of the transfer length test results of the beams strengthened with 

prestressed CFRP rod are given as follows: 

• The transfer length for the 40% prestressed strengthened RC beams from the end of 

the bonded length was found to be 320mm. This represents 34 times the CFRP rod 

diameter; 

• The transfer length for the 60% prestressed strengthened RC beams from the end of 

the bonded length was estimated to be 350mm, which is 37 times the CFRP rod 

diameter; 

• The short transfer length for CFRP rod in the prestressed strengthened RC beams 

suggests that there is a high resistance to bond slip due to adhesion; 

• An empirical model with an exponential form shows a good fit to the transfer length 

data; 

• The total losses of stress in the prestressed CFRP rod were 100% at the end of the 

bonded length, and 2% at the mid-span section of the bonded length. 
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9.1.2 Monotonic Flexural Behaviour Results 

• Non-prestressed and prestressed near surface mounted (NSM) FRP rod was found to 

be effective in strengthening the RC beams. Under monotonic loading, no de-bonding 

of the CFRP rod occurred for any of the beams strengthened with non-prestressed, 

40% prestressed, and 60% prestressed CFRP rod; 

• Measuring the strains in the concrete, the steel reinforcement (compression and 

tension), and the CFRP rod under monotonic loading up to failure showed that the 

strain profile along the depth of the cross-section of the beam was linear. This 

indicates full composite action and strain compatibility between the CFRP rod and 

the concrete; 

• The mode of failure of the RC beams strengthened with non-prestressed CFRP rod 

was due to the concrete crushing preceded by yielding of the tension steel 

reinforcement. When the beams were strengthened with prestressed CFRP rod, the 

mode of failure changed to rupture of the CFRP rod after the tension steel yielded. 

The use of the CFRP rod as prestressed is more efficient since the full capacity of the 

CFRP rod and higher strength for the beams were achieved; 

• Using non-prestressed CFRP rod as NSM for strengthening the RC beams increased 

the monotonic flexural performance in terms of the flexural stiffness, the yield load, 

and the ultimate load. A 26% and 49% enhancement in the yield and ultimate loads 

were respectively obtained compared to the values for the control beam. The pre-

yielding flexural stiffness was about 19% higher than that of the control beam; 

• The RC beams that were strengthened with a 40% prestressed CFRP rod exhibited a 

better flexural performance than that of non-prestressed strengthened beams. The 
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cracking load was increased to a level three times greater than that of the control 

beam. The yield load was about 73% higher and the ultimate load, it was 79% higher 

than the values for the control beam. The increases are 37% and 19.4% in the yield 

and ultimate load, respectively, compared to the values for the non-prestressed 

strengthened beams. The enhancements in the flexural stiffness within the pre-

yielding stage were 42% and 22% compared that of the control and non-prestressed 

strengthened beams, respectively; 

• When the RC beams were strengthened with a 60% prestressed CFRP rod, the 

monotonic flexural performance was further enhanced. The cracking load was four 

times greater than that of the control beam. The yield and ultimate loads were 91% 

and 72% greater than those of the control beam, respectively. The 60% prestressed 

strengthened beams had the greatest flexural stiffness for all loading stages (pre-

cracking, pre-yielding, and post-yielding). At a given service load, they had less 

deflection, and narrower flexural crack widths than the other beams; 

• The ductility of the beams decreased with increased the prestressing levels. The non-

prestressed strengthened beam had a slightly small reduction in ductility compared to 

the control beams. For the prestressed strengthened beams (40%, and 60%), there 

were significant reductions in ductility that increased with prestressing force; 

• The proposed monotonic flexural model based on strain compatibility (a linear 

profile) in the concrete, steel reinforcement, and CFRP reinforcement, gave a 

reasonable prediction of the experimental results. The errors in percentages for 

different stages of loading (cracking, yield, and ultimate load) did not exceed 10%.  
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9.1.3 Fatigue Results 

• Under cyclic loading, three different modes of failure occurred depending on the 

prestressing and loading levels. For the control and the non-prestressed (0%) 

strengthened beams, only fatigue failures in the tension steel reinforcement was 

observed. For beams strengthened with 40% and 60% prestressed CFRP rod, most 

specimens failed by fatigue of the steel bar. Some specimens had a fatigue failure of 

the bond between the prestressed CFRP rod and the epoxy. A fatigue failure in the 

prestressed CFRP rod occurred when the beam had high prestressing level (60%) of 

the CFRP rod and was subjected to a high load range; 

• Strengthening the RC beams with a non-prestressed near surface mounted CFRP rod 

increased the endurance limit to a level 24% higher than that of the control beams 

