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Abstract 

As we move into the twenty-first century, the renewal of our lifelines or deterioration of 

infrastructure becomes a topic of critical importance. The structures may have to carry 

larger loads, require change in building use, suffer steel corrosion problems, or errors 

made during the design or construction phases so that the structure may need to be 

repaired or strengthened before it can be used. The use of fiber reinforced polymers 

(FRP) in the last few years in various engineering application, forums and configuration 

offers an alternative design approach for the construction of new concrete structures and 

the rehabilitation of existing ones. The use of FRP materials for external strengthening of 

reinforced concrete (RC) structures has emerged as one of the most exciting and 

promising technologies in material and structural engineering. Externally bonded FRP 

reinforcement is relatively unprotected against impact, vandalism or severe 

environmental conditions. Their structural performance can be greatly affected by these 

drawbacks. But if the composite material is placed in slots inside the concrete cover some 

of these drawbacks can be overcome. This method is designated by Near Surface 

Mounted (NSM) method. Therefore, the presented work is carried out using this 

advantageous strengthening technique utilizing the non-corrodible FRP materials. 

My research involved both experimental and analytical investigations on the use of FRP 

systems for strengthening concrete structures using NSM techniques. The main objectives 

of my research were to (1) develop/utilize an NSM system composed of FRP bars and 

adhesives, (2) investigate the bond performance for the proposed NSM system, (3) 

investigate the effect of freeze and thaw cycles on the of the new proposed system, (4) 

study the flexural behaviour of RC beams strengthened with NSM FRP bars, (5) develop 

an analytical model using non-linear finite element analysis (ADINA) taking into 

consideration the interfacial behaviour between the concrete and FRP bars and (6) establish 

design recommendations for the use of FRP bars for the NSM method. To achieve these 

objectives, the research program was divided into two parts. The first part included the 

experimental work while the second part included the analytical work. The first part 

consisted of two phases. The first phase included the pullout testing of 76 C-shape 
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concrete blocks including 16 conditioned blocks. The second phase included testing 20 

flexural strengthened concrete beams using the NSM method. The second part included 

developing an analytical model to be used in a non-linear finite element program and to 

analyze and predict the behaviour of concrete beams strengthened for flexure using NSM 

FRP bars. The efficiency and accuracy of the model was verified by comparing its results 

to the experimental results. The developed analytical model was used to study the effect 

of different parameters. Test results are presented in terms of deflection, strain in the 

concrete, steel and FRP and modes of failure. Test results showed the superior 

performance of the proposed NSM FRP/adhesive system. The NSM system is able to 

increase both the stiffness and flexural capacity of concrete beams by approximately 

100% over the unstrengthened one. The FEM was able to predict of the behaviour of the 

strengthened beams in flexure with NSM. Based on the experimental and analytical 

study, useful conclusions and recommendations for flexural strengthening with NSM 

FRP were provided. 
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Resume 

Alors que nous entrons dans le XXIeme siecle, la degradation des infrastructures devient 

un sujet d'une importance cruciale. Les structures doivent supporter des charges plus 

grandes et subir des changements d'utilisation. En plus de cela s'ajoute les problemes de 

corrosion de l'acier, des erreurs de conception et de construction, ce qui souvent 

necessitent que la structure soit reparee ou renforcee, des fois merne avant sa mise en 

service. L'utilisation de polymeres renforces de fibres (PRF) dans les dernieres annees 

dans divers domaines d'ingenierie a permis une avancee technologique, et leur utilisation 

dans la construction de nouvelles structures en beton ainsi que la rehabilitation des 

anciennes. L'utilisation de materiaux en PRF pour le renforcement externe des structures 

en beton arme est une technologie des plus prometteuses dans l'ingenierie structurale ou 

de materiaux. Cependant le renforcement par collage externe de PRF n'offre pas une 

bonne protection contre les chocs, le vandalisme ou les conditions environnementales 

severes, ce qui pourraaient affecter les performances structurales des elements rehabilites. 

Ces inconvenients peuvent etre surmontes si le PRF est insere dans des rainures realisees 

dans le recouvrement de beton. Cette methode est appelee « mise en place d'Armatures 

Encastrees Pres de la surface (AEPS)». Le present travail s'articule autours de cette 

technique de renforcement utilisant des materiaux non corrodables. 

Mes travaux de recherches se focalisent sur l'utilisation des AEPS en PRF pour le 

renforcement des structures, et cela d'un point de vue experimental et analytique. Les 

principaux objectifs de mes recherches sont: (1) developper/utiliser un systeme d'AEPS 

compose de barres en PRF et d'adhesif, (2) etudier les performance d'adherence du 

systeme propose, (3) etudier l'effet des cycles gel-degel sur le systeme propose, (4) 

l'etude du comportement en flexion de poutres en beton arme, renforcees avec des barres 

d'AEPS en PRF, (5) developper un modele analytique utilisant des methodes non-

lineaires d'analyse par elements finis (logiciel ADINA) en tenant compte du 

comportement de 1'interface beton-barres en PRF, et (6) mettre en place des 

recommandations de calcul pour l'utilisation des barres en PRF comme AEPS. 
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Pour atteindre ces objectifs, le programme de recherche a ete divise en deux parties. La 

premiere partie comprenait les travaux experimentaux tandis que la deuxieme comprenait 

des travaux d'analyse. La premiere partie elle meme etait constitute de deux phases. La 

premiere phase comprenait des essais d'arrachement direct de blocs de beton en forme de 

« C », dont 16 blocs conditionnes dans une chambre environnementale. Alors que la 

deuxieme phase comportait des essais de flexion 20 poutres en beton arme, renforcdes par 

des AEPS en PRF. 

La deuxieme partie a consiste au developpement d'un modele analytique non-lineaire par 

elements finis de facon a pouvoir analyser et predire le comportement en flexion de 

poutres en beton arme, renforcees par des AEPS en PRF. L'efficacite et la precision du 

modele ont ete verifiees en comparant ses resultats analytiques aux rdsultats 

experimentaux. Le modele analytique developpe a ete utilise pour etudier l'effet de 

differents parametres. Les resultats des tests sont presentes en termes de deflexion, de 

contraintes dans le beton, l'acier et le PRF et les modes de rupture. 

Les resultats des essais ont demontre les bonnes performances du systeme armatures 

PRF/adhesif propose, ce dernier a permit d'augmenter a la fois la rigidite en flexion et la 

resistance des poutres en beton d'environ 100% par rapport a la poutre non renforcee. 

L'analyse par elements finis a ete en mesure de predire le comportement en flexion des 

poutres renforcees avec des AEPS en PRF. Base sur ces travaux, des conclusions et des 

recommandations utiles concernant le renforcement en flexion avec des AEPS en PRF 

ont ete fournis. 

Mots cles: polymeres de fibres, PRFC, PRFV, arme, armatures encastrees pres de la 

surface, AEPS, elements finis, comportement en flexion 
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Chapter 1 - Introduction 

1.1. General 

Since the first structures were formed, whether by nature or early human beings, they 

have been plagued by deterioration and destruction. Deterioration and destruction could 

happen due to environmental effects and improper use or maintenance of these structures. 

These are laws of nature that affect even the most modern structures. Therefore, it is 

important to have durable structures with long sustained life and low maintenance effort 

and costs. Maintenance is not only about costs but also a necessity to keep the structure at 

a specific high performance level, which includes load carrying capacity, serviceability, 

durability, function and aesthetic appearance. A structure that fulfill all demands of load 

carrying capacities must, at the same time, satisfy the durability demands or satisfy the 

society's demands for aesthetic appearance. Absence or incorrect maintenance will, in 

most cases, increase the speed of the degradation process and, therefore, lower the 

performance of the structure. The regular maintenance and repair of the different 

elements of any structure is always needed to restore the original performance of that 

structure. A reinforced concrete (RC) structure must have a long life. During this time 

duration, its carrying capacity, use, performance and aesthetic appearance could be 

changed. This change could be from the owners, users or surrounding society. To meet 

the changed demands, the RC structure needs to be upgraded or strengthened to increase 

its life time, durability and reliability. A structure with satisfactory load capacity, 

aesthetic appearance, and durability might not fulfill the function demands. To meet 

changed demands, a structure may be upgraded, which furthermore can be a way to 

increase life, durability and reliability of the structure. 

As we moved into the twenty-first century, the renewal of our lifelines or deterioration of 

infrastructure becomes a topic of critical importance. The structures may have to carry 

larger loads, require change in building use, suffer steel corrosion problems, or errors 

made during the design or construction phases so that the structure may need to be 

repaired or strengthened before it can be used. 
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The requirement to repair and strengthen old concrete structures is increasing in the last 

decade. If one considers the capital that has been invested in existing infrastructures, then 

it is not always economical to replace an existing structure with a new one. The challenge 

must be taken to develop relatively simple measures to keep or increase a structure 

performance level through its life. It is important to analyze the problem to be able to 

select the most suitable method. The improper choice of an inappropriate repair or 

strengthening method can even worsen the structure's function. In comparison to building 

a new structure, strengthening an existing one is often more complicated since the 

structural conditions are already set. In addition, it is not always easy to reach the areas 

that need to be strengthened. Traditional methods have been used as strengthening 

techniques for concrete structure, such as: different kinds of reinforced overlays, 

shotcrete or post-tensioned cables placed on the outside of the structure; normally need 

much space, (Carolin 2003; Nordin 2003) bonding external steel plates and now using 

fibre reinforced polymer (FRP). 

The use of FRP in the last few years in various engineering applications, forums and 

configurations offers an alternative design approach for the construction of new concrete 

structures (Benmokrane et al. 2006a and 2006b) and the rehabilitation of exciting ones 

(Almusallam 2006). 

The use of FRP materials for external strengthening of reinforced concrete (RC) and 

masonry structures has emerged as one of the most exciting and promising technologies 

in materials and structural engineering. The key properties that make these materials 

suitable for structural strengthening are their non-corrodible nature and high strength-to-

weight ratio. As a result, their use in rehabilitation and strengthening can present many 

significant advantages with respect to the conventional methods, (ACI 440.2R-08, ISIS 

CANADA 2001b and CSA-S806-06). 

Externally bonded FRP laminates have been successfully used to increase the flexural or 

shear capacity and stiffness of RC beams. A considerable amount of experimental 

research has been carried out and is currently ongoing towards the characterization of RC 

structures strengthened with externally bonded FRP laminates (Ashour et al. 2004, 

Wenwei and Guo 2006, Almusallam 2006, El-Maaddawy and Soudki 2008). At the same 
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time, many successful applications have been conducted through the industrial, 

commercial, and public markets all over the world (Hag-Elsafi et al. 2001). Externally 

bonded FRP reinforcement is relatively unprotected against impact, vandalism or severe 

environmental conditions. Its structural performance can be greatly affected by these 

drawbacks. But if the composite material is placed in slots inside the concrete cover some 

of these drawbacks can be overcome. This method is designated by Near Surface 

Mounted (NSM) method. Therefore, the present work is carried out using this 

advantageous strengthening technique utilizing the non-corrodible FRP materials. 

Extensive research programs are being conducted at the Universite de Sherbrooke 

through the Natural Sciences and Engineering Research Council (NSERC) Industrial 

Research Chair in Innovative Fibre Reinforced Polymer (FRP) Composite Materials for 

Infrastructures. A joint effort with the chair partners was established to develop and 

implement the FRP technologies in concrete structures. 

Many researches have been conducted for the use of FRP as internal reinforcement in 

concrete structures through the NSERC chair (Wang et al. 2002, El-Gamal et al. 2007, 

El-Sayed et al. 2006 and El-Ragaby et al. 2007). This extensive research has been 

implemented in many field applications (El-Salakawy, et al. 2005, Benmokrane et al. 

2005 and 2006). 

The use of FRP bars for strengthening of existing structures has not been yet investigated 

through the NSERC chair. This research project focuses on the use of the newly 

developed V-ROD bars manufactured by Pultrall Inc. (Thetford Mines, Quebec) and 

adhesives manufactured by Hilti Inc. (Montreal, Quebec) for strengthening using near 

surface mounted techniques. 

1.2. Research Objectives 

There are significant data available on the flexural and shear strengthening of concrete 

structures using NSM steel bars, including mechanical and theoretical models. However, 

these data and models cannot be directly applied to NSM using FRP bars due to the 

fundamental differences in mechanical and bond properties between FRP and steel bars. 
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Therefore, changes in the design philosophy of concrete structure strengthened with FRP-

NSM bars are required. FRP materials are anisotropic and are characterized by high 

tensile strength only in direction of the reinforcing fibres. The FRP materials do not 

exhibit yielding; rather they are elastic until failure. In the recent literature, few data is 

available regarding the flexural and shear strengthening of concrete structures using 

NSM-FRP (Cruz et al. 2004; El-Hacha et al. 2004; Hassan and Rizkalla 2003; Lorenzis 

and Nanni 2001a, b and c; Lorenzis and Nanni 2002; Lorenzis et al. 2002; Taljsten et al. 

2003). 

However, rehabilitation techniques are usually introduced to the end-users as a 

strengthening system with specific materials and installation procedures. Therefore, the 

main objectives of this research project conducted at the University of Sherbrooke 

through the NSERC research Chair in Innovative Structural FRP Composite Materials for 

Infrastructure are: 

1. To develop/utilize an NSM system composed of FRP V-ROD bars manufactured 

by Pultrall Inc. (2006) and adhesives manufactured by Hilti Inc. (2006); 

2. To investigate the effect of different parameters on the bond performance of the 

proposed NSM system. 

3. To investigate the effect of freeze/thaw cycles on the bond performance of the 

proposed NSM system. 

4. To study the flexural behaviour of RC beams strengthened with the proposed 

NSM-FRP system. 

5. To conduct an analytical model using non-linear finite element analysis taking 

into consideration the interfacial behaviour between the concrete and FRP bars. 

6. To establish design recommendations for the use of FRP bars in the NSM 

strengthening technique. 
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1.3. Methodology 

To achieve the above objectives, two different approaches have been used. One includes 

the experimental work, while the second includes the analytical work as shown in Fig. 

1.1. 

The experimental work consists of two phases. The first phase includes pullout testing of 

76 specimens of NSM-FRP bars embedded in C-shaped concrete blocks. 

The pullout tests included the following test parameters: 

1. Type of FRP bar, 

2. Diameter of FRP bar, 

3. Groove size, 

4. Bonded length, 

5. Type of adhesive, 

6. Effect of 200 freeze-thaw cycles. 

The second phase includes testing of 20 full-scale RC beams strengthened in flexure with 

NSM-FRP bars having the following test parameters: 

1. Internal steel reinforcement ratio, 

2. Bonded length, 

3. Groove size, 

4. Type of FRP bars, 

5. Diameter of FRP bars. 

The analytical work includes conducting an analytical model to be used in a 

commercially available non-linear finite element program (ADINA 2004a) to analyze and 

predict the behaviour of RC beams strengthened in flexural using NSM-FRP bars. The 

efficiency and accuracy of the model is calibrated against the experimental results. The 

developed analytical model is also used to study the effect of different parameters. 
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Experimental 
Study 

Research Project 

Phase I: 
Bond Behaviour 

Phase II: 
Flexural Behaviour 

Analytical Study 

Phase I: 
FEM 

Phase II: 
Parametric Study 

Fig. 1.1. Research program 

1.4. Thesis Structure 

This thesis is divided into six chapters as shown in Fig. 1.2. 

Chapter 1 provides the introduction to FRP and NSM strengthening technique, research 

objectives, and methodology to achieve these research objectives and the organization of 

the thesis. 

Chapter 2 provides a literature review and a background on FRP, strengthening of 

concrete structure using either externally bonded or NSM-FRP bars and strips. Also, the 

durability and effects of the environmental conditions on strengthened structures are 

reviewed. 

Chapter 3 describes the experimental program, fabrication of test specimens, 

strengthening procedures, instrumentation and test-setup. 

Chapter 4 describes the pullout test results and the effect of the studied parameters on the 

bond performance. Also, a discussion of the bond-slip relationships for the sand-coated 

V-ROD FRP bars (carbon and glass) is discussed in this chapter. 

Chapter 5 discusses the beam test results and the effect of the different studied parameters 

on the flexural performance of the NSM-FRP strengthened beams. 
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Chapter 6 discusses the analytical investigation that was carried out using the finite 

element software, ADINA, (ADINA, 2004a). 

Chapter 7 presents the conclusions and recommendations for future work. 

Thesis 
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Chapter 1 

Introduction 

- ^ 

Chapter 2 

Literature Review 
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Experimental Program 
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Bond Behaviour: Analysis and 
Discussion of Test Results 

^_ 

Chapter 5 

Flexural Strengthening: 
Analysis and Discussion of Test 

JJL 
Chapter 6 

Finite Element Modelling 

JL 
Chapter 7 

Conclusions and Recommendations 
for future work 

Fig. 1.2. Thesis layout 

7 
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2.1. General 

As mentioned earlier, structures often need to be repaired or strengthened. There are a 

variety of methods to perform these rehabilitation tasks, for example, adding a new 

structural material, post-tensioned cables, or changing the structural system. In recent 

years, the development of the plate bonding repair technique showed to be applicable to 

many existing strengthening problems in the construction industry. The idea of plate 

bonding is mainly based on the fact that concrete is a building material with high 

compressive strength and poor tensile strength. A concrete structure without any form of 

reinforcement subjected to tension or bending will crack and fail at a relatively small 

load. This means that the concrete structure's load carrying capacity is often limited by 

the amount of reinforcement. Adding reinforcement, through bonding it to the surface, 

may result, in many cases, to increase the load carrying capacity. Steel plate-bonding is 

one of the plate-bonding techniques, even if this method performs quite well it has some 

drawbacks. First, is that the steel plates are difficult to mount at the work site. If the 

bonding is required on an overhead application (bottom side of a slab or a beam) it is 

necessary to apply external pressure during the curing of the adhesive. Second, is the risk 

of corrosion of the steel plates. Third, is that the steel plates might need splicing due to 

limited transportation length. Furthermore, steel plates may be difficult to apply to curved 

surfaces. All these have led to the search for an innovative reinforcing material, which is 

the FRP composite material. 

FRP plate-bonding can be applied by laminate plate bonding or the hand lay-up method. 

This technique may be defined as one in which composite sheets or plates of relatively 

small thickness are bonded with an epoxy adhesive to a concrete structure to improve its 

structural behaviour and strength. The FRP sheets/plates do not require much space and 

give a composite action between the adherents. The adhesive that is used to bond the FRP 

fabric/laminate to the concrete surface is a two component epoxy adhesive. The old 

structure and the new bonded-on material create a new structural element that has a 
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higher strength and stiffness than the original one. A bonded-surface material is relatively 

sensitive to fire, accidents or vandalism. But if the composite material is placed in slots in 

the concrete cover some of these drawbacks can be overcome. This method can be 

designated as Near Surface Mounted Reinforcement (NSMR). 

2.2. Fibre Reinforced Polymer (FRP) 

Fibre Reinforced Polymer (FRP) products are composite materials consisting of 

reinforcing fibres embedded in a polymer resin matrix. The fibres are ideally elastic, 

brittle and stronger than the matrix. The mechanical performance of the composite 

depends on the fibre quality, fibre orientation, length, shape, volumetric ratio, adhesion to 

matrix, and on the manufacturing process. Typical FRP reinforcement products are 

sheets, grids, bars, fabrics, tendons and ropes. The bars have various types of cross-

sectional shapes (square, round, solid, and hollow) and surface deformations (exterior 

wound fibres, sand coating, and separately formed deformations). 