(29kN versus 36kN); 

• When the RC beam was strengthened with 40% prestressed CFRP rod, there was a 

further increase in the fatigue limit. This level was 14% and 41% higher than the 

levels of non-prestressed and the control beams, respectively; 

• The highest fatigue limit (of all beam configurations) was obtained for the beams 

strengthened with 60% prestressed CFRP rod. The fatigue limit of the 60% 

prestressed strengthened beams had an increase of 72% in endurance limit from the 

level of the control beam;  

• At a prestressing level of 60%, a fatigue failure of the prestressed CFRP rod occurred 

at a high load level; 
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• Under cyclic loading, the prestressed CFRP rod showed an increase in slip with an 

increase in the number of cycles leading to propagation of the flexural cracks and an 

increased tensile stress/strain (increased mean stress) in the tension steel 

reinforcement. This led to shorter fatigue lives than the calculated fatigue lives that 

assumed there was no increase in the mean stress;   

• For all beams (control, non-prestressed, 40% prestressed, and 60% prestressed 

strengthened beams) the strain-life approach combined with the monotonic flexural 

model using a fatigue notch factor of 2.1 gave good (and conservative) predictions of 

the experimental fatigue lives; 

• To account for the increase in the mean stress of the tension steel reinforcement for 

those specimens exhibiting a slip of CFRP rod during cyclic loading, the actual 

maximum and minimum strains obtained from the experiment were used in the 

fatigue analysis in order to accurately predict their fatigue lives.  

 

9.2 Future Work 

• The degradation of the bond between the prestressed CFRP rod and the epoxy for 

various sizes of rod and prestress level needs further study;  

• For strengthening slabs or wide beams with prestressed NSM CFRP rods, a multiple 

number of prestressed CFRP rods may be required. The distance between the near 

surface mount grooves at which a shear failure in the concrete between the grooves 

due to overlapping stresses caused by prestressing force will occur should be 

determined; 
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• Field applications to strengthen different RC structural elements (T-section, I section, 

slabs) with provision for structural health monitoring (SHM) should be considered. 

• More data are required on the behaviour of prestressed NSM FRP strengthened RC 

structures under various loading conditions (such as sustained loads) and 

environmental exposures (such as freeze thaw); 

• The long-term prestress losses for NSM FRP prestressed member must be quantified.  

 

 



 

212 

Bibliography 
 

 

1. ACI Committee 215, “Considerations for Design of Concrete Structures Subjected to 

Fatigue Loading, Manual of concrete Practice,” American Concrete Institute, 1996. 

2. ACI Committee 440R-96, “State-of-the-Art Report on Fiber Reinforced Plastic 

Reinforcement for Concrete Structures, Manual of Concrete Practice,” American 

Concrete Institute, 1996. 

3. Aidoo J., Harries K.A., and Petrou M.F., “Behaviour of Reinforced Concrete Bridge 

Retrofit with CFRP and Subjected to Monotonic and Fatigue Loading,” Proceedings of 

the 4th International Conference on Advanced Composite Materials in Bridges and 

Structures (ACMBS 2004), Calgary, Ontario, Canada, 2004. 

4. Aidoo J., Harries K.A., and Petrou M.F., “Full-Scale Experimental Investigation of 

Repair of Reinforced Concrete Interstate Bridge Using CFRP Materials,” American 

Society of Civil Engineers (ASCE), Journal of Bridge Engineering, Vol. 11, No. 3, pp. 

350-358, 2006. 

5. Alagusundaramoorthy, P; Harik, I.; and Choo, C.C., “Flexural Behaviour of R/C Beams 

Strengthened with Carbon Fiber Reinforced Polymer Sheets or Fabric,” American 

Society of Civil Engineers (ASCE), Journal of Composite for Construction, Vol. 11, No. 

4, pp. 292-301, 2003. 

6. Al-Mayah A., “Interfacial Behaviour of CFRP-Metal Couples for Wedge Anchor 

Systems,” PhD Thesis, University of Waterloo, Waterloo, Ontario, Canada, 2004. 

7. Asplund S.O., “Strengthening Bridge Slabs with Grouted Reinforcement,” American 

Concrete Institute (ACI), Structural Journal, Vol. 20, No. 4, pp. 397-406, 1949. 



 

213 

8. ASTM C882, “Standard for Bond Strength of Epoxy-Resin Systems Used with Concrete 

by Slant Shear,” American Society for Testing and Materials, 1998. 

9. ASTM E606, “Standard Practice for Strain-Controlled Fatigue Testing,” American 

Society for Testing and Materials, 1999. 