2.2.1. Reinforcing fibres 

The fibres are the main load resisting component of the composite. They must have high 

strength, high modulus of elasticity, sufficient elongation at failure, and sufficient 

resistance to the environment to which the structure will be implemented. The 

performance of the fibres is affected by their length, cross-sectional shape, and chemical 

composition. Fibres are available in different cross-sectional shapes and sizes. Depending 

on the type of the fibre, the diameter of the fibres is in the range of 5 to 25 microns 

(Rostasy 1993). The most commonly used fibres for FRPs are Carbon, Glass, and 

Aramid, where the corresponding composite products would be known CFRP, GFRP, 

and AFRP, respectively. 
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2.2.1.1. Carbon fibres 

Carbon fibres have a high modulus of elasticity (200 - 800 GPa), high strength and 

stiffness to weight ratios, low sensitivity to fatigue loads, and excellent moisture and 

chemical resistance. However, carbon fibres have low impact resistance due to their low 

ultimate strain. Carbon fibres can also be highly conductive to heat and electricity, which 

may be an advantage or disadvantage, depending on the designer's viewpoint. As shown 

in Table 2.1, carbon fibres can be classified into four types based on modulus of 

elasticity. The four types include low modulus (230 - 250 GPa), intermediate modulus 

(290 - 300 GPa), high modulus (350 - 380 GPa), and ultrahigh modulus (480 - 760 GPa) 

(Mallic 1988). In general, the low-modulus carbon fibres have lower density, lower cost, 

higher tensile and compressive strength, and higher tensile strain to failure than the high-

modulus fibres. 

2.2.1.2. Glassfibres 

Glass fibres are the most common type of all reinforcing fibres for FRPs. The glass fibres 

are low cost and possess high tensile strength and excellent insulating properties. 

However glass fibres have a low tensile modulus, high density, sensitivity to abrasion and 

alkaline environments, and relatively low resistance to moisture, sustained loads, and 

cyclic loads. The fibres are categorized in three different types: C-glass, S-glass, and E-

glass. C-glass provides excellent chemical stability and is used in a variety of 

environments. E-glass is a low-cost general purpose fibre, which provides strength, 

electrical resistance, and acid resistance. S-glass fibres have higher strength, stiffness, 

and ultimate strain than E-glass, but they are more expensive and more susceptible to 

environmental degradation. 

2.2.1.3. Aramidfibres 

Aramid, an abbreviated term for aromatic polyamide, is made from para-type fibres with 

straight-chain benzen nuclei. Aramid fibres are almost fully crystalline, strong in the 

longitudinal direction but have weaker bonds in the transverse direction (Mallic 1988). 

Three types of Kevlar aramid fibres are available for fabricating FRP. There are Kevlar 

149, Kevlar 49, and Kevlar 29 with a modulus of elasticity of 179, 131, and 82 GPa, 
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respectively as given in Table 2.1 (ISIS CANADA 2007a). Aramid fibres have excellent 

impact resistance, high stiffness, high thermal stability, and low density compared with 

other fibres. However, ultraviolet light causes degradation of the aramids and exposure to 

moisture facilitates creep. The cost of aramids is higher than glass, but less than carbon 

(Nanni 1994). 

Table 2.1. Mechanical Properties of Fibres, (ISIS CANADA 2007a): 

Fibre type 
Tensile 
Strength 
(MPa) 

Modulus of 
Elasticity 

(GPa) 

Elongation 
(%) 

Coefficient of 
thermal expansion 

(xlO-4) 

Poisson's 
Ratio 

Carbon 

Pan 

Pitch 

High 
strength 

High 
modulus 
Ordinary 

High 
modulus 

3500 

2500 - 4000 

780 -1000 

3000 - 3500 

200-240 

350-650 

38-40 

400 - 800 

1.3-1.8 

0.4-0.8 

2.1-2.5 

0.4-1.5 

-1.2 to-0.1 

-1.6 to-0.9 

-0.20 

N/A 

Aramid 
Kevlar 29 
Kevlar 49 
Kevlar 129 
Kevlar 149 
Technora 

3620 
2800 
4210 
3450 
3500 

82.7 
130 
110 

172-179 
74 

4.4 
2.3 

-

1.9 
4.6 

N/A 
-2.0 - 59 

N/A 
N/A 
N/A 

0.35 

Glass 
E-Glass 
S-Glass 

Alkali resistance 
glass 
Steel 

3500 - 3600 
4900 

1800-3500 

483-690 

74-75 
87 

70-76 

200-210 

4.8 
5.6 

2.0-3.0 

1.4-2.5 

5.0 
2.9 

N/A 

11.7 

0.2 
0.22 

N/A 

0.30 

2.2.2. Resins 

Resins are polymeric materials that are rigid or semi rigid at room temperature. The resin 

not only coats the fibres and protects them from mechanical abrasion, but also transfers 

inter-laminar and in-plane shear in the composite material, and provides lateral support to 

fibres against buckling when subjected to compressive loads. In addition, the physical 

and thermal properties of the resin significantly affect the final mechanical properties of 
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the composite product. There are two common types of polymeric materials used for FRP 

composites; namely, thermosetting and thermoplastic (ISIS CANADA 2007a). 

2.2.2.1. Thermosetting resin 

Thermosetting polymers are used more often than thermoplastic. They are low molecular-

weight liquids with very low viscosity. Their molecules are jointed together by chemical 

cross-links so they form a rigid three-dimensional structure that once set, cannot be 

reshaped by heat or pressure. Some commonly used thermosetting polymers are 

polyesters, vinyl esters and epoxies. They all have good thermal stability and chemical 

resistance and have low creep and stress relaxation. The main disadvantages of these 

resins are their relatively low strain to failure, short shelf life, and long manufacturing 

time. Table 2.2 gives the typical properties of these resins. 

2.2.2.2. Thermoplastic resin 

Thermoplastic matrix polymers are made from molecules in a linear structural form. 

These are held in place by weak secondary bonds, which can be destroyed by heat or 

pressure. After cooling, these matrices gain a solid shape. Although it can degrade their 

mechanical properties, thermoplastic polymers can be reshaped by heating as many times 

as necessary. 

Table 2.2. Typical Properties of Thermosetting Resins, (ISIS CANADA 2007a): 

Resin 

Epoxy 
Polyester 

Vinyl Ester 

Specific 
Gravity 

1.20-1.30 
1.10-1.40 
1.12-1.32 

Tensile Strength 
(MPa) 

55.00-130.00 
34.50-103.50 
73.00-81.00 

Tensile 
Modulus (GPa) 

2.75-4.10 
2.10-3.45 
3.00-3.35 

Cure Shrinkage 
(%) 

1.00-5.00 
5.00-12.00 
5.40-10.30 

2.2.3. FRP reinforcement products 

FRP reinforcing bars are manufactured from continuous fibres (such as carbon, glass, and 

aramid) embedded in matrices (thermosetting or thermoplastic). Similar to steel 

reinforcement, FRP bars are produced in different diameters, depending on the 

manufacturing process. The surface of the bars can be spiral, straight, sanded-straight, 

sanded-braided, and deformed. The bond of these bars to concrete is usually equal to, or 
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better than, the bond of steel bars. Table 2.1 gives the mechanical properties of some 

commercially available FRP reinforcing bars. 

There are many methods used for producing FRP materials. Some of these methods are 

used for the manufacturing of low-cost non structural FRPs, while others are used for 

higher performance FRP. There are three common manufacturing processes for FRP 

materials, pultrusion, braiding, and filament winding (Nanni 1994). 

2.3. Near Surface Mounted Techniques (NSM) 

The use of Near Surface Mounted Reinforcement for concrete structures is not a new 

invention. The first application was used in Lapland, Finland in 1940s, where a concrete 

bridge deck slab was strengthened in the negative moment zone, Fig. 2.1, (Asplund 

1949). In this application, steel bars were placed in slots in the top concrete cover and 

then bonded with cement grout. It has also been quite common to use steel bars, fastened 

to the outside of the structure, covered with shotcrete. However, in these applications, it 

was often difficult to get a good bond to the original structure, and in some cases, it was 

not always easy to adequately cast the concrete around the steel reinforcing bars. From 

the 1960s, the development of strong adhesives, such as epoxies, for the construction 

industry moved the method further ahead by bonding the steel bars inside sawed-slots in 

the concrete cover. However, due to the corrosion sensitivity of steel bars an additional 

concrete cover is still needed. For these applications, epoxy-coated steel bars have also 

been used. However, it has been shown that over time, epoxy-coated steel bars are not 

always corrosion-resistant for various reasons that will not be discussed here. It cannot be 

said that the use of steel NSMR has shown great success. Nevertheless, by using FRP-

NSMR some of these drawbacks can be overcome. FRP bars do not corrode, so thick 

concrete covers are not needed; the lightweight of the FRP makes them easy to mount 

especially in overhead applications. 

The NSM-FRP method* has many advantages over the externally-bonded (EB) FRP 

system rather than it is protected in the concrete cover from the environmental condition. 

It can be even used in combination with EB, providing enough concrete cover for a 

desired groove size. No surface preparation is needed for NSM rather than cutting the 

groove in the concrete cover. Debonding of NSM is not likely to happen due to the 
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double-bonded area of this method, or it can be efficiently anchored to the adjacent 

member to prevent debonding. Prestressing the NSM can be more easily than the EB. In 

addition, in NSM system, the aesthetic appearance of the strengthened structure is 

unchanged. Due to the above advantages, the NSM-FRP method is in many cases 

superior to the EB-FRP method. 

However, before proceeding, a short description of how to undertake a strengthening 

work with NSMR is introduced. In real practice, the following steps should be performed 

during strengthening as shown in Fig. 2.3. 

Fig. 2.1. Grouting of steel bars in bridge deck slab, Finland (Asplund 1949) 

a) cutting the groove with a concrete saw. b) adding the adhesive material to the groove. 

Fig. 2.2. Steps of installation of NSM FRP (Sika Canada 2006) (cont. next page) 
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c) putting the FRP rod in the groove, d) additional adhesive is applied to fill the groove 

Fig. 2.3. Steps of installation of NSM FRP (Sika Canada 2006) 

The process starts with sawing slots in the concrete cover, with a depth depending on the 

product used and the thickness of concrete cover, Fig. (2.2a). 

Following the sawing process, careful cleaning of the slots is performed using high-

pressurized air. Then the adhesive is applied in the slot, Fig. (2.2b). The NSMR laminates 

or bars are mounted in the slot Fig. (2.2c) and additional adhesive is added to fill the 

groove after mounting the FRP bar, Fig. (2.2d). Extra adhesive is then removed and the 

surface is levelled. 

2.3.1. Bond behaviour 

Bond is of primary importance, since it is the means for the transfer of stresses between 

the concrete and the FRP reinforcement developing the composite action. The bond 

behaviour influences the ultimate capacity of the reinforced element as well as 

serviceability aspects such as crack width and crack spacing. The performance of bond of 

NSM depends on many parameters such as groove and bar dimensions, tensile strength of 

concrete, type of FRP bar, type of adhesive, the FRP cross sectional shape and surface 

finishing, and degree of roughness of the groove surface. Few researches were made to 

investigate the bond performance of NSM-FRP in concrete and the factors affecting it. 

The most common types of bond test that can be used to investigate the bond behaviour 

of NSM are direct and beam pullout tests. 

De Lorenzis et al. (2002) performed a direct pull-out test to investigate the mechanics of 

bond between NSM FRP bars and concrete using 36 C-shaped concrete specimens. The 
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specimen has a pre-formed square groove in the middle to have a smooth groove surface 

for embedment of the NSM-FRP bar as shown in Fig. 2.4. The test variables were; 

groove-filling material (epoxy and cement adhesives), bonded length (equal to 4, 12 and 

24 times the FRP bar diameter), square groove size (equal to 1.25, 1.50, 2.00 and 2.50 

times the FRP bar diameter), and surface texture of the FRP bar (spirally wound sand-

coated and ribbed-deformed). 

I , Dimensions in mm 

H, 300 

B, -300 

Fig. 2.4. Test specimen, (De Lorenzis et al. 2002) 

The specimens had an average concrete compressive strength of 22 MPa, the epoxy had a 

tensile strength of 28 MPa and the cement mortar had a tensile strength of 6.3 MPa. The 

ribbed-deformed GFRP bars had 873 MPa tensile strength and 37.17 GPa Young's 

modulus, the ribbed CFRP bars had 2014 MPa tensile strength and 109.27 GPa Young's 
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modulus, and the spirally wound CFRP bars had 2214 MPa tensile strength and 174 GPa 

Young's modulus. 

Different failure modes were observed depending on the test variables: slipping at the 

interface between concrete and groove-filling material, splitting of the cover with no 

concrete cracking, slipping at the bar-cement interface, and cracking of the concrete 

surrounding the groove accompanied by formation of splitting cracks in the epoxy cover. 

For specimens with epoxy resin as groove-filling material, failure at the epoxy-concrete 

interface was the critical mode of failure in all cases. This was due to the smooth surface 

of the pre-formed grooves. While for specimens with cement-filled grooves, splitting of 

the cover was more frequent. The ultimate load of the specimens with cement-filled 

grooves was much lower than that of epoxy-filled specimens based on an average and 

considering the same variables, the difference was approximately 70%. This was due to 

the lower strength of the cement compared to epoxy (the cement mortar had a tensile 

strength of 6.3 MPa vs. 28 MPa tensile strength of the epoxy),which control the splitting 

and slip loads, respectively, as well as the adhesion between mortar and concrete. 

Another factor that might have influenced results is the expansion of the cement mortar. 

After hardening, it was noted that equally spaced transverse cracks had developed in the 

mortar along the bonded length of the FRP bar. These cracks were wider and more 

numerous for specimens with bigger grooves. The presence of such cracks might have 

been of negative influence on the test results, and could explain why, in some cases, 

mortar-filled specimens with bigger groove sizes had lower ultimate loads than those 

with smaller grooves. 

For a given depth of the groove, the ultimate load increases as the bonded length 

increases. However, the average bond strength decreases, due to the non-uniform 

distribution of the bond stresses along the bonded length where the average bond strength 

depends on the failure mode. When failure is at the epoxy-concrete interface, the average 

bond strength, xaviu is significance at the failed interface which is computed as 
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where Pmax is the ultimate load, dg is the square groove size and It, is the bonded length. In 

this case, the average bond strength decreases as the groove size increases, due to the 

non-uniform distribution of the bond stresses along the perimeter of the groove. 

For the other failure mechanisms, the average bond strength, TaV2U is that at the interface 

between the bar and groove-filling material, which is computed as, 

where db is the bar diameter. This average bond strength increases for increased groove 

size, as the bigger cover depth delays the occurrence of splitting. 

De Lorenzis and Nanni (2002) performed other beam pull-out tests on NSM-CFRP and 

GFRP ribbed bars, to study the effect of varying the bonded length and the groove size on 

bond strength. The specimens were 22 unreinforced inverted T-shaped cross section 

concrete beams with spans of 1067 mm, depth of 254 mm and width of 254/152 mm. The 

beams were loaded under four point bending with a shear span of 483 mm as shown in 

Fig. 2.5. The specimen had a steel hinge at the top and a saw cut at the bottom, both at 

midspan to control the internal force distribution. 

The concrete had a compressive strength of 28.2 MPa and the used epoxy had a tensile 

strength of 13.8 MPa. Tensile strength and modulus of elasticity of the used CFRP 

deformed bars, No. 3, were 1875 MPa and 104.8 GPa, respectively. For the GFRP No. 4 

bars, a tensile strength of 799 MPa and a Young's modulus of 41.3 GPa were obtained. 

Properties of the CFRP No. 3 sandblasted bars were 1550 MPa tensile strength and 164.7 

GPa Young' s modulus. 

Four different bonded lengths were selected; equal to 6, 12, 18 and 24 times the diameter 

of the FRP bar. Four different square groove sizes equal to 1.25, 1.5, 2.0 and 2.5 times 

the diameter of the FRP bar were tested. 

Two FRP bar diameters, 9.5 mm and 12.7 mm, were examined. Both CFRP and GFRP 

bars were used. For the CFRP bars, two different surface conditions, deformed and 

sandblasted, were examined. 
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Three different modes of failure were observed in this investigation depending on the 

testing parameters used. For specimens with the smallest groove size (1.25 times the bar 

diameter) splitting of the epoxy cover was observed for all the bonded length used. While 

by increasing the groove size, the mode of failure was changed to cracking of concrete 

surrounding the groove. For specimens with sandblasted CFRP bar the main mode of 

failure was pullout of the FRP bar. 

Fig. 2.5. Tested specimens, (De Lorenzis and Nanni 2002) 

The strain in the rod was monitored by using strain gauges to plot strain distribution 

versus location along the bonded length for different values of load as shown in Fig. 2.6. 

It was found that the strain distribution along the bonded length, highly non-linear at 

moderate load levels, tends to linear as the applied load increases as shown in Fig. 2.6. 

This means as the applied load increases, the bond stresses become more evenly 

distributed along the bonded length. 
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Fig. 2.6. Strain distribution along the CFRP bonded length, (De Lorenzis and Nanni 

2002) 

Lorenzis and Nanni (2002) used the data obtained from the strain gauges to obtain the 

local bond stress-slip relationship of NSM-CFRP deformed bar. It is important to define 

the local bond-slip that completely characterizes the bond behaviour of the system and 

can be used to evaluate the development length of a given type of FRP bar for each 

different groove size. The bond stress, x versus location diagram at a given load level is 

shown in Fig. 2.8. This diagram can be obtained using equation (2.3) from the first 

derivative of the strain versus location diagram at that load level multiplied by the elastic 

modulus Eb and the diameter of the FRP bar 

r ( x ) - i j 5 , ^ 0 ( 2 . 3 ) 

4 ax 

Where x is the coordinate along the longitudinal axis of the FRP bar within the bonded 

length. The definition of slip is given by: 

s, (x) = s, (0) + jeb (x)dx (2.4) 
0 

Where si(0) is the free-end slip of the FRP bar. 

20 



Chapter 2: Literature Review 

2 4 
Location (In.) 

Fig. 2.7. Slip distribution along the 
CFRP bonded length, (De Lorenzis and 
Nanni 2002) 

2 3 4 
Location (in.) 

Fig. 2.8. Bond stress distribution along 
the CFRP bonded length, (De Lorenzis 
and Nanni 2002) 

The local bond-slip relationship can be obtained by combining the two curves x(x) and 

si(x), (Fig. 2.7 and Fig. 2.8 given from equation (2.3) and (2.4)). T versus x curve and s/ 

versus x curve can be obtained for each value of the applied load. Therefore, x versus slip 

diagram corresponding to each value of applied load can be drawn at a given load level as 

shown in Fig. 2.9. 

• Experimental 

Best Fitting of Exp. 

15 20 

Slip (mil In.) 
33 

Fig. 2.9. Local bond slip along the CFRP bonded length, (De Lorenzis and Nanni 2002) 

Cruz et al. (2004) investigated the bond behaviour of CFRP strip to concrete utilizing a 

pullout-beam test with specimens composed of two concrete specimens, specimen A and 

specimen B, as shown in Fig. 2.10. They used varying bonded length (40, 60 and 80 mm) 

and varying concrete compressive strength (35, 45, 70 MPa) with a fixed groove 

dimension, 15 mm depth and 3.3 mm width. Young's modulus of the CFRP strips was 
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158.3±2.6 GPa, 2,739.5±85.7 MPa tensile strength and the epoxy had a tensile strength of 

25.8±2.1 MPa. 

F/2 F/2 Epoxy adhesive - , CFRP 

I- (Bonded length) 

7 5 ^ 300- ^ 5 0 ^ 

(Bonded length) 

-300 •Jf-75-Jf 

Fig. 2.10. Specimen of pullout-bending test, (Cruz et al. 2004) 

The mode of failure for all the specimens was an interface failure or debonding failure 

between the epoxy and the concrete or between the CFRP strip and the epoxy. It was 

found from the experimental results that the pullout force was increased with the bond 

length, Lb as shown in Fig. 2.11. Also, the influence of the concrete compressive strength 

was marginal as the mode of failure was debonding failure and no cracks were observed 

in the concrete in this kind of test, as shown in Fig. 2.12. It was also found that the bond 

stress, Tmax decreases with bond length and is practically insensitive to concrete strength. 
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Lb80 
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Bond length (mm) 

0.0 
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Concrete strength (MPa) 
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Fig. 2.11. Influence of bond length on the Fig. 2.12. Influence of concrete strength oi 
peak pullout force, (Cruz et al. 2004) the peak pullout force, (Cruz et al. 2004) 
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2.3.2. Flexural strengthening 

One of the benefits of strengthening a structure is increasing its flexural strength. NSMR 

plays a great role in flexural strengthening. A lot of research was done on increasing the 

flexural capacity of concrete beams with FRP-NSMR. A large number of parameters can 

affect the flexural strengthening with FRP-NSMR. 

Some research was done with bars and others with strips and a comparison was made 

between them. A summary of the exciting work will be summarized in the following 

section. 

Hassan and Rizkalla (2003) conducted a flexural investigation on concrete beams 

strengthened with NSM CFRP strips using nine concrete T-section beams with a span of 

2500 mm and a depth of 300 mm as shown in Fig. 2.13. Hassan and Rizkalla (2003) 

terminated the steel reinforcement in the middle to control the debonding failure and to 

locate it in the middle of the beam. One of their main objectives was to evaluate the 

minimum bonded length required to develop the ultimate force of the strip to provide 

sufficient increase in the flexural capacity. Eight different bonded lengths of 150, 250, 

500, 750, 850, 950, 1050, and 1200 mm were used. The CFRP strips, which were 

produced by S&P Clever Reinforcement Company, Switzerland, have a width of 25 mm 

and a total thickness of 1.2 mm. The strips have a modulus of elasticity of 150 GPa and 

an ultimate tensile strength of 2,000 MPa as reported by the manufacturer. En-Force CFL 

epoxy adhesive was used for bonding the strips to the concrete. 

It was clear from the results that using embedment lengths less than 250 mm provides 

insignificant improvement in strength as shown in Fig. 2.14. This is due to the early 

debonding of the CFRP strips. A small increase in strength (3.8%) was observed for 

embedment lengths greater than 250 mm. Specimens with embedment lengths of 500 and 

750 mm provide an increase of about 15.4% and 42.3%, respectively; they failed due to 

debonding of the CFRP strips. Debonding was at both ends of the strips as well as at 

midspan. This was due to shear stress concentration at the cut-off points as well as at the 

flexural cracks at the midspan. 

Beams with embedment lengths ranged from 850 to 1200 mm failed due to rupture of the 

CFRP strips. The measured failure loads for the four beams were almost identical as 
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shown in Fig. 2.15. They concluded that the minimum embedment length needed to 

rupture the near surface mounted CFRP strips, with the given dimensions used in this 

program is 850 mm. This means that for small embedment lengths less than 250 mm, 

debonding of the adhesive from the surrounding concrete occurred before yielding of the 

internal steel reinforcement. 

750 

300 
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2700 mm 

1250 1250 

LJJ 
LOAD 

CFRP strip 

n 
L/3 L/3 

1111 i 

_ PI gauges Concrete 
• Strain gauges block 

LVDT 

i P-50 

' . • - . ' • • 750 

750 

Slip monitoring 

Fig. 2.13. Test Specimen, (Hassan and Rizkalla 2003) 
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Fig. 2.14. Load-deflection behaviour of test specimens with embedded length (150-850 

mm), (Hassan and Rizkalla 2003) 
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Fig. 2.15. Load-deflection behaviour of test specimens with embedded length (950-1200 

mm), (Hassan and Rizkalla 2003) 
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Hassan and Rizkalla (2004) conducted another investigation using CFRP bars instead of 

the CFRP strips using the same dimensions and setup of the beams as in the previous 

investigation, (Fig. 2.13). The authors used two different kinds of epoxy adhesive with 

tensile strength and modulus of elasticity of 48 MPa and 1200 MPa, respectively, for the 

first adhesive. While the second type has a tensile strength and modulus of elasticity of 

62 MPa and 3000 MPa, respectively to compare the effect of changing the adhesive 

tensile strength on the performance. 

They used four different bonded lengths, 150, 550, 800 and 1200 mm. Beams with the 

smallest bonded length, 150 mm provided insignificant increase in the strength due to 

early debonding of the CFRP bar. Beams with 550, 800 and 1200 mm embedded length 

providing 19.6, 30.4 and 41.1 % increase in the ultimate capacity, respectively. Using 

two different kinds of adhesives had a negligible effect on the ultimate load as the mode 

of failure for all beams was debonding at midspan in the place where the internal steel 

reinforcement was terminated. The maximum measured tensile strain for the CFRP bars 

at failure was about 40% to 45% of the rupture strain of the bar. 

El-Hacha and Rizkalla (2004) examined the structural performance of reinforced concrete 

beams strengthened in flexure with various NSM-FRP reinforcements compared to 

beams strengthened with externally-bonded FRP reinforcement. Eight simply supported 

concrete T-beams were constructed with a span of 2700 mm, a depth of 300 mm and a 

width of 150 mm. The beams were tested under a monotonically increasing concentrated 

load applied at mid-span. One beam was tested without strengthening as a control beam 

for comparison purposes, four beams were strengthened with different NSM-FRP 

systems, one CFRP bar, two types of CFRP strips, and a GFRP strip. Three beams were 

strengthened with externally bonded CFRP and GFRP strips as shown in Fig. 2.16. Table 

2.3 summarises the test parameters for the tested beams. 
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Fig. 2.16. FRP strengthening schemes, (El-Hacha and Rizkalla 2004) 

Table 2.3. Test matrix for test specimens (El-Hacha and Rizkala 2004) 

Beam No. 

B0 

Bl 
B2 

B3 

B4 

B2a 

B3a 

B4a 

FRP Strengthening System 

No strengthening 
One 9.5 mm NSM CFRP bar (a) 
Two 2 mm* 16 mm NSM CFRP strips type 1(a) 

Two 1.2mmx25 mm NSM CFRP strips type 2(b) 

Five 2 mmx20 mm NSM GFRP thermoplastic strips(c) 

Two 2 mm><16 mm Externally Bonded CFRP strips type 1(a) 

Two 2 mmxl6 mm Externally Bonded CFRP strips type 2(b) 

Five 2 mmx20 mm Externally Bonded GFRP Strips 

(a) Hughes Brothers (b) Structural Composite (c) Dow Plastic Chemicals 

The variable used in this investigation were the type of fibre (carbon or glass) and the 

shape of the FRP reinforcement (bars and strips), the effectiveness of the NSM-FRP bars 

and strips compared to the externally bonded FRP strips having the same axial stiffness. 

The embedded length of all the FRP-NSM bars and strips and the length of the externally 

bonded FRP strips were kept constant in all beams. Also the axial stiffness (EA)FRP for all 

FRP reinforcement was kept constant. 

It was found that the flexural behaviour for all strengthened beams was similar to that of 

the unstrengthened beam before cracking and a nonlinear behaviour was observed up to 

failure as shown in Fig. 2.17. Using the same axial stiffness for the CFRP strips and bar, 

an increase in the ultimate strength of 69% for beam (Bl) with FRP bar and 79 %, and 99 
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% increase for beams with two different types of strip respectively. Using NSM-FRP 

reinforcement resulted in a reduction in deflection and crack widths as well delayed the 

formation of new cracks in the strengthened beams. 

0 10 20 30 40 50 60 

Midspan Deflection (mm) 

Fig. 2.17. Load-deflection curve for strengthened beams with NSM CFRP strips and 

rebar, (El-Hacha and Rizkalla 2004) 

Using the same axial stiffness, (EA)FRP, of the NSM-CFRP strips and the externally 

bonded CFRP strips, the externally bonded CFRP strips increased the strength by only 

16.6 % and 25 % for the beams (B2a, B3a) compared to the unstrengthened beam due to 

debonding failure of the externally bonded strips from the concrete surface. However, the 

NSM CFRP strips increased the strength by 79 and 99 % for the beams (B2, B3) as 

shown in Fig. 2.18. The amount of strength increased using the same CFRP strips as 

NSM was about 4.8 and 4.0 times that obtained using externally bonded strips as shown 

in Fig. 2.18. Thus, the NSM strengthening technique using CFRP strips is more effective 

in comparison to externally bonded one. 

The beam strengthened with GFRP strips as NSM reinforcement, exhibited significant 

enhancement in strength and stiffness in comparison to the unstrengthened beam. An 

increase in the ultimate strength of 85% was observed while the ultimate load carrying 
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capacity of the beam strengthened using externally bonded GFRP strips increased by 28 

% as shown in Fig. 2.19. 

Fig. 2.18. Load-deflection curve for strengthened beams with NSM and externally 

bonded CFRP strips, (El-Hacha and Rizkalla 2004) 

Fig. 2.19. Load-deflection curve for strengthened beams with NSM CFRP and GFRP 

strips, (El-Hacha and Rizkalla 2004) 
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Yost et al. (2007) investigated the flexure strengthening for rectangular-section beams 

with span using NSM CFRP strip. He tested 12 NSM strengthened beams and 3 

unstrengthened control beams under four point bending with span 1292 mm. Various 

parameters including the amount of steel reinforcement (ps = As/bd) and the amount of 

CFRP reinforcement (pf = Af/bd) were investigated. Specimens were designed to avoid 

concrete crushing or premature shear failure. It was concluded that flexural strengthening 

for steel reinforced concrete beams using NSM CFRP reinforcement is effective. Both 

the yield and ultimate strengths for the strengthened beams were increased by 30 % and 

78 % respectively over those of the unstrengthened beams. 

2.3.2.1. Modes of failure for flexural strengthening 

The possible modes of failure for beams strengthened in flexural with NSM-FRP 

reinforcement are steel yielding followed by concrete crushing or bar rupture if a full 

composite action maintained between the RC beam and the FRP bar or strip. Failure can 

be premature debonding in the form of losing the composite action between the NSM-

FRP reinforcement and the original structure. The debonding failure depends on many 

parameters for RC beams, steel or FRP reinforcement ratio, the shape and surface 

finishing of the FRP reinforcement, the roughness of the groove and the tensile strength 

of concrete and epoxy (De Lorenzis and Teng 2007). 

The debonding failure can be found in many forms, concrete-epoxy debonding, FRP-

epoxy debonding and concrete cover separation. Concrete cover separation is the 

common mode of failure for concrete beams strengthened in flexural with NSM 

reinforcement. (Kotynia 2006 and 2007; Teng et al. 2006). The concrete cover separation 

can start at the NSM-FRP reinforcement cut-off points (bar end) where the bar is 

terminated at a significant distance from the supports of the FRP reinforcement. The Bar 

end cover separation starts at the cutoff sections at the bottom of the beam at 45° to the 

beam axis and propagates inwards. These cracks propagate upwards on the two sides of 

the beam with the same inclination till it reaches the level of the tension steel (week 

plan), and then the concrete cover starts to split (Teng et al. 2006, Hassan and Rizkalla 

2003). The concrete cover separation can starts also at the maximum moment zone by 
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intermediate crack (IC) debonding. Where debonding starts at a major flexural crack then 

propagate outwards to one of the supports (Kotynia 2006 and 2007). 

2.3.2.2. Design equations for flexural strengthening 

Taljsten et al. (2003) derived a theory for the ultimate bending capacity of concrete 

beams strengthened with NSMR using the following assumptions (Fig. 2.20). 

0.4xT 

/ 
Jcc 

L 
<-

*fc 

ff 

Fig. 2.20. Principles for strengthening in Bending, (Taljsten et al. 2003) 

M 

The strain across the cross section varies linearly as a function of the depth; this implies 

that linear strain in the concrete, steel reinforcement and the FRP that occurring in the 

same level is of the same amount. That means composite action applies between all the 

materials. 

Concrete stresses are obtained from the material's characteristic curve. Concrete 

compressive strain is limited to failure strain scu
= 0.0035. For cracked sections, the 

concrete's tensile strength is ignored. 

The FRP stress is obtained from the characteristic curve of the material and the total 

strain may not exceed the failure strain. 

The FRP is assumed to be linearly elastic till failure. 

x-d' 
M 

h-x 
(£fu+su0)A'sEs(0.4x-d's) + AJs(ds-0.4x) + £fuEfAf(h-0.4x) (2.5) 
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From horizontal equilibrium (Fig. 2.20) 

0.8fJx + ̂ ^(Sfu +tsu0)A't Ex = AJs+£fuEfAf (2.6) 

where x (distance of the N.A.) can be calculated by solving the following equation: 

Cix2+C2x+C3=0 

Cj=0.8fccb (2.7) 

C2=-0.8fccbh-(eju+eu0)A'sEs-AJs-efuEfAf (2.8) 

Cs =(£fu+ zu0 )A \ Esd ',+(AJs + £fuEfAf )h (2.9) 

Taljsten et al. (2003) confirmed their equations with experimental work, they tested four 

rectangular cross section concrete beams with a span of 4000 mm, a depth of 300 mm 

and a width of 200 mm using static four point bending test. One served as a reference 

beam (RP), three beams were strengthened using NSM CFRP bars (Young's modulus Ef= 

115 GPa and corresponding strain at failure 1.8 %). One was strengthened along the all 

length of the beam (4000 mm) with epoxy adhesive (E4), one beam was strengthened 

along 3400 mm of the length of the beam with epoxy adhesive (E3) and the last one was 

strengthened along 3400 mm of the length of the beam with cement adhesive (C3) as 

shown in Fig. 2.21. 

It can be seen clearly from Fig. 2.22 that beam E4 had the best failure envelope where the 

failure was by rupture of the FRP bar. It was noticed from the result that the theory 

overestimates the failure load; this is due to some beams failed by anchorage failure and 

the theory didn't cover this point. In addition, the actual yield stress of steel was higher 

than the one given by the manufacturer. 

32 



Chapter 2: Literature Review 

1500 

P/2 P/2 

- 1000 

+10 oa7S KsSQO I - loop L 

~T1 Concrete Bsam 
I - n r f t f • r W ' i I'l'rrrrrT'riri'TTTf'rrrrrrTT^'nTTyrrrrrrTTtTi 

r ( i i • i i i TM I I I i i i I I I I i I I I I I I I • I I I I I t I I I I I I t I I I I I • 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

lTth^^^^i<d.UA^rfa^ini<iiiiiilMiitilili)i>iM Sli*iiii<i<JJ^b>iiiiUtii>iWI 

A-
2*T81(sS0O 

3600 

M HMII I I 

Hfntl 

•A 

\l ZOO 1/ r~^—r 

+- woo 

f-+ JOO 

• — * r - m -

V. • • ; J'. 

NSMR u 55 

RB: Reference Beam 

£4: Epoxy Bond 

£3: Epoxy Bond 

C3: Cement Grout Bond 

Fig. 2.21. Test set-up and dimensions of tested beams, (Taljsten et al. 2003) 
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Fig. 2.22. Load deflection curve for the tested beams, (Taljsten et al. 2003) 

The Canadian Highway Bridge Design Code, CHBDC, (CAN/CSA-S6-06 2006) have a 

provision for flexural strengthening using NSM if the concrete cover is equal to 20 mm 

or more. 
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For concrete member using NSMR, the anchorage length, Id, beyond the point where no 

strengthening is required shall be calculated through the equation used to calculate the 

anchorage length for internal reinforcement through the following equation 

/„=0.457 
ftjft4 

dm 
E. 

'' f A 

JFRPu 

V Jcr ) 

(2.10) 

* J 

Ktr 

Jcr 

Ctcs 

where: 

A : the area of cross-section of a strap or bar, mm2 

k\ : a concrete strength factor. 

k4 : is a bar surface factor, being the ratio of the bond strength of the FRP bar 

to that of a steel deformed bar with the same cross-sectional area as the 

FRP bar, but not greater than 1.0. 

: the transverse reinforcement index. 

: the cracking strength of concrete, MPa 

: the smaller of the distance from the closest concrete surface to the centre 

of the bar being developed, or two-thirds the centre-to-centre spacing of 

the bars being developed, mm 

While for fiexural strengthening using GFRP NSMR in timber beams the code gives the 

following provisions: 

• The minimum fibre volume fraction for GFRP bars is 60%. 

• There are at least two bars within the width of the beam. 

• The total cross-sectional area for all bars on a beam is at least 0.002 times the 

cross-sectional area of the timber component. 

As shown in Fig. 2.21, each bar is embedded in a groove, preferably with a rounded end. 

The depth of each groove is between 1.6 to 2.0 times db, the bar diameter; the width of 

each groove is not less than db+5 mm; the edge distance of the outer groove is not less 

than 25 mm, nor less than 2<4; and the clear spacing between grooves is not less than 

25 mm, nor less than 3db. 
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Before embedding the GFRP bars, the grooves in the beams were cleaned with 

pressurized air to remove any residue. 

The adhesive used for bonding the GFRP bars to the timber beam is compatible with the 

preservative treatment used on the timber and chosen such that it is compatible with the 

expected volumetric changes of the timber. 

In the longitudinal direction of the beam, the GFRP bar was extended as close to the 

beam support as possible. 

Each GFRP bar was held in place as close to the tip of the groove as possible. 

V̂ 

LPL_PL Depth of 
groove 

Edge' 'Distance Groove 
distance between depth 

grooves 

Fig. 2.23. Cross-section of a timber beam with GFRP NSMR, (CSA, 2006) 

2.3.3. Flexural strengthening with prestressed NSM 

Prestressing for strengthening purposes can increase the cracking load; minimize the 

crack width and better distribution between the cracks which in turn increase the 

durability as well as the stiffness of the structure. The greatest advantage of prestressing 

the strengthened materials is the increasing of the yielding load, which can be up to 25% 

in comparison to non prestressed strengthening materials (Wight et al. 1995, Nordin et al. 

2001). 

NSM bars or strips can be easily prestressed compared to externally-bonded laminates or 

sheets. Nordin and Taljsten (2006) tensioned NSM-FRP bar to 20% of its tensile strength 

as shown in Fig. 2.23; they released the prestressed force after curing the epoxy. As 
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expected the gain in the ultimate load and stiffness was achieved. The main problem for 

this technique was the access to the ends of the beam, which is not possible in reality. 

Fig. 2.24. Flexural strengthening withNSM prestressing, (Nordin and Taljsten 2006) 

2.3.4. Shear strengthening 

NSM-FRP reinforcement can also be used in increasing the shear capacity for RC beams. 

FRP bars or strips can be installed, whether vertical or inclined in slots or grooves cut on 

both sides of the RC beam. Very limited research was done on the shear strengthening 

using NSM FRP reinforcement and will be summarized bellow. 

De Lorenzis and Nanni (2001c) tested eight full-scale RC beams with T-section having a 

span of 3-m long. Six beams were without steel stirrups and two contained steel stirrups 

less than that required by the ACI 318-02. The examined variables were the spacing 

between the NSM-FRP bars, inclination of bars whether vertical or inclined at 45° with 

the beam axis. NSM-FRP bars were anchored in the flange in two beams. It was found 

that using NSM as shear reinforcement can increase the capacity of the beam up to 106% 

with respect to the control beam without shear reinforcement and can also be significant 

in increasing the beam carrying capacity in the presence of internal steel stirrups. 

Nanni et al. 2004 reported the test results of a single full scale PC girder taken from a 

bridge and strengthened in flexural with CFRP laminate and in shear with NSM-CFRP 

rectangular strips at 60° inclination with the beam axis (The increase in the shear capacity 

was of at least 53%). The beam failed in flexure at a shear force close to the shear 
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resistance predicted by De Lorenzis and Nanni (2001c), which will be discussed later in 

sec. 2.3.4.2. 

Fig. 2.25. Installation of CFRP for shear strengthening, (Nanni et al. 2004) 

Dias and Barros (2005) tested 20 RC beams with different dimension and without steel 

stirrups. The beams were divided to four groups with different stirrups spacing. Each 

group consists of five beams, one without any steel stirrups, one with steel stirrups, one 

with externally bonded laminates and the last two with NSM strips inclined and vertical. 