10. Badawi M. and Soudki K., “Prediction of Fatigue Life of Strengthened RC Beams with 

Near Surface Mounted CFRP Rods,” Proceedings of the International Conference on 

Civil Engineering Infrastructures Systems (CEIS 2006), Beirut, Lebanon, 2006. 

11. Badawi M. and Soudki K., “Strengthening of RC Beams with Prestressed Near Surface 

Mounted CFRP Rods,” Proceedings of the 3rd International Conference on FRP 

Composites in Civil Engineering (CICE 2006), December 13-15, Miami, FL, USA, 2006. 

12. Bannantine J.A., Comer J.J., and Handrock J.L., “Fundamental of Metal Fatigue 

Analysis,” Prentice Hall, NJ, USA, First Edition, 1990. 

13. Barnes, R.A., and Mays, G.C., “Fatigue Performance of Concrete Beams Strengthened 

with CFRP Plates,” American Society of Civil Engineers (ASCE), Journal of Composites 

for Construction, Vol. 3, No. 2, pp. 63-72, 1999. 

14. Barros J.A.O., and Fortes A.S., “Flexural Strengthening of Concrete Beams with CFRP 

Laminates Bonded into Slits,” Cement and Concrete Composites Journal, Vol. 28, No. 2, 

pp. 471-480, 2005. 

15. Barros J.A.O., Ferreira D. R.S.M., Fortes A.S., and Dias S.J.E., “Assessing the 

Effectiveness of Embedding CFRP Laminates in the Near Surface for Structural 

Strengthening,” Construction and Building Materials Journal, 20, pp. 478-491, 2006. 

16. Bishara A.G., “Some Aspects of Dynamic Response of Rectangular Reinforced Concrete 

Beams,” Fatigue of Concrete Structures, Shah, Editor, American Concrete Institute (ACI) 

Special Publications (SP-75), Detroit, MI, USA, pp. 235-252, 1982. 



 

214 

17. Brena S., Benouaich M., Kreger M., and Wood S., “Fatigue Tests of Reinforced Concrete 

Beams Strengthened Using Carbon Fiber-Reinforced Polymer Composites,” American 

Concrete Institute (ACI), Structural Journal, Vol. 102, No. 2, pp. 305-313, 2005. 

18. Brena, S.F., Bramblett, R.M., Wood, S.L., and Kreger, M.E., “Increasing Flexural 

Capacity of Reinforced Concrete Beams Using Carbon Fibre-Reinforced Polymer 

Composite,” American Concrete Institute (ACI), Structural Journal, Vol. 100, No. 1, pp. 

36-46, 2003. 

19. Carolin A., Taljsten, B., and Hejll, A., “Concrete Beams Exposed to Live Loading during 

Carbon Fiber Reinforced Polymer Strengthening,” American Society of Civil Engineers 

(ASCE), Journal of Composites for Construction, Vol. 9, No. 2, pp. 178-186, 2005. 

20. Catalin G., “Fatigue and Monotonic Strength of RC Beams Strengthened with CFRPs,” 

Composites Part A: Applied Science and Manufacturing, Vol. 37, No. 8, pp. 1111-1118, 

2006. 

21. Christos P., Petrou M., and Harris K., “Fatigue Behavior of RC Beams Strengthened with 

GFRP Sheets,” American Society of Civil Engineers (ASCE), Journal of Composites for 

Construction, Vol. 5, No. 4, pp. 246-253, 2001. 

22. Collins M.P. and Mitchell D., “Prestressed Concrete Basics,” Canadian Prestressed 

Concrete Institute (CPCI), Ottawa, Ontario, Canada, 1987. 

23. CSA-A23.3-04, “Design of Concrete Structures,” Canadian Standards Association, 

Rexadle, Ontario, Canada, 2004. 

24. CSA-S6-06, “Canadian Highway Bridge Design Code,” Canadian Standards Association, 

Ontario, Canada, 2006. 

25. CSA-S806, “Design and Construction of Building Components with Fibre-Reinforced 

Polymers,” Canadian Standards Association, Ontario, Canada, 2002. 



 

215 

26. De Lorenzis L., Nanni A., and La Tegda, “Flexure and Shear Strengthening of 

Reinforced Concrete Structures with Near Surface Mounted FRP Rods,” Proceedings of 

the 3rd International Conference on Advanced Composite Materials in Bridges and 

Structures (ACMBS 2000), J.L. Humar and A.G. Razaqpur editors, Canadian Society for 

Civil Engineering, Ottawa, pp. 521-528, 2000. 