The reported increase in strength was about 54 and 83% for the externally-bonded 

reinforcement and the NSM techniques, respectively. 

2.3.4.1. Modes of failure for shear strengthening 

The observed mode of failure for shear strengthening was debonding of one or more of 

the FRP bars due to splitting of the epoxy cover. But this was overcome by increasing the 

bonded, length by inclination of the bar by 45° or by anchorage of the NSM bar in the 

beam flange, (De Lorenzis and Nanni 2001c). Once the debonding of the FRP bar is 

prevented the mode of failure changed to concrete cover splitting at the level of the 

longitudinal reinforcement. This can be explained as the difference in configuration 

between the internal stirrups and NSM reinforcement. As the NSM bars were not able to 

restrain the dowel force subjected on the longitudinal reinforcement. These forces, in 

conjunction with the wedging action of the deformed reinforcement, give rise to tensile 
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stresses in the surrounding concrete that may eventually lead to cover delemination and 

loss of anchorage. 

a) Splitting of epoxy cover b) Splitting of concrete cover at the 

longitudinal reinforcement 

Fig. 2.26. Modes of failure of shear strengthening, (De Lorenzis andNanni 2001c) 

2.3.4.2. Design equations for Shear strengthening 

It is not yet possible to develop a comprehensive design approach for NSM shear 

strengthening including all the significant parameters. The nominal shear strength of a 

reinforced concrete beam may be computed by the basic design equation presented in 

ACI 318-05 (2005) 

Vn=Vc+Vs (2.11) 

Vn is the nominal shear strength which is given by the sum of the shear strength of the 

concrete, Vc, and the shear strength provided by the steel shear reinforcement, Vs. In the 

case of beams externally strengthened with FRP, the nominal shear strength can be 

computed by adding a third term to account for the contribution of the FRP reinforcement 

vn-K+K+vFRP (2.12) 

The design shear strength is obtained by applying a strength reduction factor, ((>, to the 

nominal shear strength. 

Several parameters influence the NSM-FRP bars contribution VFRP to the shear capacity 

such as quality of bond, FRP bar type, groove dimensions and quality of substrate 

material. 
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Two design equations was given by Lorenzis and Nanni (2001c) to obtain VFRP and 

suggests taking the lower of the two results as the contribution of NSM FRP bars to the 

shear capacity. The first equation VIFRP computes the FRP shear strength contribution 

related to bond-controlled shear failure, the second equation V2FRP calculates the shear 

resisted by NSM-FRP bars when the maximum strain in the bars is equal to 4,000p.£. 

VIFRP is computed using the following assumptions: 

- The inclination angle of the shear cracks equals 45°. 

The bond stresses are uniformly distributed along the effective lengths of the FRP 

bars at ultimate. 

- The ultimate bond stress is reached in all the bars intersected by the crack at ultimate. 

The shear force resisted by the FRP may be computed as the sum of the forces 

resisted by the FRP bars intersected by a shear crack. Each rod intersected by a crack 

may ideally be divided in two parts at the two sides of the crack. The force in each of 

these bars at the crack location can be calculated as the product of the average bond 

strength and the surface area of the effective length of the FRP rod. 

^//F/?/,:=27i;.db.Xb-Ltotmin (2-13) 

where 

Ltotmin = dnet - S if - ^ < S < dnet (2.14) 

Ltotmin = 2dnet - 4.S if ^ < S < ^ (2.15) 

dnet= 4 - 2.C 

where dr = length of the rods, c is concrete cover of the internal longitudinal 

reinforcement and s is the spacing of the NSM rods. 

While in computing V2FRP the same assumption that are used in computing VIFRP are 

considered. The effective length of an FRP rod crossed by the crack corresponding to a 

strain of 4,000 \xz and the average bond strength ib is 
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L; = 0 . 0 0 1 ^ ^ - (2.16) 
x b 

net < s < d„pt and if L, > dn„t - s so bond failure occurs before L; the maximum 
d 

strain reaches 4,000 ins, therefore, V\FRP controls but if L{ <dnet - s so V2FRP with the 

value 

V2FRp=2Ti.db.xh. L~ (2.17) 

- ^ < s < —— V\FRP controls if L, > s but if L, < s V2FRF controls with the value 
3 2 

V2FRP = 27r.db.xb.( L~ +dnet-2s) if dnet - 2s < L~ < s (2.18) 

V2FRP = 47l.db.Tb. L~ if L~ < dnet - 2S (2.19) 

A d — — 
< s < —^ FI/TRP controls if L- > dn„t - 2s but if L: < d„„, - 2s V2FRP controls with 4 3 

the value 

\FRP C O m r o l S l l 1^ -> U n e t - ZS DUI 11 LVJ ^ Un e ( - ZS K2/r/y> 

* W - 27i.db.Tb.( Lj +dnet-2s) if s < L{ < dnet - 2s (2.20) 

^F/y=27i.dbTb.(2L7+dnet-3s) if d n e t -3s<L7<s (2.21) 

V2FRP= 6n.dbTb. L~ if L~<dn e t-3s (2.22) 

Lorenzis and Nanni (2001a) used the force resulting from the tensile stress in the FRP 

bars across the assumed crack to calculate the shear strength provided by the NSM 

reinforcement and it is expressed for rectangular bars by: 

fW=4(a+b)xb.L tot (2.23) 

Where a and b represent the cross-sectional dimension of the rectangular FRP bars, xb 

represents the average bond stress of the bars crossed by the shear crack Ltot can be 

expressed as Z;L; where Li represents the length of each single NSM bar intercepted by a 

shear crack and is expressed as: 
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• < / - 1 -
" ' — '0.004 ' — *•••• U.UU4 ,-. 

cos a + sin a 2 (2 24) 
L , : * ^0.004 •• . i = - + l . . .« 

cos a + sina 2 

where a represents the slope of the FRP bar with respect to the longitudinal axis of the 

beam, s is the horizontal FRP bar spacing, and lnet is defined as follows: 

/ „ , = / * - — (2.25) 
sin a 

where h is the actual length of the FRP bar, c is the clear concrete cover of the internal 

longitudinal reinforcement. 

Where the first part of the equation takes into account bond as the controlling failure 

mechanics and represents the minimum effective length of a FRP bar intercepted by a 

shear crack as a function of the term n: 

L„ (1 + cot a ) 
n = - ^ (2.26) 

s 

where n is rounded off to the lowest integer and /^represents the vertical length of l„et 

and the second part of equation (2.24) takes into account the shear integrity of the 

concrete by limiting at 0.004 the maximum strain in the FRP reinforcement and I0.004 can 

be determined as follows 

a.b E 
/0004 = 0 . 0 0 2 — - ^ - (2.27) 

a + b xh 

The CHBDC (CAN/CSA-S6-06 2006) has also a provision for shear strengthening of 

timber bridges, which states that; 

• The minimum volume fraction of GFRP bars is 60%. 

• Horizontal splits in beams, if present, are closed by a mechanical device before 

the insertion of the GFRP bars. 

As shown in Fig. 2.26, there are at least three GFRP bars at each end of the beam. 
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The diameter of the GFRP bar, db, is at least 15 mm, and the minimum diameter of hole 

containing a bar is db+3 mm. 

The spacing of bars along the length of the beam is 25 mm ± h, the depth of the beam. 

The adhesive used for bonding the GFRP bars to the timber beam is compatible with the 

preservative treatment used on the timber and chosen such that it is compatible with the 

expected volumetric changes of the timber. 

As shown in Fig. 2.26, the GFRP bars are inclined to the beam axis at an angle of 

45°±10° from the horizontal. The top ends of the inclined GFRP bars are within 10 to 25 

mm from the top of the beam. 

When there are daps present, the ingress of the drilled hole should be 100 mm ±10 mm 

from the edge of the dap. 

7 7 T ^ illy fizontal split closed mechanical 

\ 45°±10° / N Minimum diameter = 15 mr 

max.=h - I 
Fig. 2.27. Elevation of timber beam with GFRP bars for shear strengthening, (CSA, 

2006) 
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3.1. General 

Extensive research programs are being conducted at the Universite de Sherbrooke 

through the Natural Sciences and Engineering Research Council (NSERC) Industrial 

Research Chair in Innovative Fibre Reinforced Polymer (FRP) Composite Materials for 

Infrastructures. The use of FRP bars for strengthening of existing structure has not been 

yet investigated in our Research Chair. This research project focuses on the use of the 

newly developed FRP sand-coated bars for different strengthening techniques. 

The main objectives of this experimental program are: 1) to develop/utilize a new NSM 

system composed of FRP V-ROD bars manufactured by Pultrall Inc. and adhesives 

manufactured by Hilti Inc., 2) to Investigate the bond performance of the proposed NSM 

system, 3) to investigate the effect of freeze/thaw cycles on the new proposed NSM 

system components, 4) to study the flexural behaviour of RC beams strengthened with 

NSM-FRP bars. 

3.2. Experimental Program 

The experimental program consisted of two phases. The first phase included the pullout 

testing of 76 C-shaped concrete specimens. The second phase included testing of 20 full-

scale concrete beams strengthened in flexure using NSM-FRP system. 

The first phase included the following parameters: 

1. Type of FRP bar: two types were used: CFRP and GFRP 

2. Diameter of FRP bar: two main diameters were used for CFRP reinforcement: 

No. 10 (9.5 mm) and No. 13 (12.7 mm) and one diameter for GFRP reinforcement, 

No.l3(12.7mm). 

3. Groove size: two different groove widths were used: namely 1.50 and 2.0 times 

the diameter of the FRP bar. 

4. Bonded length: six different bonded lengths were used: namely 6, 12, 18, 24, 36 

and 48 times the diameter of the FRP bar. 
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5. Type of adhesive: two types of adhesive were used: epoxy and cement-based. 

6. Exposing 16 concrete specimens to 200 freeze/thaw cycles. 

The main objectives of this phase are: 

1) To investigate the different parameters affecting the bond performance of the NSM-

FRP strengthening system. 

2) To study the effect of severe environmental conditions such as moisture and freeze-

thaw cycles on the bond performance of the NSM-FRP strengthening system. 

3) To develop a bond-slip model for the NSM-FRP V-ROD bars. 

The second phase included strengthening and testing of 20 full-scale RC beams. 

This phase included the following parameters: 

1. Steel reinforcement ratio: three steel reinforcement ratios were used: 1.60%, 

0.80% and 0.40%. 

2. Type of NSM-FRP reinforcement: two types were used: CFRP and GFRP. 

3. Diameter of NSM-FRP bars: two diameters were used for each type of FRP 

reinforcement: No. 10 (9.5 mm) and No. 13 (12.7 mm). 

4. Groove size: two different square groove sizes were used: namely 1.50 and 2.0 

times the diameter of the FRP bar. 

5. Bonded length: four different bonded lengths were used: 12, 18, 24, 48 and 60 

times the diameter of the FRP bar. 

The main objectives of this phase are: 

1) To investigate the different parameters affecting the behaviour of reinforced concrete 

beam strengthened in flexure with NSM-FRP bars. 

2) To establish design recommendations for the use of FRP bars in strengthening of RC 

beams using NSM system. 
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3.3. Phase I: Bond Behaviour of NSM-FRP Bars in Concrete 

The NSM-FRP system depends mainly on bond stresses and its transfer from reinforced 

concrete element to FRP bars by a bonding agent to develop a composite action between 

concrete, steel reinforcement and FRP bars. This composite section acts together to 

increase the ultimate capacity of the concrete element such as flexural and shear capacity 

and to improve the serviceability aspects as cracking and flexural limitations. The bond 

stresses between concrete, bonding agent (epoxy or cement) and FRP bars are very 

important factors in the NSM system. To investigate and study the bond characteristics 

between the three materials and to analyze the influence of the most critical parameters, 

the pullout tests of NSM-FRP in concrete specimens were conducted. 

This first phase of the experimental program represents the preliminary investigation for 

the bond behaviour of the used system. 

3.3.1. Pullout test specimens 

A total of 76 C-shaped concrete specimens were cast in this phase. The specimen 

configuration used in the pull out test is similar to the one developed by De Lorenzis et 

al. (2002) as shown in Fig. 3.1. The typical specimen consisted of a C-shaped concrete 

specimen with outside dimensions of 340 x 340 mm, inside dimensions of 170 x 170 mm, 

and a height of 500 mm. Four holes were located at the four corners of the specimen. 

This phase consists of two stages. The first stage included testing of 60 concrete 

specimens at normal room temperature. The second phase included testing of 16 concrete 

specimens after being subjected to 200 freeze/thaw cycles in a controlled environmental 

chamber. 

3.3.1.1. Stage one: Bond characterization 

Sixty C-shaped concrete specimens were prepared and tested at normal room 

temperature. Three specimens were tested for each parameter and an average was taken 

from the three results. Each specimen was given a designation in the format X/00.0-Y-

0.00-00. The first character X represented the type of FRP bar, whether C for carbon or G 

for Glass. The first number represented the bar diameter whether 9.5 mm or 12.7 mm. 

The second character Y represented the type of adhesive, E for epoxy and C for cement, 
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the second number represented the groove depth in a multiple of the bar diameter whether 

1.50 or 2.00. The third number represented the bonded length also in a multiple of the bar 

diameter whether 6, 12, 18, 24, 36 or 48. Table 3.1 summarizes the tested parameters for 

the pullout testing for the first stage of this phase. Each specimen was instrumented with 

two LVDTs with high accuracy (+ 0.001 mm) to measure the free end and the loaded end 

slip of the FRP bar. Three electrical resistance strain gauges with gauge length of 6.0 mm 

were attached to the bar to capture the strain distribution along the bonded length. 

Reading from the load cell, LVDTs and the electrical strain gauges were collected using 

an automatic data acquisition system connected to a computer. 

CFRP bar 

Steel tube 0 25.4 mm 

Dimension in mm 

Steel plate 

Steel bolts 

10 mm Rubber membrane 

.hole 0 30 mm 

3 ^ 

Variablej3fi_ 

85 

Variable 

170 

-0-
85 

340 

A-A 

Fig. 3.1. Pullout test specimen 
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Table 3.1 Description of test specimens for bond characteristics 

Specimen code 

C/9.5-E-1.50-6 

C/9.5-E-1.50-12 

C/9.5-E-1.50-18 

C/9.5-E-1.50-24 

C/9.5-E-2.00-6 

C/9.5-E-2.00-12 

C/9.5-E-2.00-18 

C/9.5-E-2.00-24 

C/9.5-E-2.00-36 

C/9.5-E-2.00-48 

C/12.7-E-1.50-18 

C/12.7-E-2.00-18 

G/12.7-E-2.00-12 

G/12.7-E-2.00-18 

G/12.7-E-2.00-24 

G/12.7-E-2.00-36 

C/9.5-C-1.50-12 

C/9.5-C-1.50-18 

C/9.5-C-1.50-24 

C/9.5-C-2.00-24 

Type and diameter 
ofFRP 

CFRP/9.5 

CFRP/9.5 

CFRP/12.7 

GFRP/12.7 

CFRP/9.5 

CFRP/9.5 

Groove 
filling 

Epoxy 

Epoxy 

Epoxy 

Epoxy 

Cement 

Cement 

Groove 
dimension 

\.50d 

2.00d 

l.50d 

2.00c/ 

2.00c/ 

1.50c/ 

2.00c/ 

Bonded 
length 

6d 

\2d 

18c/ 

24c/ 

6d 

12c/ 

18c/ 

24c/ 

36c/ 

48c/ 

18c/ 

18c/ 

12c/ 

18c/ 

24c/ 

36c/ 

12c/ 

18c/ 

24c/ 

24c/ 
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3.3.1.2. Stage two: Effect of freeze/thaw cycles 

The second stage, the freeze/thaw investigation, included testing of 16 concrete 

specimens with CFRP bars after being subjected to freeze/thaw cycles in a controlled 

environmental chamber. Before conditioning the specimens in the environmental 

chamber and to develop service cracks, each specimen was tensioned to the maximum 

allowable service load level according to the CAN/CSA-S6-06 (CSA, 2006). The 

specimens were tensioned to 30% of the failure load of the first stage. 

Freeze/thaw cycles were performed in the walk-in controlled environmental chamber 

(3.70x2.60 m) in the department of civil engineering at the University of Sherbrooke as 

shown in Fig. 3.2. All specimens were subjected to 200 freeze/thaw cycles. During the 

freezing process, the lower bound was set to -20°C for 12 hours at 0% relative humidity. 

While during the thaw process, the temperature was raised to +25 °C for 6 hours at 100% 

relative humidity as shown schematically in Fig. 3.3. 

Each specimen was instrumented with one electrical strain gauge at the middle of the 

bonded length and one thermocouple as shown in Fig. 3.2. The thermocouples were 

placed outside the bonded length in two positions in the specimens; at the bar-epoxy 

interface and in the epoxy-concrete interface to capture the temperature at these 

interfaces. All the wires of the strain gauges and the thermocouples were collected 

together and extended outside the environmental chamber and connected to a data 

acquisition system for the first 20 cycles to capture the change in strain due to change in 

the temperature every minute. After the first 20 cycles, readings for the strains were taken 

manually by using a strain indicator box (P-3500) for the rest of the cycles. These 

readings were taken manually since it was not possible to assign an electrical data 

acquisition system for the long-term duration of the conditioning. Table 3.2 summarizes 

the tested parameters for the freeze- thaw investigation. 
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Fig. 3.2. Specimens in the environmental chamber and instrumentation 

Table 3.2 Description of test specimens for the effect of freeze/thaw cycles 

Specimen code 

D/E-l.50-12 

D/E-l.50-18 

D/E-l.50-24 

D/E-2.00-12 

D/E-2.00-18 

D/E-2.00-24 

D/C-l.50-12 

D/C-l.50-18 

D/C-l.50-24 

D/C-2.00-12 

Groove filling 

Epoxy 

Epoxy 

Cement 

Cement 

Groove dimension 

\.50d 

2.00J 

l.50d 

2.00d 

Bonded length 

12d 

\8d 

24d 

\2d 

\%d 

24d 

\2d 

\%d 

24d 

Yld 
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Fig. 3.3. Freeze/thaw cycles 

3.3.2. Fabrication of pullout specimens 

The pullout specimens were cast in two wooden formworks, which were designed so that 

six specimens to be cast for each formwork at each time as shown in Fig. 3.4. The 

formworks were made of 25 mm thick plywood having the same shape and the size of the 

specimens. Before each casting, the formworks were cleaned and lubricated to provide 

ease in the specimen removal. Plastic tubes were placed in the formwork in the place of 

the holes before casting and removed before the final setting of the concrete. 

A normal weight ready mixed concrete was cast and compacted by using a mechanical 

vibrator. Test cylinders were cast at the same time of the specimens. Immediately after 

casting the specimens and the cylinders were covered with plastic sheets to avoid 

moisture loss. Twenty four hours after casting, the external sides of the formwork and the 

cylinders were stripped and the specimens and the cylinders were covered with wet 

burlap and plastic sheets to keep them wet. The burlap was kept wet all time during the 

curing period, which lasted 14 days. Then the formwork was stripped and the specimens 

were removed and stored in the laboratory to complete 28 days. After 28 days, three 

cylinders were tested in compression for each patch to ensure getting the designed 

compressive strength before making the groove in the specimens. 
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.„, .r*>y^:'?&p*^"*r~?gC!!i^ 

Fig. 3.4. Pullout specimens in the formwork 

3.3.3. Cutting the grooves 

After the 28-day curing period, a special concrete saw with a diamond blade was used to 

cut the groove in the middle of the C-shape with a variable depth and width. The groove 

was formed by making two cuts using the concrete saw and removing the concrete in 

between by a power hammer as shown in Fig. 3.5 

Fig. 3.5. Cutting the groove for the pullout test specimens 
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3.3.4. Installation of the NSM-FRP bar 

A pressurized air was used to ensure that the groove is clean. The adhesive was injected 

into the groove to cover 2/3 of the groove depth. The bar was gently inserted into the 

groove over a foam support outside the bonded length to maintain the thickness of the 

adhesive and then gently pressed to displace the bonding agent. Extra adhesive was added 

to fill the groove. The excess adhesive was then removed as shown in Fig. 3.6. 

a) The adhesive injected into the groove to b) The bars were placed in the groove over 
cover 2/3 of the groove depth foam support 

a) Extra adhesive was added to fill the groove, b) The excess adhesive was then 
removed 

Fig. 3.6. Installation of NSM-FRP bar 
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3.3.5. Test setup 

The concrete specimens were tested in a BALDWIN hydraulic machine as shown in Fig. 

3.7. The applied load was reacted by means of four steel threaded bars inserted into holes 

(30-mm in diameter) near the corners of the specimen as shown in Fig. 3.1. The concrete 

specimens were encapsulated in between two steel plates (Fig. 3.8) to prevent any 

concentration of stresses at the threaded bar location. 

Fig. 3.7. Pullout test setup 

hole 0 31.75 mm 
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0 

> 

V 

/ 

O 

,80,72, 
I 1 _ 

A r$ 
c 

s 

\ 
ISO 

O 

• 

O 

B4 >F4 _L5Q_ 

360 

2.5jg2,5, 
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hole 0 31.75 mm 
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Upper Plate 
thickness 25.4mm 

Lower Plate 
thickness 25.4mm 

Fig. 3.8. Upper and lower steel plates 
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3.4. Phase II: Flexural Strengthening of RC Beams Using NSM-FRP Bars 

This phase will describe the experimental program taken to evaluate the flexural 

performance of concrete beams strengthened in flexural with NSM-FRP (V-ROD) bars. 

The following section includes the tested specimens, fabrication process, instrumentation 

and testing setup for the strengthened RC beams. 

3.4.1. Beam test specimens 

A total of 20 reinforced concrete beams were constructed and tested to failure. The beam 

has dimensions of 3010 mm long, 200 mm wide and 300 mm deep. The beams are 

divided to three series according to their steel ratio, series A, B and C. All the beams 

were designed to be under flexure and having flexural failure. The first series, A has a 

steel ratio of 1.60% while the second series, B has a steel ratio of 0.80% and the third 

series, C has a steel ratio of 0.40%. Each series investigated different parameters. Two 

10M steel bars were used as compression reinforcement for all the beams. Conventional 

8-mm diameter steel stirrups were used in all beams with a spacing 100 mm over all the 

length of the beam to avoid shear failure and to ensure that the beam would fail in 

flexure. Fig. 3.9 shows the dimension and the reinforcement details for each series. 

P / 2 P / 2 

No.8@100mAi 
2NO.10M 

-*—H f-

EZ J ' ' s^J '~ 
Ld 

- * -

± 500 

S / / / / / / / J J A> / / J J J / / / 7-7 

800 

Ld 

250 
- * * -

/ / / / / / > / / 1 "B 

*-
250 

•J-
2600 

3100 

-X-
250 

-X 

-/ 
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300 

2NO.10M 

300 

4No.l5M 

2No.lOM 

300 

2No.l5M 

•a 2No.lOM 

2No.lOM 

Series A Series B Series C 

Fig. 3.9. Dimensions and reinforcement details of the beam test specimen 

Series A: 

A total of five beams were tested in series A. One beam was tested as a control specimen 

AO. While the other beams were strengthened with one 9.5 mm diameter CFRP bar. 

Beams Al, A2, A3 and A4 were strengthened with \2d, 18J, 24d and 4%d bonded length 

respectively. The bottom steel reinforcement of this series was 4 No.l5M corresponding 

to a reinforcement ratio of 1.60%. The objective of this series was to investigate the 

effectiveness of strengthening of beams reinforced with high steel ratio with different 

bonded length. 

Series B: 

A total of three beams were tested in series B. One beam was tested as a control specimen 

B0. While the other beams were strengthened with one 9.5 mm diameter CFRP bar. 

Beams Al and A2 were strengthened with 24d and 4Sd bonded length respectively. The 

bottom steel reinforcement of this series was 2 No. 15M corresponding to a reinforcement 

ratio of 0.80%. The objective of this series was to investigate the effect of decreasing the 

steel ratio from series A on the strengthening scheme. 

Series C: 

A total of twelve beams were tested in series C. One beam was tested as a control 

specimen CO. Beams CI, C2, C3 and C4 were strengthened with one 9.5 mm diameter 

CFRP bar with I2d, 24d, 4Sd and 60d bonded length having a square groove equal to 2.0 

times the bar diameter. Beams C5, C6, C7 were strengthened with one 9.5 mm diameter 

CFRP bar with 24d, 4Sd and 60d bonded length having a square groove equal to 1.50 

times the bar diameter. Beams C8 and C9 were strengthened with one 12.7 mm diameter 
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CFRP bar with 24c/ and 48c/ bonded length respectively having a square groove equal to 

2.0 times the bar diameter. Beams CIO and Cll were strengthened with one 12.7 mm 

diameter GFRP bar with 24c/ and 48c/ bonded length respectively having a square groove 

equal to 2.0 times the bar diameter. The objective of this series is to investigate the effect 

of decreasing the groove size, the effect of increasing the FRP ratio and the feasibility of 

using GFRP bar in strengthening, respectively. The bottom steel reinforcement of this 

series was 2 No.lOM corresponding to a reinforcement ratio of 0.40%. Table 3.3 

summarizes the tested specimens 

Table 3.3 Description of test specimens for the flexural strengthening: 

Beam code Type of FRP 
Diameter of 

FRP 
Groove 

dimension 
Bonded 
length 

Series A 
A0 
Al 
A2 
A3 
A4 

Control 

Carbon 9.5 2.00c/ 

\2d 
18c/ 
24d 
48d 

Series B 
BO 
Bl 
B2 

Control 

Carbon 9.5 2.00d 
24d 
48c/ 

Series C 
CO 
CI 
C2 
C3 
C4 

Control 

Carbon 9.5 2.00c/ 

12c/ 
24c/ 
48c/ 
60c/ 

C5 
C6 
C7 

Carbon 9.5 1.50c/ 
24c/ 
48c/ 
60c/ 

C8 
C9 

Carbon 12.7 2.00d 24c/ 
48c/ 

CIO 
Cl l 

Glass 12.7 2.00d 
24c/ 
48c/ 

Note: d is the diameter of the NSM-FRP bar 
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3.4.2. Fabrication of beam specimens 

The beams were cast in a wooden formwork which was designed so that four beams to be 

cast at each time. The formwork was made of 25-mm thick plywood having the same 

shape and the size of the specimens. The formwork was re-used 5 times for casting the 20 

beams. Before each casting, the formwork was cleaned and lubricated to provide ease in 

the beam removal. The reinforcement cages were assembled, tied and placed in the 

formwork as shown in Fig. 3.10. Plastic chairs and spaces were used to maintain the 

cover requirements. 

A normal weight ready mixed concrete was cast and compacted by using mechanical 

vibrator as shown in Fig. 3.11. Test cylinders were cast at the same time of the beams. 

Immediately after casting the beams and the cylinders were covered with plastic sheets to 

avoid moisture loss. Twenty four hours after casting, the external sides of the formwork 

and the cylinders, they were stripped and the beams and the cylinders were covered with 

wet burlap and plastic sheets to keep them wet. The burlap were kept wet all time during 

the curing period which lasted 14 days. Then the formworks were stripped and the beams 

were removed from it and stored in the laboratory to complete the 28 days. After 28 days, 

three cylinders were tested in compression from each patch to ensure getting the designed 

compressive strength before making the groove in them. 

Fig. 3.10. Steel reinforcement cages in Fig. 3.11.Concrete casting 
formwork 
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3.4.3. Strengthening procedures 

Near surface mounted is one of the recent strengthening methods used for the 

rehabilitation of reinforced concrete structures using advanced composite materials. The 

structure is strengthened by bonding the FRP to concrete in a slit (groove). 

3.4.3.1. Cutting the groove 

After 28 days, all the beams were turned upside down to be prepared for making the 

grooves. The locations of the groove were first marked on the tension side of the beams. 

A special concrete saw with a diamond blade was used. The groove was formed in a 

similar way to the C-shaped specimens by making two cuts then chopping the concrete in 

between as shown in Fig. 3.12 and Fig. 3.13. 

Fig. 3.12. Cutting the groove Fig. 3.13. Chopping the concrete 

3.4.3.2. Installation of the FRP bar 

A silk brush was used to clean the groove and pressurized air and water was used to 

ensure that the groove is completely clean. The epoxy was injected into the groove to 

cover 2/3 of the groove depth. The bar was gently inserted into the groove over a plastic 

support outside the bonded length to maintain the thickness of the epoxy and to centre the 

bar in the middle of the groove. The bar was gently pressed to displace the bonding agent. 
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Extra adhesive was added to fill the groove. The excess epoxy was then removed as 

shown in Fig. 3.14. Quality control was achieved by continuous inspection and 

measurements during all the installation process. 

HI1 '"•••""II •i'-—r—^= •-"•• llftiffff ipnii HBIfflU 
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Fig. 3.14. NSM-FRP installation 
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3.4.4. Instrumentation 

The instrumentation that was used to monitor the behaviour of the beams during testing 

consists of a combination of electrical strain gauges and linear variable differential 

transducers (LVDTs) with different stroke lengths as shown in Fig. 3.15. 

P / 2 P / 2 

FRP Rod 
Steel bars 

m 
250 400 400 I 500 

jf-—y > — - — y ^ 

Ld 
T7 

1300 254 

3100 

i LVDT 

— Stra in Gauge 

Fig. 3.15. Instrumentations layout 

3.4.4.1. Strains monitoring 

Different electrical strain gauges were used to capture the strains for the steel, concrete 

and FRP. All the electrical strain gauges used were produced by KYOWA 

ELECTRONIC INSTRUMENTS CO., LTD., Tokyo Japan with a resistance of 120Q and 

a gauge factor of 2.11. 

Two electrical strain gauges with a gauge length of 6 mm were installed on the mid-span 

of the steel tension reinforcement to measure the maximum tensile strain in the steel bars. 

The strain gauges were glued on the smoothened part of the steel bars by using M-bond 

then covered with water proof coating (M-Coat A and M-Coat B) as shown in Fig. 3.16. 

Then the strain gauges were covered with a 5-minute epoxy to protect the strain gauges 

from water and damage during casting. 
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Fig. 3.16. Strain gauges on steel bars 

Other two electrical strain gauges with gauges length of 67 mm were installed on the 

mid-span of the top of the concrete to measure the maximum compressive strain in the 

concrete. The strain gauges were glued on the smoothened part of the concrete beam by 

using a 5-min epoxy. 

Five electrical strain gauges with gauge length of 6mm were installed along the FRP 

embedded length. The strain gauges were glued on the smoothened part of the FRP bars 

by using M-bond then covered with water proof coating (M-Coat A only). Then the strain 

gauges were covered with 5 min epoxy to protect the strain gauges during installation. 

3.4.4.2. Deflection monitoring 

The deflection at mid span was monitored on both sides of the beam by using two 

LVDTs with stroke length of 100 mm. Other two LVDTs were placed at the load position 

and at the mid of the shear span to monitor the deflected shape of the beam as shown in 

Fig. 3.17. 
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Fig. 3.17. Deflection monitoring 

3.4.4.3. Slip monitoring 

The slip at both free ends of the FRP bar was measured by using two high accuracy 

LVDT (± 0.001mm) with stroke length of 25 mm as shown in Fig. 3.18. 

Fig. 3.18. NSM-FRP slip monitoring 

3.4.4.4. Crack width monitoring 

A microscope with magnification factor of 10X was used to measure the first crack width 

when it is initiated. A high accuracy LVDT (± 0.001 mm) was installed on the position of 

the first crack as shown in Fig. 3.19. During loading, the formation of the cracks were 

also marked and recorded at different load levels. 
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Fig. 3.19. Crack width monitoring 

Readings from strain gauges and LVDTs were recorded during testing every second by 

using data acquisition system 6000 (manufactured by VISHAY), which was connected to 

a computer as shown in Fig. 3.20. 

Fig. 3.20. Data acquisition system 6000 

3.4.5. Test setup and procedure 

The beams were tested in four-point bending over a simply- supported clear span of 2700 

mm. A 500 kN closed-loop MTS actuator was used to apply the load. The actuator was 

supported by a steel frame and the load was transferred from the actuator to the tested 

beam through a steel spreader I-beam applied on the full width of the beam. A roller 

support was obtained by placing a steel cylinder between two steel flat plates. A pin 

support was obtained by using specially adapted steel I-beam. The upper plate of the I-
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beam had a spherical end to house the plate and allow the rotation. At each end of the 

tested beam, the roller and pin support were tested on steel I-beam which was secured on 

the rigid floor of the lab. The different components of the test setup can be shown 

schematically in Fig. 3.21. 

Fig. 3.21. Beam test setup 
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3.5. Material Properties 

The materials used for the pullout specimens and the flexural beams are the same. There 

are four materials used in this study. These materials are concrete, steel and FRP 

reinforcing bars and adhesives. 

3.5.1. Concrete 

All the tested specimens for the pullout specimens and the flexural beams were 

constructed using a ready mix concrete in order to minimize the variations of all 

constituents. The targeted concrete compressive strength after 28 days was 35 MPa. As 

indicated before, after 28 days, three cylinders were tested in compression from each 

casting to ensure getting the designed compressive strength. The actual concrete 

compressive and tensile strength were determined based on the average values of three 

cylinder specimens (150x300 mm) for each tested specimen. The cylinders were tested at 

the same time of testing the specimen as shown in Fig. 3.22 and Fig. 3.23. The cylinders 

were cast from the same batch used for casting the specimens. These cylinders were 

cured under the same environmental conditions as those of the specimens. The cylinders 

and the specimens were tested on the same day of testing of the specimens. The average 

concrete compressive strength of the concrete cylinders ranged from 38 to 44 MPa. The 

average concrete tensile strength ranged from 2.9 to 3.8 MPa. The modulus of elasticity 

of concrete was calculated from the stress strain curve obtained as shown in Fig. 3.24. 

The concrete mix composition for one m of fresh concrete is given in Table 3.4. 

Table 3.4. Mix composition of the used concrete 

Water-
cement 

ratio 

0.39 

Water, 
kg/m3 

169 

Cement 
content, 
kg/m3 

430 

Fine 
aggregate 
content, 
kg/m3 

672 

Coarse 
aggregate 
content, 
kg/m3 

1051 

Air 
entrained, 

% 

5 

Slump, 
mm 

80 
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Fig. 3.22. Concrete compression test Fig. 3.23. Concrete splitting test 
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Fig. 3.24. Stress strain curve for the concrete cylinders 

3.5.2. Steel bars 

Deformed steel bars No.lOM (11.3 mm in diameter) and No.l5M (15.9 mm in diameter) 

were used in reinforcing the concrete beams. No steel bars were used for the specimens. 

The nominal steel yield stress and modulus of elasticity are 400 MPa and 200 GPa 
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respectively. The actual tensile properties were determined using standard tensile testes 

performed on six samples for each bar diameter. The actual average properties are given 

in Table 3.5. 

Table 3.5. Mechanical properties of the reinforcing bars 

Bar type 

CFRP 

GFRP 

Steel 

Bar diameter 
mm 
9.5 
12.7 
12.7 

11.3 

15.9 

Bar area 
mm2 

71 
127 
127 

100 

200 

Modulus of 
elasticity, GPa 

124 
134 
45 

200 

200 

Tensile strength, 
MPa 
1596 
1250 
756 

£=454 
£=571 
£=460 
£=858 

Ultimate 
strain % 

1.4 
0.74 
1.8 

0.23 

0.23 

3.5.3.FRP bars 

Two types of FRP bars were used in this study CFRP and GFRP, manufactured by 

Pultrall Inc. (2006). Two diameters were used for carbon 9.5 and 12.7 mm while only one 

diameter 12.7mm was used for glass. All specimens were tested for tensile strength and 

modulus of FRP bars according to the ACI 440.3R-04 (ACI2004), part 2, B.2 (Guide test 

methods for fibre reinforced polymers for reinforcing or strengthening concrete 

structures). The total numbers of specimens were six specimens for each diameter. Each 

specimen was cut at a proper length and anchored at each end by an anchored method. 

The anchor consisted of a steel sleeve with length 50 times the nominal diameter of the 

bar and filled with high performance resign grout. The length of the tested section 

between the anchorage lengths was about 50 times the nominal diameter of the bar as 

shown in Fig. 3.25. 

Anchorage filling material 

/

Steel tube 

y / PVC ring 

^^^^^H 
Anchoring section-50d Testing section=50d 

/ 

Fig. 3.25. Scheme of tensile test specimens for FRP bars 

67 



Chapter 3: Experimental Program 

Fig. 3.26. Tensile test setup for FRP bars 

Fig. 3.27. Tensile failure for CFRP 
9.5 mm-diameter 

''WW 

Fig. 3.28. Slippage failure for CFRP 
12.7 mm-diameter 

3.5.4. Adhesives 

Two adhesive types produced by Hilti Inc. were used in this study. The first type, HIT 

RE 500 is a high strength two part epoxy based adhesive, resin and hardener as shown in 

Fig. 3.29. This type is specially designed for fastening into solid base materials in a wide 

range of material temperatures ranging from 49°C down to -5°C. It may be also used in 

underwater fastening for oversized holes up to twice the bar diameter but with a 
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maximum hole diameter of 76 mm. The HIT RE 500 can be used on wet or dry surfaces 

and is characterized by having excellent weathering resistance and high temperature 

resistance. The second type of adhesive, HIT HY 150, is a hybrid adhesive consisting of 

methaccrylate resin, hardener, cement and water. It is formulated for fast curing and 

installation in a wide range of material temperatures ranging from 40°C down to -5°C 

(Hilti Inc. 2006). The specifications of these adhesives are listed in Table 3.6. 

Fig. 3.29. The two-component adhesive package 

Table 3.6. Material specifications of adhesives (Hilti 2006) 

Adhesive 

Epoxy, HIT 
RE 500 

Cement, HIT 
HY150 

Compressive 
Strength, MPa 

82.7 

71.8 

Tensile 
Strength, MPa 

43.5 

15.9 

Modulus of 
Elasticity, MPa 

1493 

7032 

CTExlO6 

oC- l 

42.5 

29.5 

Tg 

81 

-

Bond 
Strength, MPa 

12.4 

Not Specified 
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4.1. General 

The NSM system depends mainly on bond stresses and their transfer from the concrete to 

FRP bars, through a bonding agent, to develop a composite action between the reinforced 

concrete element and the NSM-FRP bars. This composite section acts to increase the 

ultimate capacity of the concrete element, such as flexural and shear strength, and to 

improve the serviceability aspects such as cracking and deflection limitations. The bond 

stresses between the concrete, bonding agent (epoxy or cement) and FRP bars are very 

important factors in the NSM system. To investigate the bond characteristics between the 

three components and to analyze the influence of the most critical parameters that are 

known to affect such behaviour, a series of pullout tests of NSM-FRP bars in concrete 

specimens were carried out. 

The pullout tests were carried out on 76 C-shaped concrete specimen specimens that were 

divided into two stages. The first stage, pull-out test, included 60 specimens tested in 

room temperature; while the second stage, durability investigation, included 16 

specimens that were conditioned in freeze/thaw cycles before testing. 

4.2. Stage One: Bond characterization 

In this stage, 60 C-shaped concrete specimens were prepared and tested in normal room 

temperature. The specimens were divided according to the different parameters studied as 

given in Table 4.1 and explained in detail in chapter 3. The test results of these specimens 

were presented in terms of pullout load, average bond stress and mode of failure of the 

tested parameters as given in Table 4.1. 