27. Dowling N., “Mechanical Behaviour of Materials: Engineering Methods for 

Deformation, Fracture, and Fatigue,” Prentice Hall, 2nd Edition, 1999. 

28. Ekenel, M., Rizzo, A., Myers, J., and Nanni, A., “Fatigue Flexural Behavior of 

Reinforced Concrete Beams Strengthened with FRP Fabric and Precured Laminate 

Systems,” American Society of Civil Engineers (ASCE), Journal of Composites for 

Construction, Vol. 10, No. 5, pp. 433-442, 2006.  

29. El-Hacha R. and Rizkalla S.H, “Near Surface Mounted FRP Reinforcements for Flexural 

Strengthening of Concrete Structures,” American Concrete Institute (ACI), Structural 

Journal, Vol. 101, No. 5, pp. 717-726, 2004.  

30. El-Hacha R., Filho D. S., Melo G.S., and Rizkalla S.H., “Effectiveness of Near Surface 

Mounted FRP Reinforcement for Flexural Strengthening of Reinforced Concrete Beams,” 

Proceedings of the 4th International Conference on Advanced Composite Materials in 

Bridges and Structures (ACMBS 2004), Calgary, Ontario, Canada, 2004. 

31. Eurocode2, “Common Unified Rules for Concrete Structures,” ENV 1992-1-1. 

32. Garden H.N., and Hollaway L.C., “An Experimental Study of the Failure Modes of 

Reinforced Concrete Beams Strengthened with Prestressed Carbon Composite Plates,” 

Composites Part: B, 29B, pp. 411-424, 1998. 

33. Gheroghiu C., Labossière P., and Proulx J., “Fatigue and Monotonic Strength of RC 

Beams Strengthened with CFRPs,” Composites: Part A, 37, pp. 1111-1118, 2006. 



 

216 

34. Gibson, R.F, “Principles of Composite Material Mechanics,” McGraw-Hill Science, New 

York, USA, 1994. 

35. Gorty S.S., “Mechanical Properties of Composite Cables,” MS Thesis, South Dakota 

School of Mines and Technology, Rapid City, SD, USA, 1994. 

36. Hassan T. and Rizkalla S., “Investigation of Bond in Concrete Structures Strengthened 

with Near Surface Mounted Carbon Fiber Reinforced Polymer Strips,” American Society 

of Civil Engineers (ASCE), Journal of Composites for Construction, Vol. 7, No. 3, pp. 

248-257, 2003. 

37. Heffernan P.J., “Fatigue Behaviour of Reinforced Concrete Beams Strengthened with 

CFRP Laminates,” PhD. Thesis, Royal Military College of Canada, Ottawa, Ontario, 

Canada, 1997. 

38. Heffernan, P.J., and Erki, M.A., “Fatigue Behavior of Reinforced Concrete Beams 

Strengthened with Carbon Fiber Reinforced Plastic Laminates,” American Society of 

Civil Engineers (ASCE), Journal of Composites for Construction, Vol. 8, No. 2, pp. 132-

140, 2004. 

39. Huang Y.; WU J., Yen T., Hong C., and Lin Y., “Strengthening Reinforced Concrete 

Beams Using Prestressed Glass Fiber-Reinforced Polymer Part 1: Experimental Study”, 

Journal of Zhejiang University Science 6A (3), pp. 166-174, 2005. 

40. Hutchinson, A.R. and Rahimi, H., “Behaviour of Reinforced Concrete Beams with 

Externally Bonded Fibre-Reinforced Plastic,” Proceedings of the 5th International 

Conference on Structural Fault and Repair, Vol. 3, Engineering Technics Press, 

Edinburgh, pp. 221-228, 1993. 

41. ISIS Canada, “Reinforcing Concrete Structures with Fibre Reinforced Polymers,” 

Intelligent Sensing for Innovative Structures (ISIS) Manual No. 2, 2001. 



 

217 

42. Jones, R., “Mechanics of Composite Materials,” Taylor & Francis, 2nd Edition, PA, USA, 

1999. 

43. Jones, R., Swamy, R.N., Bloxham J., and Bouderdalah A., “Composite Behaviour of 

Concrete Beams with Epoxy Bonded External Reinforcement,” International Journal of 

Cement Composite 2, No. 2, pp. 91-107, 1988. 

44. Jung W.T., Park Y.H., Park J.S., Kang J.Y., and You Y.J., “Experimental Investigation 

on Flexural Behavior of RC Beams Strengthened by NSM CFRP Reinforcements,” 

American Concrete Institute (ACI), Special Publication, SP-230-40, 2006. 