70 



Chapter 4: Bond Behaviour: Analysis and Discussion of Test Results 

4.2.1. Modes of failure 

4.2.1.1. Specimens with epoxy adhesive 

The main mode of failure for most of the specimens using epoxy as an adhesive material 

was concrete shear tension failure (semi-cone failure) (Fig. 4.1a and b) accompanied with 

or without cracking in the epoxy, depending on the bonded length (Fig. 4.1c). This shear 

tension failure mode was due to tensile stresses along the inclined planes in the concrete 

surrounding the groove. Internal longitudinal cracks were observed in the epoxy in many 

specimens after failure. These cracks indicated the path of the tension force in the bar. 

This tensile force transferred to the epoxy. As a result of the fact that the tensile strength 

of the epoxy was much higher than that of concrete, most of the failure was in the 

concrete, while its tensile strength is very weak. These cracks usually start at the loaded 

end and propagated to the free end. Once a crack reached the free end, the epoxy cover 

suddenly split (Fig. 4.Id). 

As the bonded length increases, the length of the path of the crack to the free end 

increases and the tensile stresses in the epoxy adhesive decreases. Increasing the tensile 

force in the bar increases its tensile stresses till it reached the FRP bar tensile strength. 

The FRP bar will rupture before the epoxy reaches its tensile strength as a result of 

increasing its bonded length. The bar rupture for specimens (C/9.5-E-1.50-24), (C/9.5-E-

1.50-36), (C/9.5-E-1.50-48) and (G/12.7-E-2.00-36) are shown in Fig. 4.1e and Fig. 4.2d. 

Specimens C/12.7-E-1.50-18 and C/12.7-E-2.00-18 failed by bar slip from the epoxy due 

to bond failure of the sand coated FRP bar as shown in Fig. 4. If. 

The modes of failure for specimens with a GFRP bar were similar to specimens with a 

CFRP bar. Specimen (G/12.7-E-2.00-12) with the smallest bonded length failed by bar 

slip at the bar epoxy interface (Fig. 4.2a). Specimens (G/12.7-E-2.00-18) and (G/12.7-E-

2.00-24) failed by concrete cracking accompanied by splitting of the epoxy cover with a 

portion of concrete surrounding the groove, (Fig. 4.2b and c) 

From the above given modes of failure, it can be concluded that the bond stresses 

between the concrete, adhesive material and FRP bar were a very important factor in the 
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adopted NSM system. In the following, the relation between the mode of failure and the 

average bond stress will be given for the different mode of failure. 

When the failure was between the FRP bar and epoxy interface for slip or splitting of the 

epoxy cover, the average bond stress was calculated using the following equation (De 

Lorenzis and Nanni 2001) 

K.d.Lb 

Where xm is the average bond stress, Pu, pullout load at failure, d diameter of FRP bar 

and Lb bond length of FRP bar in the specimen. 
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Table 4.1. Test results for the Pullout Testing 

Specimen code 

C/9.5-E-1.50-6 

C/9.5-E-1.50-12 

C/9.5-E-1.50-18 

C/9.5-E-1.50-24 

C/9.5-E-2.00-6 

C/9.5-E-2.00-12 

C/9.5-E-2.00-18 

C/9.5-E-2.00-24 

C/9.5-E-2.00-36 

C/9.5-E-2.00-48 

C/12.7-E-1.50-18 
C/12.7-E-2.00-18 

G/12.7-E-2.00-12 

G/12.7-E-2.00-18 

G/12.7-E-2.00-24 

G/12.7-E-2.00-36 

C/9.5-C-1.50-12 

C/9.5-C-1.50-18 

C/9.5-C-1.50-24 

C/9.5-C-2.00-24 

Type and 
diameter 
ofFRP 

CFRP 
9.5mm 

CFRP 
9.5mm 

CFRP 
12.7mm 

GFRP 
12.7mm 

CFRP 
9.5mm 

Groove 
filling 

Epoxy 

Epoxy 

Epoxy 

Epoxy 

Cement 

Groove 
width 

l.50d 

2.00c/ 

1.50c/ 
2.00c/ 

2.00d 

1.50c/ 

2.00d 

Bonded 
length 

6d 

\2d 

nd 

24c/ 

6d 

\2d 

18c/ 

24c/ 

36c/ 

48c/ 

18c/ 
18c/ 

12c/ 

18c/ 

24c/ 

36c/ 

12c/ 

18c/ 

24c/ 

24c/ 

Pullout 
Load at 
Failure, 

kN 

28.68 

52.45 

74.85 

84.77 

35.56 

59.35 

64.57 

75.62 

96.291 

96.23 

48.83 
49.05 

52.19 

66.93 

77.74 

79.80 

31.73 

32.45 

44.68 

35.24 

Average 
bond 
stress, 
MPa 

16.02 

14.65 

13.93 

— 

19.87 

16.58 

12.10 

10.56 

— 

— 

5.36 
5.38 

10.90 

9.32 

8.12 

— 

4.81 

3.25 

3.38 

2.45 

Mode 
of 

Failure 

C 

C 

C+Se 

R 

C 

C+Se 

C+Se 

C 

R 

R 

S 

s 
s 
s 

C+E+S 

R 

Ic-c 

Ic-c 

Ic-c 

Sc 

C = Concrete tension failure, R = Rupture of bar, S = Slip of bar, Se = Splitting of epoxy, 
Sc = Splitting of Cement, Ic-c = failure at concrete-cement interface and E = epoxy 
cracking. 
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a) Concrete tension failure for 
C/9.5-E-2.00-6 

m 

c) Concrete cracking with epoxy 
cracking for C/9.5-E-2.00-18 

3J J H4W 

b) Concrete tension failure for 
C/9.5-E-1.50-12 

4* /T*> />* 
/ : « T • : t 

d) Concrete cracking with epoxy 
cover splitting for C/9.5-E-1.50-18 

Fig.4.1. Mode of failure for specimens with NSM-CFRP bar and epoxy adhesive (cont. 

next page) 
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.,11 ;-!j 

e) Bar rupture for C/9.5-E-2.00-36 f) bar slip for C/12.7-E-2.00-18 

Fig. 4.1. Mode of failure for specimens with NSM-CFRP bar and epoxy adhesive. 

a) Bar slip for G/12.7-E-2.00-12 b) splitting of epoxy cover for 
G/12.7-E-2.00-18 

Fig. 4.2. Mode of failure for specimens with NSM-GFRP bar and epoxy adhesive (cont. 

in next page) 
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Fig. 4.2. Mode of failure for specimens with NSM-GFRP bar and epoxy adhesive. 

4.2.1.2. Specimens with cement adhesive 

The main mode of failure was at the concrete-cement interface as shown in Fig. 4.3 and it 

occurred at low load levels compared to the epoxy adhesive as given in Table 4.1 and 

shown in Fig. 4.4. The ultimate loads for specimens with cement adhesive were 40 to 

56% less than specimens with epoxy adhesive. This may be was due to the smooth 

surface of the sides of the groove. 

Since the bond stress is calculated by dividing the pullout force by the failure contact area 

and the failure was at concrete-cement interface, the average bond stress was calculated 

by the following equation (De Lorenzis et al. 2002): 

(dg+2h)Lb 

where xav is the average bond stress, Pu, pullout load at failure, dg is the width of the 

groove, h is the height of the groove and Lb bond length of FRP bar. 

76 



Chapter 4: Bond Behaviour: Analysis and Discussion of Test Results 

a) Failure at concrete-cement 
interface (C-1.50-24) 

b) Splitting of cement cover 
for C/9.5-C-2.00-24 

Fig. 4.3. Modes of failure for specimens with NSM-CFRP bar and cement adhesive. 
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Fig. 4.4. Pullout load for epoxy and cement adhesive for groove size of 1.5 times the 

NSM bar diameter 
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4.2.2. Effects of different parameters on the bond characterization 

4.2.2.1. Effect of bonded length 

For a given groove size, as the bonded length was increased the ultimate load required to 

pullout the bar was increased as shown in Fig. 4.5. As well, the average bond stress was 

decreased due to the non-uniform distribution of the bond stresses along the bonded 

length. 

4.2.2.2. Effect of groove size 

For specimens with epoxy adhesive, increasing the groove size from \.5d to 2.0d had 

insignificant effect on the pullout load at failure as shown in Fig. 4.5. This was due to the 

fact that failure was mostly controlled by the tensile strength of concrete not the splitting 

of the epoxy cover. Even when it occurred, in some specimens, it was following the 

formation of the inclined cracks in concrete. 

For specimens with cement adhesive, the failure load for the specimens with a groove 

size equal to two times the bar diameter was lower than the specimens with groove size 

1.5 times the bar diameter. This was due to the fact that shrinkage of the cement in a 

bigger groove size was greater than that of the smaller groove size, which accelerated the 

debonding of the cement from the concrete (Hilti Inc.2005). 

120 T 

100 

3 80 

•2 60 
o 
3 40 

20 A 

12 18 24 30 36 
Bonded length,Lb j 

42 48 54 

Fig. 4.5. Pullout load at failure versus bonded length for epoxy adhesive 
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4.3. Stage Two: Effect of Freeze/Thaw Cycles 

In stage two, the freeze/thaw investigation included testing of 16 concrete specimens with 

CFRP bars after being subjected to freeze/thaw cycles in a controlled environmental 

chamber. Table 4.2 summarizes the test results for these conditioned specimens including 

failure load, bond strength, modes of failure and percent of change of failure load with 

respect to that of reference specimens. 

4.3.1. Failure load 

Figure 4.6 shows comparison between the failure load of the conditioned and reference 

specimens. For specimens with epoxy adhesive, the failure load for most of the 

specimens that were exposed to freeze/thaw cycling was slightly reduced. The percent of 

reduction for the conditioned specimens varied between 8 to 14 %. Two specimens only 

gained an increase in the failure load, D-E-l.50-12 and D-E-2.00-18. This increase was 

about 4.58% and 7.46% respectively. It is clear from Fig. 4.6 that the percent of reduction 

for specimens with groove width equal to 1.5 times the diameter of FRP bar was greater 

than specimens with groove width equal to 2.0 times the diameter of FRP bar and this 

was due splitting of epoxy, which will be explained in details in section 4.3.2. By 

increasing the groove width from 1.5 to 2.0c/the resistance to splitting increases. 

The failure load for the conditioned specimens with cement adhesive was about 30 to 

45% less than that of reference specimens. 

79 



Chapter 4: Bond Behaviour: Analysis and Discussion of Test Results 

Table 4.2. Test results for the durability investigation 

Specimen code 

D-E-l.50-12 

D-E-l.50-18 

D-E-1.50-24 

D-E-2.00-12 

D-E-2.00-18 

D-E-2.00-24 

D-C-l.50-12 

D-C-l.50-18 

D-C-l.50-24 

D-C-2.00-24 

Groove 
filling 

Epoxy 

Epoxy 

Cement 

Cement 

Groove 
dimension 

l.50d 

2.00d 

1.50^ 

2.00d 

Bonded 
length 

I2d 

nd 

24d 

Yld 

\M 

24d 

\2d 

\%d 

24d 
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C = Concrete tension failure, Se = Splitting of epoxy cover and Ic-c - concrete-cement 

interface failure. 

Fig. 4.6. Pullout load for the tested specimens 

80 



Chapter 4: Bond Behaviour: Analysis and Discussion of Test Results 

4.3.2. Modes of failure 

Different modes of failure were obtained for the tested specimens; however, the concrete 

tension failure that was the common mode of failure for most of the reference specimens 

(section 4.2.1.1) was not the common mode of failure for the conditioned specimens. The 

mode of failure of each tested specimen is given in Table 4.2. The reference specimen 

C/9.5-E-1.50-12 failed by concrete tension failure (Fig. 4.1b), while its conditioned 

counterpart failed by epoxy splitting (Fig. 4.7a and Fig. 4.7b) showing higher slip (Fig. 

4.9 and Fig. 4.10). Figures 4.9 shows a comparison between the average bond stress-slip 

for conditioned, D-E-l.5-12 and its reference specimen, C/9.5-E-1.50-12 which showed 

higher slip for the conditioned one than the reference one. For specimen D-E-l.5-18, two 

diagonal cracks were initially formed between the corner of the specimen and the groove 

at approximately 45 degrees (Fig. 4.7c). The width of these cracks got larger and further 

propagated with increasing the load till it reached the epoxy layer (Fig. 4.7d). When the 

tensile stress reached the tensile strength of the epoxy, cracks started to appear in the 

epoxy till the specimen failed. This mode of failure was the common mode of failure for 

most of the conditioned specimens with epoxy adhesive. Figure 4.10 shows comparison 

between the average bond stress-slip for conditioned, D-E-l.5-18 and reference 

specimen, C/9.5-E-1.50-18 which showed higher slip for the conditioned one with lower 

failure load. 

The variation of the results between conditioned and unconditioned (reference) 

specimens, either in failure load or in failure mode, was due to the difference in values of 

thermal expansion coefficient between the adhesive material and the concrete. These 

changes in thermal expansion coefficient developed internal stresses and cracks. The 

difference in the results will decrease if the adhesive materials and the concrete 

specimens thermal expansion coefficient be closer to each other. 

For the conditioned specimens with cement adhesive, the mode of failure was the same as 

the reference specimens. They failed by concrete-cement interface failure at lower load 

level compared to the reference specimens as described in section 4.2.1.2 of this thesis. 

81 



Chapter 4: Bond Behaviour: Analysis and Discussion of Test Results 

a) Splitting of epoxy covers (D-E-l .5-12) b) Splitting of epoxy covers (D-E-2.0-12) 

,„. , „ r« ! 

c) Diagonal crack start at the corner d) concrete tension failure with 
longitudinal and transverse cracks in 
epoxy (D-E-l.5-18) 

Fig.4.7. Modes of failure for the tested conditioned specimens with epoxy adhesive (cont. 

in the next page) 
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e) concrete tension failure with epoxy f) concrete tension failure with 
cover split (D-E-l .5-24) longitudinal and transverse cracks in 

epoxy (D-E-2.0-24) 

Fig. 4.7. Modes of failure for the tested conditioned specimens with epoxy adhesive 

Vi> 

Concrete-cement interface failure (D-C-l.5-12) 

Fig. 4.8. Mode of failure for the tested conditioned specimens with cement adhesive 
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Fig. 4.9. Average bond stress-slip for C/9.5-E-1.50-12 and D-E-l.5-12 

Fig. 4.10. Average bond stress-slip for C/9.5-E-1.50-18 and D-E-l.5-18 
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4.3.3. Strain distribution 

As mentioned before in chapter 3, each specimen was instrumented with one electrical 

strain gauge at the middle of the bonded length. Strain readings were recorded every 

minute for the first 20 cycles as shown in Fig. 4.11. Differential thermal expansion which 

occurs between the FRP, adhesive and the concrete due to change of temperature creates 

residual stresses. As shown from Fig. 4.12, the strain increases with the increase of 

temperature from -20 °C to +25 °C during the thaw cycle then decreased again during the 

freeze cycle. 

The strain distribution is divided to four stages. Stage I, (Fig. 4.13) started with the 

increase in temperature from -20 °C to +25 °C at the bar epoxy interface and this increase 

took around 2 to 3 hours. Then in stage II, the strain almost remained constant for the rest 

of the thaw cycle. At the end of the thaw cycle, the temperature started to decrease with a 

decrease in strain in stage III and this stage took around 4 to 6 hours to allow the 

temperature to reach -20 °C at the bar-epoxy and epoxy-concrete interfaces. The last 6 

hours in the freeze cycle which represent stage IV, the temperature and the strain remains 

constant as shown in Fig. 4.14. 

From the strain readings, the range of change in strain with the change of temperature 

was around 70 to 90 micro-strains in case of epoxy adhesive and around 120 to 170 

micro-strains in case of cement adhesive. The change in strain increased with the increase 

in bonded length. Changing the groove width had no effect on the change of strain with 

temperature. The change in strain for specimens with cement adhesive was greater than 

specimens with epoxy adhesive. 
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Fig. 4.11. Strain distribution in FRP bars during freeze/thaw cycling for D-E-l.5-12 

160 

120 4 

Fig. 4.12. Strain distribution in the FRP bars during freeze/thaw cycling for D-E-l.5-12 
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Fig. 4.13. Strain distribution in a thaw cycle for D-E-l.5-12 
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Fig. 4.14. Strain distribution in a freeze cycle for D-E-l.5-12 

87 



Chapter 4: Bond Behaviour: Analysis and Discussion of Test Results 

160 

140 -4 

120 4 

g 1004 

8 10 12 14 16 18 20 
No. of cycles 

Fig. 4.15. Strain distribution during freeze/thaw cycling for D-C-l.5-12 
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Fig. 4.16. Strain distribution during freeze/thaw cycling for D-C-l.5-12 
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4.4. Bond-Slip Analysis 

4.4.1. Average bond stress-slip relationship 

Figures 4.17 to 4.23 show the experimental average bond stress versus slip diagrams for 

the tested specimens. From the figures, we can observe that the free-end slip at the 

bottom has always a significant value independent on the bonded length. This value can 

be some what increased by increasing the bonded length which developed a bigger 

ultimate load. It can be stated that increasing the bonded length causes increase in the free 

end slip as a result of increasing the ultimate load. By using epoxy adhesive, the free end 

slip value ranged from 0.22 to 0.47 mm depending on the bonded length. 

In case of cement adhesive specimens, the free-end slip value was very small. The slip 

ranged from almost zero to about 0.157 mm. In general it can be stated that using of 

cement adhesive produces a low free end slip at failure compared to using an epoxy 

adhesive as a result of reducing the failure load (Table 4.1) and also due to the elasticity 

difference between epoxy and cement as will be explained later. 

The average bond stress-slip relationship can be divided into four categories. In the first 

category, the average bond stress increases linearly up to 50 to 60% of the ultimate bond 

stress. In this first category, no cracks were observed neither in the epoxy nor in the 

concrete where the bar and the adhesive material were in the elastic state. In the second 

category which is close to 50% of the ultimate bond stress, a crackling noise was heard 

which represents the starting of microcracks in the epoxy and concrete surrounding the 

groove. As the load increased, these cracks increased and became visible which represent 

the nonlinear part of the curve which leads to the ultimate bond stress. In this second 

category with the adhesive material was in the plastic stage, in which a relative slip 

between the bar, adhesive and concrete happened. At the third category, beyond the 

ultimate bond stress, a yielding plateau occurred for a noticeable slip distance followed 

by linear decrease in the last category. This yielding plateau was only measured due to 

using a high accuracy DAS which was able to take 10 readings per second. The 

difference in slip value shown in bond stress-slip diagrams between the loaded end slip 

and the free end slip at the ultimate bonded stress was due to the elongation developed in 
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the FRP bar bonded length and its adhesive during loading process, this elongation could 

be measured at the end of the elastic stage of the FRP bar and the adhesive. 
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Fig. 4.17. Average bond stress-slip for C/9.5-E-1.50-12 
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Fig. 4.18. Average bond stress-slip for C/9.5-E-1.50-18 
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Fig. 4.19. Average bond stress-slip for C/9.5-E-2.00-12 
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Fig. 4.20. Average bond stress-slip for C/9.5-E-2.00-18 
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Fig. 4.21. Average bond stress-slip for C/12.7-E-2.00-18 
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Fig. 4.22. Average bond stress-slip for C/9.50-C-1.50-12 
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Fig. 4.23. Average bond stress-slip for C/9.50-C-1.50-18 

FRP bar slip depends on the elasticity of the adhesive materials, its bonded length and 

groove size. In case of epoxy adhesive as an adhesive material, the slip is larger than 

using the cement as adhesive materials. Increasing the bonded length increases the slip 

and increasing the groove size increases the slip 

The free slip gives the true indication for the elasticity of the adhesive materials but the 

loaded slip is equal to the free elasticity plus the elongation of the bonded length of the 

FRP bar and its cohesive. Figures 4.22 and 4.23 show the slip for concrete specimens 

with cement adhesive. In these two diagrams, where cement adhesive is used the slip 

curve for the free end is close to the vertical axes of the diagram, which means that the 

slip of the free end is small. 
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4.4.2. Local bond stress-slip relationship 

The importance of finding the local bond stress relationship, as it defines the relationship 

between the applied stress and the corresponding slip value. 

According to the literature, there are many ways that can be used to measure the local 

bond stress-slip relationship. Depending on the available experimental data, the local 

bond stress-slip can be identified by: 

- the average bond stress-slip for small bonded length. 

- reading from strain gauges placed along the FRP rod. 

- by using numerical identification purposed by Focacci et al. (2000). 

In this investigation the reading from the strain gauges will be used to obtain the local 

bond-slip relationship which in turn can express the behaviour of the bond between the 

FRP rod and the adhesive. 

Equilibrium of a piece of rod of length dx is shown in Fig. 4.24. It is assumed that the 

behaviour is linearly elastic. 

T 
<Jb + + + + • + + Ob + dOb 

< H H H l H ^ H H a ^ • 

Fig. 4.24. Equilibrium forces for NSM bar 

The bond stress applied on the FRP bar can by calculated by: 

ndax 
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nd1/ 
Ef= ^ - ' (4.4) 

dsf(x) 

d dsf(x) 
T = — .Ef.— (4.5) 

4 f dx V ' 

d sr-sn 

*«~j =i-EfJhJL ( 4-6 ) 

(~T~} xfJ xfi 

Where x = coordinate along the longitudinal axis of the FRP bar within the bonded 

length, Therefore, the bond stress profile diagram at a given load level can be obtained 

from the first derivative of the strain profile at that load level multiplied by the elastic 

modulus, E/and the diameter of the FRP bar, d. 

And from the definition of slip: 

Si =Uf- ue- uc (4.7) 

Where u/, ue and uc is the displacement of FRP bar, epoxy and concrete respectively, 

since 

duf dup . du. 
-T>£e=-f and* e =—* 
dx dx dx 

sf=^,ee=^*nd£c=^ (4.8) 

and by assuming that the epoxy strain, se and concrete, sc are very small and may be 

considered negligible when compared to that of the FRP, sf, which can be calculated as 

follows: 

dSf 

dx 
zf=^L (4-9) 

A 

S,(x) = Sl(0)+\ef(x)dx (4.10) 
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Sl(xi) = Sl(0)+Ydef(x) X 
x=0 

(4.11) 

where Si(0) is the free-end slip of the FRP bar. Therefore, the slip profile for each given 

load level can be obtained by integrating the strain versus location curve and adding the 

free-end slip at that load level. 

Figures 4.25 and 4.26 show the strain distribution along the bar bonded length for 

specimens C/9.5-E-1.50-48 and G/12.7-E-2.0-36. Each curve corresponded to a specific 

load represented as a percent of the ultimate load. The X-axis started from the free end to 

the loaded end along the bonded length of the bar. The strain distribution along the bond 

length, highly nonlinear at lower load levels, gradually approached an almost linear shape 

as the load increased. This means that, as the load increased, redistributions of the bond 

stress along the bond length occurred as a result of the changes in the state of the bond. 

Micro-cracking at the bar-epoxy interface and the consequent slip of the FRP tend to 

produce a more even distribution of the bond stress. 
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Fig. 4.25. Strain distribution along the bar bonded length for specimen C/9.5-E-1.50-48 
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Fig. 4.26. Strain distribution along the bar bonded length for specimen G/12.7-E-2.0-36 

Figures 4.27 and 4.28 show the bond stress distribution along the bar bonded length for 

specimens C/9.5-E-1.50-48 and G/12.7-E-2.0-36 corresponding to a specific load 

represented as a percent of the ultimate load. At low load levels, the bond stress at the bar 

free end was close to zero. As the load increases, the peak of the bond stress gradually 

shifts towards the free end. The presence of more than one peak in the bond stress 

distributions during the last loading stages is probably related to the presence of 

transverse concrete cracks which introduce local disturbances to the bond behaviour. As 

seen from the two figures, the bond stress for the specimens with CFRP are much higher 

with specimen with GFRP due to the great difference between the axial stiffness (EA) 

from the carbon bars and glass bars which has an effect on the bond strength of the bar. 
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Fig. 4.27. Bond stress distributions along the bar bonded length for specimen C/9.5-E-1.50-48 
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Fig. 4.28. Bond stress distributions along the bar bonded length for specimen G/9.5-E-2.0-36 

Slips and bond stresses computed before from equations can be combined together to 

obtain the local bond-slip curves. The bond stress-slip data plotted at location of each 

strain gauge are shown in Fig. 4.29 and Fig. 4.30. 
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Fig. 4.29. Local bond stress-slip at different locations along the bar bonded length for 
specimen C/9.5-E-1.50-48 
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4.5. Nonlinear Regression Analysis 

In this section, statistically based analysis is presented to predict the failure load for the 

pullout specimens with NSM-FRP bar. 

A simple regression model or a mathematical equation can be used to set up a simplified 

model that best fits the experimental data in terms of failure load. One of the tools that 

can be used in developing such a model is the response surface methodology (RSM) and 

nonlinear statistical regression analysis. An application of this methodology on two way 

slabs has been presented by Ebead et al. (2002). A RSM is built up by simulating 

solutions at systematic points in a design space of various parameters and setting up a 

model to these points. We aim to use such models as design equations similar to those in 

the currently available specifications and guidelines. 

The DataFit software, Version 8.1.69 is used for the calculations associated with the 

nonlinear regression analysis (DataFit, 2005). Generally, the goal of the nonlinear 

regression analysis is to determine the best-fit parameters for a model by minimizing the 

chosen test function. This function defines the difference between the actual and 

predicted responses and is given by: 

x* = f\yi-y(Fi)] (4-12) 
i=l 

Where N is the total number of random input data, yi is the actual response value (outputs 

of a particular RSM model) and y(Ft) is the response value computed from the proposed 

nonlinear regression model. 

Nonlinear regression analysis is essential when the response model exhibits a nonlinear 

dependence on the unknown variables (five variables in this study). Hence, the process of 

test function minimization is an iterative procedure. This iterative process begins with 

some initial estimates and incorporates algorithms to improve the estimates in an iterative 

manner. The new estimates then became a starting point for the next iteration. These 

iterations continued until the values of the test function converge (Oakdale-Engineering, 

2005). Below, the nonlinear regression model (referred to as the proposed design 

equations) is presented. 
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In the following sections, the five variables used to perform the statistical analyses are 

elaborated upon. Then the RSM models for the five different responses are presented and 

considered in the RSM models. The design equation for the pullout load is predicted in 

term of axial stiffness of FRP bar, tensile strength and modulus of elasticity of adhesive, 

groove width and bonded length. 

Pu=-1.25(EA)frp + 1.7fla+0.0028Ea-1.52dg + 0.137*Lb (4.13) 

R "=0.85 

Where, Pu, is the pullout load at failure in kN, EA is the axial stiffness of the FRP bar in 

MN, fta is the tensile strength of the adhesive in MPa, Ea is the modulus of elasticity of 

adhesive in GPa, dg is the width of the groove in mm, and Lb is the bond length of FRP 

bar in mm. 
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Fig. 4.31. Comparisons between load predictions from the regression models and the 
experimental results 

Figure 4.31 shows the comparison between the predicted pullout load using the proposed 

model (equation 4.14) and that measured experimentally. In this figure, the R2 value is 

0.85 indicating good predicated capability of the proposed equation. Accordingly this 

equation can be employed to predict the ultimate capacity of pullout test specimens or in 
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other applications where the force transfer from the FRP to the concrete element through 

direct shear. 

4.6. Summary 

The following bullets summarieze phase one of the experimental program, which is the 

bond characteristics of NSM-FRP bars through pullout testing. 

• The adopted system, FRP V-ROD bars and Hilti adhesives, seems to perform well 

in the NSM strengthening system. 

• The adopted test methods seem to be efficient and produced consistent results. 

• The main failure for most of the tested specimens with epoxy adhesive was 

concrete shear tension failure (semi-cone failure) accompanied with or without 

epoxy cracking (splitting). Specimens with longer bonded length failed by bar 

rapture. 

• The main mode of failure for specimens with cement adhesive was at the 

concrete-cement interface. 

• The failure load of specimens with cement adhesive was about 40 to 56% 

compared to the specimens with epoxy adhesive due to the smooth surface of the 

sides of the groove. 

• Increasing the bonded length increased the pullout load and the bond stress was 

decreased due to longer length distribution. 

• Increasing the groove size for specimens with epoxy adhesive did not have a 

significant influence on the pullout load. However, the factor that controlled 

failure was the tensile strength of concrete. 

• Increasing the groove size for specimens with cement adhesive decreased the 

failure load, this was due to shrinkage of cement of bigger groove size. It is not 

recommended to use groove size equal to two times the bar diameter for cement 

adhesive. 

• The percent of reduction for the conditioned specimens with epoxy adhesive 

varied between 8 to 14 % than the reference specimens. 
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• The failure load for the conditioned specimens with cement adhesive was about 

30 to 45% less than that of reference specimens. 

• Due to temperature change during freeze- thaw cycling, hair cracks developed in 

the adhesive materials. Therefore, these materials will govern the failure mode of 

the specimens as well as the slip performance. 

• The change of strain due to freeze- thaw cycling was around 70 to 90 micro-strain 

in case of epoxy adhesive and around 120 to 170 micro-strains in case of cement 

adhesive. 

• The change in strain increased with the increase in bonded length. Changing the 

groove width had no effect on the change of strain with temperature. 

• The change in the results of the conditioned specimens compared to those of the 

reference ones were due to the difference in the coefficient of thermal expansion 

between the adhesive materials and the concrete. 
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5.1. General 

This chapter presents the experimental results for the flexural strengthening of 20 full-

scale reinforced concrete beams. The beams were strengthened using V-ROD bars and 

Hilti epoxy. The dimensions of the beams are 3010 mm long, 200 mm wide and 300 mm 

deep. The 20 beams, strengthened using the NSM method, were divided into three series. 

Series A consisted of 5 beams, series B consisted of 3 beams and series C consisted of 12 

beams. In each series, the behaviour of the strengthened beams will be discussed through 

the analysis of yield and failure loads, deflections, strains in concrete, steel and FRP, and 

modes of failure. In addition, the influence of different parameters such as bonded length, 

NSM-FRP diameter, NSM-FRP type, groove size and steel ratio on the flexural 

behaviour will be discussed. 

5.2. Flexural Strengthening 

During monotonic loading, the load deflection behaviour of a reinforced concrete beam 

consists of three stages: pre-cracking stage, pre-yielding and post-yielding till failure. 

These stages are identified by the cracking and yielding load. A beam strengthened with 

an FRP bar exhibits similar behaviour to the un-strengthened one but with higher 

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

load-deflection behaviour of reinforced concrete beams at different stages of loading. 

The cracking load (Pcr) is defined as the load at which the tensile stress at the bottom of 

the beam is greater than the concrete tensile strength. This leads to the formation of the 

flexural cracks and reduction in the beam flexural stiffness. The yield load (Py) is defined 

as the load at which the tensile steel yields. The ultimate load (Pu) is defined as the load 

at which the load drops due to beam failure whether it is concrete crushing, FRP rupture 

or slippage or concrete cover splitting at bottom reinforcement layer. The transition loads 

between these critical stages depends on many factors such as amount and grade of steel 

and FRP reinforcement, concrete strength and other parameters. 
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Strengthened beam 

Unstrengthened beam 

-*cr,s " c r . c " y , s " y , c 

Deflection 

Fig. 5.1. Load-deflection behaviour for a strengthened and unstrengthened beam 

Where: 

Pcrc : cracking load for a control beam. 

ACriC: deflection corresponding to the cracking load for a control beam. 

Pcrs: cracking load for a strengthened beam. 

ACriS: deflection corresponding to the cracking load for a strengthened beam. 

PyiC: yielding load for control beam. 

Ay<c : deflection corresponding to the yielding load for a control beam. 

PyiS: yielding load for a strengthened beam. 

AyS: deflection corresponding to the yielding load for a strengthened beam. 

Puc: ultimate load for a control beam. 

AUiC: deflection corresponding to the ultimate load for a control beam. 

Pu>s: ultimate load for a strengthened beam. 

AUiS: deflection corresponding to the ultimate load for a strengthened beam. 
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5.2.1. Series A 

A total of five beams with a steel reinforcement ratio of 1.60% were tested in this series. 

One beam, A0, was tested as a control specimen. Four beams were strengthened using 

one 9.5 mm NSM-CFRP bar with bonded lengths of 12, 18, 24 and 48 times the bar 

diameter (d) in a square groove with a side length equal to 2.0d. Complete details of the 

tested specimens were given in (section 3.4.1). Table 5.1 summarizes the yield and 

ultimate loads, deflection, and percentage of increase in yield and ultimate loads. In 

addition, NSM-FRP debonding strains, ductility index and mode of failure for series A 

were also listed in the Table. 

The control specimen, A0, was tested to obtain the capacity of the unstrengthened beam 

for series A. The load-deflection relationship for A0 is shown in Fig. 5.2. Beam A0 

yielded at a load of 203.82 kN and failed at ultimate load of 232.72 kN. The mode of 

failure for A0 was steel yielding followed by concrete crushing (Fig. 5.5). Only 14.18% 

increase in the post yielding strength (the difference between ultimate and yielding load, 

Pu,c - Py,c) was observed. 

Beams Al to A4 failed by debonding in the form of concrete cover splitting starting at 

the cut-off points of the NSM-FRP bar as shown in Fig. 5.5. The maximum increase in 

the ultimate load was 9% for beam A4 with the maximum bonded length of <\%d. 

However, there was no increase in ultimate load for the other beams with lesser bonded 

length. This indicated that the bonded length used was insufficient to develop the 

required strength for the beam. In addition to that, the percentage of steel reinforcement 

in this series was high (1.60%) and this led to increase in the yielding load. The 

difference between the yielding and the ultimate load was so small to allow the FRP to 

develop stresses more than those in the steel reinforcement which led to insignificant 

increase in the ultimate load for the strengthened beams over the unstrengthened one. 

In spite of that there was no increase in the ultimate load; there was a decrease in the 

deflection at both yielding and failure. This indicated that strengthening a beam increases 

its stiffness even if there is no increase in its ultimate capacity. 
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Fig. 5.2. Load-deflection curves for series A 

Strain gauges are bonded at different locations on concrete, steel and NSM-FRP on each 

beam, as described earlier in section 3.3.5. 

Figure 5.3 shows the load-strain relationship measured at the midspan of the beam for 

both concrete and reinforcing steel. Figure 5.4 shows the load-strain curve for the CFRP 

bar measured at midspan for the strengthened beams. This figure indicated that the beam 

strengthened with 48d showed the highest strain value, which corresponded to 45% of the 

FRP ultimate tensile strain. The drop in the strain for beams Al and A2 with the smallest 

bonded length I2d and 18c/ was maybe due to cracks that occurred close to the strain 

gauges at late stages of loading. 
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Fig. 5.3. Load-strain relationship for concrete and steel for beams of series A 
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Fig. 5.4. Load-CFRP tensile strain at mid span for beams of series A 
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Fig. 5.5. Cracks pattern and modes of failure for beams of series A 
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5.2.2. Series B 

A total of three beams with steel reinforcement ratio of 0.80% were tested in this series. 

One beam, BO, was tested as a control beam. Two beams were strengthened using one 9.5 

mm CFRP bar with bonded length 24 and 48 times the bar diameter (d) in a square 

groove with a side length equal to 2.0d. Complete details of the tested beams were given 

in section 3.4.1. Table 5.2 summarizes the yield and ultimate loads, deflection, and 

percentage of increase in yield and ultimate loads. In addition, NSM-FRP debonding 

strains, ductility index and mode of failure for series B were also listed in the Table. 

The control specimen BO, was tested to obtain the capacity of the unstrengthened beam 

for series B. Beam BO failed by steel yielding followed by concrete crushing at a load of 

130.14 kN as shown in Fig. 5.9. Beams Bl and B2 failed by debonding in the form of 

concrete cover splitting as shown from Fig. 5.10 and Fig. 5.11 Beam Bl didn't give any 

increase in the ultimate load but it gave 15.60% increase in the yielding load. However, 

beam B2 with a bonded length of 48d gave 19 and 19% increase in the yield and ultimate 

load respectively. Beam B2 with a bonded length 48d gave the best results with respect to 

the ultimate load for this series. After debonding of the NSM-CFRP bar, the load dropped 

to act similar to the control beam B0. 

The presence of the NSM-CFRP bar eliminated the flattening of the load deflection curve 

that was clear on the control specimen. Prior to yielding of the steel reinforcement the 

stiffness for all the strengthened beams was almost the same. 
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Fig. 5.6. Load deflection curve for series B 

Figure 5.7 shows the load versus concrete and steel midspan strains relationship for 

beams of series B. It is clear from the figure that before yielding the behaviour was the 

same for the strengthened beams and the un-strengthened one. After yielding, beams Bl 

and B2 behaved identical till failure of Bl with the shorter bonded length at lower load 

and strain values than those of B2 of the longer bonded length. 

As shown in Fig. 5.8, the measured NSM-CFRP strains at failure for beam Bl and B2 

were about 45 and 85% of the rupture strains of the CFRP bar, respectively. 

The ultimate strain measured for the CFRP bar of beam B2 was 94% more than that of 

B1. The reason for that decrease in CFRP strain of B1 is the insufficient bonded length 

which results to early debonding of CFRP reinforcement. 
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Fig. 5.7. Load-strain relationship for concrete and steel for beams of series B 
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Fig. 5.8. Load-CFRP tensile strain at mid span for beams of series B 
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Fig. 5.9. Compression failure for BO 

Fig. 5.10. Concrete cover split for Bl 

-*—•—*f—..^ M - i \ V ^ \ 

Fig. 5.11. Concrete cover split for B2 
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Chapter 5: Flexural Strengthening:: Analysis and Discussion of Test Results 

5.2.3. Series C 

A total of twelve beams with steel reinforcement ratio of 0.40 % were tested in this 

series. One beam was tested as a control specimen CO. Beams CI, C2, C3 and C4 were 

strengthened with one 9.5 mm diameter NSM-CFRP bar with I2d, 24d, 48d and 60d 

bonded length respectively having a square groove with a side length of 2.0 times the bar 

diameter. Beams C5, C6 and C7 were strengthened with one 9.5 mm diameter CFRP bar 

with 24d, 48d and 60d bonded length having a square groove equal to 1.50 times the bar 

diameter. Beams C8 and C9 were strengthened with one 12.7 mm diameter CFRP bar 

with 24d and 48J bonded length respectively having a square groove equal to 2.0 times 

the bar diameter. Beams C10 and Cll were strengthened with one 12.7 mm diameter 

GFRP bar with 24d and 4&d bonded length respectively having a square groove equal to 

2.0 times the bar diameter. Complete details of the tested beams were given in section 

3.4.1. 

Table 5.3 summarizes the tested results for series C. Fig. 5.12 shows the load deflection 

behaviour for beams CI, C2, C3 and C4. The figure clearly indicated that the strength, 

stiffness and ductility of the strengthened beams were greatly improved due to the 

addition of the CFRP reinforcement. 

Before cracking all the strengthened beams exhibited similar bending behaviour to the 

unstrengthened beams. This means that the NSM-FRP reinforcement had insignificant 

contribution to the increase of stiffness and strength in the elastic stage. However, after 

cracking, the bending stiffness and strength of the strengthened specimens were seen to 

increase significantly until failure compared to the unstrengthened one. It can be also 

stated that after cracking, a nonlinear behaviour was observed up to failure. The stiffness 

for the strengthened beams was higher due to the addition of the NSM-CFRP bar, as the 

CFRP bar provides constrains to the opening of the cracks and reduce the deflection 

(increasing the moment of inertia of the cracked section). 

After debonding of the NSM-CFRP bar, the load dropped following the curve of the 

control beam CO. 