45. Kajfasz S., Belki, beronowe, and wzmocnione Klejone, “Concrete Beams with External 

Reinforcement bond by gluing,” Colloque RILEM, synthetic, Resin in Building 

Construction, Paris, France, pp. 142-151, 1970. 

46. Kang J.Y., Park Y.H., Park J.S., You Y.J., and Jung W.T., “Analytical Evaluation of RC 

Beams Strengthened with Near Surface Mounted CFRP Laminates,” American Concrete 

Institute (ACI), Special Publication, SP-230-45, 2006. 

47. Lerchental H., “Bonded Steel Metal Reinforcement of Concrete Slabs,” RILEM 

International Symposium, Resin in Building Construction, Part 2, Paris, France, pp.165-

173, 1970. 

48. Liu, I.S.T., Oehlers D.J., and Seracino R., “Tests on the Ductility of Reinforced Concrete 

Beams Retofitted with FRP and Steel Near-Surface Mounted Plates,” American Society 

of Civil Engineers (ASCE), Journal of Composites for Construction, Vol. 10, No. 2, pp. 

106-114, 2006. 

49. MacGregor J.G., “Reinforced Concrete,” Prentice Hall, 3rd Edition, NJ, USA, 1996. 

50. Mallet, G.P., “Repair of Concrete Bridges,” Thomas Telford, London, England, 1994. 



 

218 

51. Masoud S., “Behaviour of Corroded Reinforced Concrete Beams Repaired with FRP 

Sheets under Monotonic and Fatigue Loads,” PhD Thesis, University of Waterloo, 

Waterloo, Ontario, Canada, 2002. 

52. Meier, U. and Kaiser, H., “Strengthening of Structures with CFRP Laminates,” 

Proceedings of Conference on Advanced Composite Materials in Civil Engineering 

Structures, American Society of Civil Engineers (ASCE), Las Vegas, NV, USA, pp. 224-

232, 1991. 

53. Meier, U., Deuring, M., Meier, H., and Schegler, G., “Strengthening of Structures with 

CFRP Laminates: Research and Applications in Switzerland,” Proceedings of the 1st 

International Conference on Advanced Composite Materials in Bridges and Structures 

(ACMBS 1992), Sherbrooke, Qubec, Canada, pp. 243-251, 1992. 

54. Neuber H. “Theory of Notch Stresses: Principle for Exact Stress Calculations,” Edwards, 

Ann Arbor, Mich., 1946. 

55. Neville A.M., “Properties of Concrete,” John Wiley and Sons, 4th Edition, NJ, USA, 

1996.  

56. Nordin H. and Taljsten B., “Concrete Beams Strengthened with Prestressed Near Surface 

Mounted CFRP,” American Society of Civil Engineers (ASCE), Journal of Composites 

for Construction, Vol. 10, No. 1, pp. 60-68, 2006. 

57. Nordin H., Taljsten B., and Carolin A., “Concrete Beams Strengthened with Prestressed 

Near Surface Mounted Reinforcement,” Proceedings of the International Conference on 

FRP Composites in Civil Engineering, Research Centre for Advanced Technology in 

Structural Engineering, Dept. of Civil and Structural Engineering, The Hong Kong 

Polytechnic University, Hong Kong, pp. 1067-1075, 2001. 



 

219 

58. Norris T., Saadatmanesh H., and Ehsani M., “Shear and Flexural Strengthening of R/C 

Beams with Carbon Fiber Sheets,” American Society of Civil Engineers (ASEC), Journal 

of Structural Engineering, Vol. 124, No. 7, pp. 903-911, 1997. 

59. Oehlers D., “Reinforced Concrete Beams with Plates Glued to Their Sofits,” American 

Society of Civil Engineers (ASCE), Journal of Structural Engineering, Vol. 118, No. 8, 

pp. 2023-2038, 1992. 

60. Park R. and Paulay T., “Reinforced Concrete Structures,” John Wiley and Sons Inc. New 

York, USA, 1975. 

61. Quantrill, R. J. and Holloway L.C., “The Flexural Rehabilitation of Reinforced Concrete 

Beams by the Use of Prestressed Advanced Composite Plates,” Composite Science 

Technology Journal, Vol. 58, No. 8, pp. 1259-1275, 1998.  

62. Quattlebaum J.B., Harries K.A., and Petrou M.F., “Comparison of Three CFRP Flexural 

Retrofit Systems under Monotonic and Fatigue Loadings,” Proceedings of the 4th 

International Conference on Advanced Composite Materials in Bridges and Structures 

(ACMBS 2004), Calgary, Alberta, Canada, 2004. 

63. Rosenboom O. and Rizkalla S., “Behavior of Prestressed Concrete Strengthened with 

Various CFRP Systems Subjected to Fatigue Loading,” American Society of Civil 

Engineers (ASCE), Journal of Composites for Construction, Vol. 10, No. 6, pp. 492-502, 

2006. 

64. Rosenboom O.A., Hassan T.K., Mirmiran A., and Rizkalla S., “Static and Fatigue 

Performance of 40 Year Old Prestressed Concrete Girders Strengthened with Various 

CFRP Systems,” Proceedings of the 2nd International Conference on FRP Composite in 

Civil Engineering (CICE 2004), Adelaide, Australia, 2004. 



 

220 

65. Saadatmanesh E., and Ehsani M.R., “Application of Fibre Composites in Civil 

Engineering,” Proceedings of the 7th Structures Congress, American Society of Civil 

Engineers (ASCE), New York, pp. 526-535, 1989. 

66. Schwarz M.M., “Composite Materials Handbook,” Mc-Graw Hill Inc., New York, USA, 

1992. 

67. Shahawy M. and Beitelman T., “Static and Fatigue Performance of RC Beams 

Strengthened with CFRP Laminates,” American Society of Civil Engineers (ASCE), 

Journal of Structural Engineering, Vol. 125, No. 6, pp. 613-621, 1999. 

68. Smith K.N., Watson P., and Topper T.H., “A Stress-Strain Function for the Fatigue of 

Metals,” Journal of Materials, Vol. 5, No. 4, pp. 767-778, 1970. 

69. Spadea G., Swamy, R.N., Bencardino, F., “Strength and Ductility of RC Beams Repaired 

with Bonded CFRP Laminates,” American Society of Civil Engineers (ASCE), Journal of 

Bridge Engineering, Vol. 6, No. 6, pp. 349-355, 2001. 

70. Swamy R., Jones R., and Blxham J., “Structural Behaviour of Reinforced Structured 

Strengthened by Epoxy-Bonded Steel Plates,” The Structural Engineer, 65A, No. 1, 1987. 

71. Tilly G.P. and Tan K.H., “Fatigue of Steel Reinforcement Bars in Concrete” A Review,” 

Fatigue of Engineering Materials and Structures, Vol. 2, No. 3, pp.251-278, 1979. 

72. Topper T.H., Wetzel R.M., and Morrow JoDean, “Neuber’s Rule Applied to Fatigue of 

Notched Specimens,” Journal of Materials, Vol. 4, No. 1, pp. 200-209, 1969. 

73. Toutanji, H., Zhao L., Deng Y., Zhang Y. and Balagutu P., “Cyclic Behavior of RC 

Beams Strengthened with Carbon Fiber Sheets Bonded by Inorganic Matrix,” American 

Society of Civil Engineers (ASCE), Journal of Materials in Civil Engineering, Vol. 18, 

No. 1, pp. 28-35, 2006. 



 

221 

74. Triantafillou T., Deskovic N., and Deuring M., “Strengthening of Concrete Structures 

with Prestressed Fiber Reinforced Plastic Sheets,” American Concrete Institute (ACI), 

Structural Journal, Vol. 89, No. 3, pp. 235-244, 1992. 

75. Triantafillou, T., and Deskovic, N., “Innovative Prestressing with FRP Sheets: Mechanics 

of Short-Term Behavior,” American Society of Civil Engineers (ASCE), Journal of 

Engineering Mechanics, Vol. 117, No. 7, pp. 1652-1672, 1991. 

76. Triantafillou, T., and Pleveris, N., “Strengthening of RC Beams with Epoxy Bonded 

Fibre Composite Materials,” Material and Structures, Vol. 25, No. 148, pp. 201-211, 

1992. 

77. Wight, R.G., “Strengthening Concrete Beams with Prestressed Fibre Reinforced Polymer 

Sheets,” PhD Thesis, Queen’s University, Kingston, Ontario, Canada, 1998. 

78. Wight, R.G., Green, M.F., and Erki M.A., “Strengthening Concrete Beams with 

Prestressed FRP Sheets,” American Society of Civil Engineers (ASCE), Journal of 

Composites for Construction, Vol. 5, No. 4, pp. 214-220, 2001. 

79. Xanthakos, Petros P. “Bridge Strengthening and Rehabilitation,” Prentice Hall PTR, 

Upper Siddle River, N.J. USA, 1996. 

80. Yost J.R., Gross S.P., and Dinehart D.W., “Near Surface Mounted CFRP Reinforcement 

for Structural Retrofit of Concrete Flexural Members,” Proceedings of the 4th 

international conference on Advanced Composite Materials in Bridges and Structures 

(ACMBS 2004), Calgary, Alberta, Canada, 2004. 



 

222 

Appendix A 
Monotonic Results 
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Figure A- 1: Load-deflection for the control beam 
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Figure A- 2: Load-compressive strain in concrete for the control beam 
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Figure A- 3: Load-strain in tension steel for the control beam 
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NON-PRESTRESSED STRENGTHENED BEAM 
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Figure A- 4: Load-deflection for the non-prestressed strengthened beam 
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Figure A- 5: Load-compressive strain in concrete for the non-prestressed strengthened beam 
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Figure A- 6: Load-strain in tension steel for the non-prestressed strengthened beam 
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Figure A- 7: Load-strain in CFRP rod for the non-prestressed strengthened beam 
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30% PRESTRESSED STRENGTHENED BEAM 
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Figure A- 8: Load-deflection of the 30% prestressed strengthened beam 
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Figure A- 9: Load - compressive strain in concrete for the 30% prestressed strengthened beam 
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Figure A- 10: Load - strain in tension steel for the 30% prestressed strengthened beam 
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Figure A- 11: Load - strain in CFRP rod for the 30% prestressed strengthened beam 
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Figure A- 12: Load-deflection for the 40% prestressed strengthened beam 
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Figure A- 13: Load-compressive strain in concrete for the 40% prestressed strengthened beam 
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Figure A- 14: Load-strain in tension steel for the 40% prestressed strengthened beam 
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Figure A- 15: Load-strain in CFRP rod for the 40% prestressed strengthened beam 
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Figure A- 16: Load - deflection for the 50% prestressed strengthened beam 
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Figure A- 17: Load - strain in concrete for the 50% prestressed strengthened beam 
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Figure A- 18: Load - strain in tension steel for the 50% prestressed strengthened beam 

 

0

20

40

60

80

100

120

140

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Strain in the CFRP rod (micro-strain)

Lo
ad

 (k
N

)

50% Prestressed

 

 

Figure A- 19: Load - strain in CFRP rod for the 50% prestressed strengthened beam 

60% PRESTRESSED STRENGTHENED BEAM 
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Figure A- 20: Load-deflection for the 60% prestressed strengthened beam 
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Figure A- 21: Load-compressive strain in concrete for the 60% prestressed strengthened beam 
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Figure A- 22: Load-strain in tension steel for the 60% prestressed strengthened beam 
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Figure A- 23: Load-strain in CFRP rod for the 60% prestressed strengthened beam 
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Appendix B 
Fatigue Results 
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Figure B- 1: Load versus deflection for the control beam (load range: 10%-55%) 
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Figure B- 2: Load versus deflection for the control beam (load range: 10%-65%) 
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Figure B- 3: Load versus deflection for the control beam (load range: 10%-75%) 
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Figure B- 4: Load versus deflection for the control beam (load range: 10%-80%) 
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Figure B- 5: Load versus compressive strain in concrete for the control beam (load range: 

10%-55%) 
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Figure B- 6: Load versus compressive strain in concrete for the control beam (load range: 

10%-65%) 
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Figure B- 7: Load versus compressive strain in concrete for the control beam (load range: 

10%-75%) 
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Figure B- 8: Load versus compressive strain in concrete for the control beam (load range: 

10%-80%) 
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Load Range: 10% - 55% 

0

10

20

30

40

50

60

0 500 1000 1500 2000 2500 3000 3500 4000
Strain in tension steel (micro-strain)

Lo
ad

 (k
N

)

1 Cycle
1,000 Cycles
50,000 Cycles
100,000 Cycles
200,000 Cycles
Failure

 
0

10

20

30

40

50

60

0 500 1000 1500 2000 2500 3000 3500 4000
Strain in tension steel (micro-strain)

Lo
ad

 (k
N

)

1 Cycle
1,000 Cycles
50,000 Cycles
100,000 Cycles
200,000 Cycles
failure

 
Load Range: 10% - 65% 
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Load Range: 10% - 75% 
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Load Range: 10% - 80% 

Figure B- 9: Load versus strain in tension steel for the control beams 
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Non-prestressed Strengthened Beams 
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Figure B- 10: Load versus deflection for the non-prestressed strengthened beam (load range: 

6.7%-45%) 
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Figure B- 11: Load versus deflection for the non-prestressed strengthened beam (load range: 

6.7%-50%) 
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Figure B- 12: Load versus deflection for the non-prestressed strengthened beam (load range: 

6.7%-60%) 
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Figure B- 13: Load versus deflection for the non-prestressed strengthened beam (load range: 

6.7%-65%) 
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Figure B- 14: Load versus strain in concrete for the non-prestressed strengthened beam (load 

range: 6.7%-45%) 
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Figure B- 15: Load versus strain in concrete for the non-prestressed strengthened beam (load 

range: 6.7%-50%) 
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Figure B- 16: Load versus strain in concrete for the non-prestressed strengthened beam (load 

range: 6.7%-60%) 
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Figure B- 17: Load versus strain in concrete for the non-prestressed strengthened beam (load 

range: 6.7%-65%) 
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Load Range: 6.7% - 45% 
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Load Range: 6.7% - 50% 
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Load Range: 6.7% - 60% 
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Load Range: 6.7% - 65% 

Figure B- 18: Load versus strain in tension steel for the non-prestressed strengthened beams 
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40% Prestressed Strengthened Beams 
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Figure B- 19: Load versus deflection for the 40% prestressed strengthened beam (load range: 

5.7%-50%) 
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Figure B- 20: Load versus deflection for the 40% prestressed strengthened beam (load range: 

5.7%-60%) 
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Figure B- 21: Load versus deflection for the 40% prestressed strengthened beam (load range: 

5.7%-65%) 
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Figure B- 22: Load versus deflection for the 40% prestressed strengthened beam (load range: 

5.7%-75%) 
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Figure B- 23: Load versus strain in concrete for the 40% prestressed strengthened beam (load 

range: 5.7%-50%) 
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Figure B- 24: Load versus strain in concrete for the 40% prestressed strengthened beam (load 

range: 5.7%-60%) 
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Figure B- 25: Load versus strain in concrete for the 40% prestressed strengthened beam (load 

range: 5.7%-65%) 
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Figure B- 26: Load versus strain in concrete for the 40% prestressed strengthened beam (load 

range: 5.7%-75%) 
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Load Range: 5.7%-50% 
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Load Range: 5.7%-60% 

0

10

20

30

40

50

60

70

80

-500 0 500 1000 1500 2000
Strain in tension steel (micro-strain)

Lo
ad

 (k
N

)

1 Cycle
1,000 Cycles
10,000 Cycles
100,000 Cycles
140,000 Cycles

 
0

10

20

30

40

50

60

70

80

-500 0 500 1000 1500 2000
Strain in tension steel (micro-strain)

Lo
ad

 (k
N

)

1 Cycle
1,000 Cycles
10,000 Cycles
100,000 Cycles
140,000 Cycles

 
Load Range: 5.7%-65% 
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Load Range: 5.7%-75% 

Figure B- 27: Load versus strain in tension steel for the 40% prestressed strengthened beams 
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60% Prestressed Strengthened Beams 
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Figure B- 28: Load versus deflection for the 60% prestressed strengthened beam (load range: 

5.8%-50%) 
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Figure B- 29: Load versus deflection for the 60% prestressed strengthened beam (load range: 

5.8%-55%) 
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Figure B- 30: Load versus deflection for the 60% prestressed strengthened beam (load range: 

5.8%-65%) 
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Figure B- 31: Load versus deflection for the 60% prestressed strengthened beam (load range: 

5.8%-68.8%) 
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Figure B- 32: Load versus deflection for the 60% prestressed strengthened beam (load range: 

5.8%-72.5%) 
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Figure B- 33: Load versus deflection for the 60% prestressed strengthened beam (load range: 

5.8%-77.5%) 
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Figure B- 34: Load versus strain in concrete for the 60% prestressed strengthened beam (load 

range: 5.8%-50%) 
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Figure B- 35: Load versus strain in concrete for the 60% prestressed strengthened beam (load 

range: 5.8%-55%) 
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Figure B- 36: Load versus strain in concrete for the 60% prestressed strengthened beam (load 

range: 5.8%-65%) 
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Figure B- 37: Load versus strain in concrete for the 60% prestressed strengthened beam (load 

range: 5.8%-68.8%) 
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Figure B- 38: Load versus strain in concrete for the 60% prestressed strengthened beam (load 

range: 5.8%-72.5%) 
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Load Range: 5.8%-50% 
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Load Range: 5.8%-68.8% 
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Load Range: 5.8%-72.5% 
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Load Range: 5.8%-77.5% 

Figure B- 39: Load versus strain in tension steel for the 60% prestressed strengthened beams 

 

 

 

 

 

 

 

 