The control beam CO failed due to crushing of concrete at load of 54.95 kN. Beam CI 

with the smallest bonded length, \2d failed at a load of 66.89 kN showing an increase of 
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21.73% in the ultimate load. Beams C2, C3 and C4 failed at loads of 72.64, 93.87 and 

96.37 kN with an increase in the ultimate load of about 32, 71 and 75%, respectively. 

Increasing the bonded length from 24d to 4Sd doubled the percentage of increase in the 

ultimate load from 32% to 71%. While increasing the bonded length from 48d to 60d 

gave only a 5% increase in the ultimate capacity. 

It can be concluded that as the bonded length increases the ultimate load increases up to a 

certain limit beyond this limit any increase in the bonded length provide a small increase 

in the ultimate capacity. However, this statement can be changed depending on the 

internal steel reinforcement ratio and the diameter of NSM-FRP bar. 

Fig. 5.12. Load-deflection curve for beams CI, C2, C3 and C4 

The NSM-FRP strain distribution was monitored during testing using strain gauges 

located at different positions as described in chapter 3. The maximum NSM-CFRP tensile 

strains at midspan are shown in Fig. 5.13. Full composite action was achieved between 

the NSM-FRP and the concrete up to failure. This was proved by the increase in the FRP 

tensile strain with the increase in load up to failure. Identical tensile strains were 

observed for beams C3 and C4. The maximum measured CFRP strain was 8594 micro-
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strains, which is 61% of the ultimate strain of the NSM-CFRP bar. The NSM-FRP strains 

for these beams ranged from 17.3 to 61.4% of the rupture strain. 

2000 4000 6000 
Strain,^ 

8000 10000 

Fig. 5.13. Mid-span NSM-CFRP strains for beams CI, C2, C3 and C4 

The groove dimension for beams C5, C6 and C7 was taken equal to 1.5c/ instead of 

groove dimension equal to 2.0c/ for all other beams of this series. The mode of failure for 

beams C5 and C7 was concrete cover splitting starting at the cut-off points of the CFRP 

bar. While for beams C6 with bonded length of 48c/ longitudinal splitting cracks started 

in the epoxy before concrete cover splitting. Beams C5, C6 and C7 failed at an ultimate 

load of 88, 90 and 102 kN, respectively. 

Beam C5 with groove size 1.5c/ showed higher ultimate load with 21% more than that of 

beam C2 with groove size 2.0c/; both have the same bonded length of 24c/. Beam C7 with 

groove size 1.5 c/ gave higher ultimate load with about 6% more than that of beam C4 

with groove size 2.0c/; both have the same bonded length of 60c/. Beams C6 and C3 gave 

different results, the ultimate load for beam C6 decreased by about 4% compared to 

118 



Chapter 5: Flexural Strengthening:: Analysis and Discussion of Test Results 

Beam C3. This was due the failure of the epoxy layer before reaching the expected 

ultimate load as shown in Fig. 5.14. The failure of the epoxy layer could happen due to 

many reasons such as the presence of dust in a part of the groove during apply the epoxy 

layer or weakness of a part of the concrete layer adjacent to epoxy layer. 

The stiffness of beams with bonded length 60d is greater for beams with groove size 2.Oaf 

than that of beams with groove size 1.5c/ as shown in Fig. 5.15. In general, if the bonded 

length is enough beams with groove size 2.0d can contain epoxy volume more than that 

of groove size 1.5c/. So its tensile strength is higher. This is only valid for longer bonded 

length (48c/ or more). 
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Fig. 5.14. Failure load for specimens with groove size 1.5c/and 2.0c/ 
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Fig. 5.15. Load-deflection curves for beams C4 and C7 with bonded length 60d 

Two beams, C8 and C9 were tested with 12.7-mm diameter CFRP bars having bonded 

lengths of 24d and 48c/, respectively. They failed at loads of 66.51 and 108.53 kN 

providing an increase in the ultimate capacity corresponding to 21 and 97 % over the 

unstrengthened beam, respectively. Beams C8 and C9 failed by debonding in the form of 

concrete cover splitting. 

The NSM-FRP strains for beams C8 and C9 were very low compared to the other beams 

of series C. 

Fig. 5.16Figures 5.16 and 5.17 show the NSM-CFRP strain distribution for beams C8 and 

C9. Beams C8 failed at very low strain values compared to C9 due to the insufficient 

bonded length, 24c/, used for beam C8. 
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Fig. 5.16. NSM-FRP strain distribution for beam C8 
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Fig. 5.17. NSM-FRP strain distribution for beam C9 
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Two beams, CIO and CI 1, were tested using 12.7-mm diameter GFRP bars having 

bonded lengths of 24dand 4Sd, respectively. The beams failed at loads of 71 and 112 kN, 

respectively, providing an increase in the ultimate load corresponding to 29 and 104 % 

over the unstrengthened beam, respectively. Figure 5.18 shows the load-deflection curves 

for beams C8 to CI 1. It is clear from the Figures that beams CIO and CI 1 carried higher 

loads to failure but showed lower stiffness than those of beams C8 and C9. This was due 

to the lower modulus of elasticity of GFRP bars. 

120 
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40 
Deflection, mm 

60 80 

Fig. 5.18. Load-deflection curve for beams of series C 

Similar to all beams, five strain gauges were placed on the GFRP bars to capture the 

strain distribution along the bonded length of the GFRP bar. The shape of strain 

distributions is proportional to the bending moment diagram. At low load levels the strain 

distribution are low for both beams and as the load increased the strain increased. Figures 

5.19 and 5.20 show the strain distribution for beams, C10 and Cl l strengthened with 

GFRP bar. The strain distributions are plotted at different load levels to illustrate the 

change in strain distribution with increasing loads. 
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Due to insufficient bonded length of beam CIO with bonded length 24d, the strain is 

lower than that of beam Cl l , with bonded length 48c/ at the same load levels, which 

decreases the utilization of the GFRP strengthened bar used. 

The bonded length has a great influence on the strain developed in the FRP bar. However 

with strain nearly equal to rupture strain, maximum utilization of the FRP bar can be 

achieved. The codes cannot allow that and it needs two much bonded length. The use of 

enough and moderate bonded length can give better results. Table 5.3 for beams CIO with 

bonded length 24d gave maximum strain 50% lesser than CI 1 with bonded length 48c/. 
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Fig. 5.19. NSM-FRP strain distribution for beamCIO 
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Fig. 5.20. NSM-GFRP strain distribution for beam CI 1 

124 



C
ha

pt
er

 5
: F

le
xu

ra
l 

St
re

ng
th

en
in

g:
: 

A
na

ly
si

s 
an

d 
D

is
cu

ss
io

n 
of

 T
es

t 
R

es
ul

ts
 

T
ab

le
 5

.3
 T

es
t r

es
ul

ts
 f

or
 s

er
ie

s 
C

 

Sp
ec

im
en

s 
co

de
 

CO
 

C
I 

C
2 

C
3 

C
4 

C
5 

C
6 

C
7 

C
8 

C
9 

C
IO

 

C
ll

 

B
on

de
d 

le
ng

th
 

Lb
 

—
 

I2
d 

24
d 

4
8

i 

60
d 

24
d 

48
d 

60
d 

24
d 

4S
d 

24
d 

4U
 

Y
ie

ld
 

lo
ad

 
P

y,
kN

 

52
 

58
 

54
 

58
 

60
 

65
 

72
 

61
 

59
 

16
 

54
 

59
 

Y
ie

ld
 

de
fl

ec
tio

n,
 

A
y,

 m
m

 

6.
77

 

8.
43

 

7.
08

 

7.
38

 

9.
06

 

10
.5

9 

12
.2

8 

11
.2

8 

7.
70

 

9.
92

 

8.
52

 

8.
88

 

Y
ie

ld
 

lo
ad

 
in

cr
ea

se
 

%
 

—
 

10
.5

8 

3.
77

 

11
.5

5 

15
.0

7 

26
.0

8 

39
.0

5 

18
.2

1 

13
.5

1 

47
.6

2 

3.
73

 

14
.1

6 

Fa
ilu

re
 

lo
ad

 
P

u,
kN

 

55
 

67
 

73
 

94
 

96
 

88
 

90
 

10
2 

67
 

10
9 

71
 

11
2 

U
lt

im
at

e 
de

fl
ec

tio
n,

 
A

u,
 m

m
 

75
.8

9 

17
.2

0 

25
.3

8 

23
.9

7 

26
.8

0 

31
.4

2 

24
.6

0 

37
.0

1 

19
.7

1 

18
.9

7 

25
.5

4 

49
.3

6 

N
SM

-F
R

P 
de

bo
nd

in
g 

st
ra

in
, 

—
 

2,
42

3 

5,
05

8 

8,
58

3 

8,
59

5 

6,
46

4 

9,
01

2 

12
,4

00
 

2,
02

6 

5,
65

0 

7,
51

5 

15
,3

33
 

D
uc

ti
li

ty
 

In
de

x 

11
.2

1 

2.
04

 

3.
58

 

3.
25

 

2.
96

 

2.
97

 

2.
00

 

3.
28

 

2.
56

 

1.
91

 

3.
00

 

5.
56

 

Fa
ilu

re
 

m
od

e 

C
 

C
s 

C
s 

C
s 

C
s 

C
s 

C
s 

C
s 

C
s 

C
s 

C
s 

C
s 

U
lti

m
at

e 
ca

pa
ci

ty
 

in
cr

ea
se

 
%

 

—
 

21
.7

3 

32
.1

9 

70
.8

3 

75
.3

8 

60
.6

6 

63
.9

1 

85
.7

9 

21
.0

4 

97
.5

1 

29
.1

7 

10
3.

89
 

N
ot

e:
 d

 is
 th

e 
di

am
et

er
 o

f 
th

e 
N

SM
-F

R
P 

ba
r,

 C
 is

 c
on

cr
et

e 
cr

us
hi

ng
 a

nd
 C

s 
is

 c
on

cr
et

e 
co

ve
r 

sp
lit

tin
g 

12
5 



Chapter 5: Flexural Strengthening:: Analysis and Discussion of Test Results 

5.3. Effect of different parameters on the behaviour of the strengthened beams 

5.3.1. Effect of internal steel reinforcement ratio 

The ratio of internal steel reinforcement in rectangular section has a great effect on the 

efficiency of the NSM-FRP strengthening system. For the same bonded length of 48c/, the 

use of steel reinforcement ratio of 1.60% gave 9% increase in ultimate capacity compared 

to the control beam. This increase in ultimate capacity reached 18% when a steel 

reinforcement ratio of 0.80% was used. Furthermore, the increase in ultimate capacity 

was 70% when a steel reinforcement ratio of 0.40% was used. It means that the use of 

NSM system is more effective for beams originally reinforced with small steel 

reinforcement ratios. 

The NSM system is more effective with the increase of ptot, where 

ptot — Asf (bds)+(AfE/Es)/(bdf) is the equivalent reinforcement ratio, where b is the beam 

width and ds and dfaie the effective depth of the longitudinal steel bars and CFRP bar, 

respectively, A/ and E/are the cross sectional area and the Young's Modulus of the CFRP 

bar, and As and Es are the cross sectional area and the Young's Modulus of the 

longitudinal tensile steel bars. The effect of steel reinforcement has not been taken into 

account in any guidelines. If the Ef <ES, this strengthening effectiveness is low. Hence, 

for beams originally reinforced with small steel reinforcement ratios this efficiency 

increases. 

5.3.2. Effect of bonded length 

The bonded lengths used were 12, 24, 48 and 60d. The ultimate load capacity increased 

with increasing the bonded length up to 48c/. The percentage of increase in the ultimate 

load reached 225% when the bonded length increased from 12c/ (22% over the control 

beam) to 48c/ (71% over the control beam) for steel reinforcement ratio of 0.40 %. The 

increase in ultimate load due to the increase of bonded length from 48d to 60c/ was only 

6% for the beams with the lowest steel reinforcement ratio of 0.40 %. 
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The ultimate deflection increased by 40% when the bonded length increased from \2d to 

48c/ and 12% when the bonded length increased from 48d to 60c/ for same steel 

reinforcement ratio. 

From the results of the experimental tests the effective bonded length which gives 

satisfactory results is 48c/. 

5.3.3. Effect of groove size 

Decreasing the groove size from 2.0c/to 1.5d increased the ultimate capacity of the tested 

beams but adversely affected their stiffness. 

The groove size has a significant influence on the ultimate load and ultimate deflection. 

The decrease of groove size from 2.0c/ to 1.5c/ increases the ultimate load by about 11 % 

for bonded length 48c/ and steel reinforcement ratio of 0.40 %. It also resulted in 

decreasing the ultimate deflection by about 2.6 % for same bonded length and steel 

reinforcement ratio. 

5.3.4. Effect of NSM-FRP axial stiffness (EA) 

Three different axial stiffness were used in this phase of the experimental investigation, 

5700, 8800 and 17000 kN. By increasing the axial stiffness the ultimate load increased 

and the ultimate deflection decreased. 

5.3.5. Effect of NSM-FRP bar type 

Two types of FRP bars were used for strengthening the beams, CFRP and GFRP bars. 

The ultimate load for beams strengthened with GFRP bars was greater by about 20% of 

that of beams strengthened with CFRP bars, having the same diameter (12.7 mm). The 

ultimate deflection of beams with GFRP bars was greater by about 95% of that of beams 

with CFRP bars. This was due to the lower value of modulus of elasticity of GFRP bars. 
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5.4. Summary 

Based on the analysis of the results of phase two of the experimental program which is 

the flexural strengthening, the following summary can be drawn. 

• The proposed NSM system, FRP bars and epoxy adhesive are effective to increase 

both the stiffness and flexural capacity of concrete beams. Using NSM-FRP bars, 

with bonded length 48d, increased the ultimate load of the tested beams by 9% for 

steel ratio 1.60%, 18% for steel ratio 0.80% and 71% for steel ratio 0.40% over the 

unstrengthened beam. 

• The above given percentage can be increased with the decrease of the steel ratio of 

the beams. 

• Increasing the bonded length increases the ultimate carrying capacity up to a certain 

limit beyond which the increase in the bonded length will not result in any increase 

in the capacity. This limit is in the range of 24 to 48 times the bar diameter. 

• Using a small groove size increases the distance between the FRP-NSM bar and the 

original steel reinforcement which delays the concrete cover splitting and higher 

capacities can be achieved. 

• Compared to carbon FRP bars, glass FRP bars as strengthening reinforcement 

provided nearly similar increase in the beam carrying capacity. However, due to the 

low modulus of elasticity of the GFRP bars, beams strengthened with GFRP bars 

showed more deflection at failure, and consequently higher deformability factors, 

than those utilizing CFRP bars. This result makes it very attractive to deeply 

investigate the use of glass FRP bars in this technique. 

• The maximum measured NSM-FRP strains at failure was about 75 and 85% of the 

rupture strains of the FRP material for beams strengthened with CFRP and GFRP 

bars, respectively. This percentage depends on the bonded length of the FRP. 

• The mode of failure for the strengthened beams was debonding in the form of 

concrete cover splitting at the level of the steel reinforcement. 
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Chapter 6 - Finite Element Modelling 

6.1. General 

A number of factors need to be considered when modelling the behaviour of reinforced 

concrete structures strengthened with FRP composites such as the nonlinearity of 

materials, the boundary conditions, and the interaction between the structure's 

constituents. Analytical methods are the traditional technique of modelling a structure's 

behaviour. Often, the influences from constituent materials and boundary conditions in 

composites structures are too complex to be simplified to a degree that a reasonable 

analytical expression can be derived. Therefore, a numerical approach must be selected to 

capture the behaviour of the structure. The most common numerical tool today is the 

finite element method. If a strengthened concrete structure is properly defined, a careful 

finite element analysis, linear-elastic or nonlinear, can give new insights and explanations 

to results from physical experiments. The analysis in this chapter is carried out using a 

finite element package Automatic Dynamic Incremental Nonlinear Analysis (ADINA) 

Version 8.4. The software is a one system program for comprehensive finite element 

analyses of structures including linear and nonlinear, dynamic and static, large strain and 

small strain analyses. The solution of the equilibrium equations is done in an incremental 

way using direct spare solution schemes as well as iterative. In this study, this well 

known finite element software, ADINA, is used to predict the flexural response of FRP 

NSM-strengthened reinforced concrete beams. All the materials constitutive laws and 

structural elements employed in this chapter are built in within this software. 

6.2. Material Modelling 

6.2.1. Concrete modelling 

Concrete modelling through ADINA, can be employed with the 2-D solid and 3-D solid 

elements. 
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A compressive uni-axial nonlinear stress-strain relationship is used till the maximum 

concrete compressive strength, f'c, is reached beyond which the behaviour softens with 

increasing compressive stresses till the crushing of concrete occurs as shown in Fig. 6.1. 

The ultimate uni-axial compressive strength is taken equals to 0.85/'c and the ultimate 

uni-axial compressive strain is taken equals to 0.0035. 

The concrete model can be used with the small displacement and large displacement 

formulations. The basic material characteristics are: 

• A nonlinear stress-strain relation to allow for the weakening of the material 

under increasing compressive stresses; as shown in Fig. 6.1; 

• Tensile failure at a maximum, relatively small principal tensile stress and 

compression crushing failure at high compression. The tensile and compression 

crushing failures are governed by tensile failure and compression crushing 

failure envelopes; 

• A strategy to model the post-cracking and crushing behaviour of the material 

through the strain softening from compression crushing failure to an ultimate 

strain at which the material totally fails. 

Strain, £pi 

Fig. 6.1. Uni-axial stress-strain relationship used for the concrete model 
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Where: 

au, ac are the maximum and ultimate concrete compressive stress respectively. The 

maximum and ultimate strains are denoted as eu and ec respectively. In Fig. 6.1, E0 and Ef 

are the initial and the secant tangent Young's modulus, t, is the tension stiffening factor. 

Under multi-axial stress conditions, the stress-strain relations are evaluated differently 

depending on whether the material is being loaded or unloaded. Poisson's ratio is 

assumed to be constant and equal to 0.18. To characterize loading and unloading 

conditions, a loading scalar, tg, is defined for each integration point, 

tg = t(7e 

Where tae is the effective stress at time t. 

The material is considered as orthotropic with the directions of orthotropy being defined 

by the principal stress directions. Once cracking occurs in any direction, i, that direction 

is fixed from that point onward in calculating to Pj. The stress-strain matrix corresponding 

to these directions, for three-dimensional stress conditions, is 

(l + v)(l + 2v) 

[ ( l - v ) ' ^ v'Eu v'Eu 0 0 0 

( l - v ) ' £ „ v ' £ B 0 0 0 

( l - v ) ' £ , 3 0 0 0 

0 . 5 ( l - 2 v ) f £ n 0 0 

symmetric 0.5 (1 - 2 v ) ' E{ 3 0 

0.5(l-2v) '£2 3_ 

The failure envelopes are employed to establish the uni-axial stress-strain law accounting 

for multi-axial stress conditions, and to identify whether tensile or crushing failure of the 

material has occurred. Having established the principal stresses 

'<jpi with 'ap]>'ap2>'crpJ . The stresses '<ypXand 'crp2 are held constant and the 

minimum stress that would have to be reached in the third principal direction to cause 

crushing of the material is calculated using the failure envelope. 
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ADINA 

Experimental 

Fig. 6.2. Bi-axial concrete compressive failure envelope 

1 r>2 ' p i 

Input to ADTNA 

Experimental 

Fig. 6.3. Tri-axial concrete compressive failure envelope 
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Co 0,0) 

{0,~<:,0) 

- - - .OW-J?- ) 

t (W.75WB3) 
c 

~=~t (1-0.75 J?-) (1-0.75 -J* ) 
c c 

~t ~ Uniaxial cut-off tensile stress undermultiaxial conditions 
c ~ Uniaxial compressive failure stress under multiaxial conditions 

Fig. 6.4. Three-dimensional tensile failure envelope of concrete model 

6.2.2. Steel reinforcement modelling 

Bilinear elastic-plastic material with tangent modulus in the strain hardening taken equals 

to Es/100 was used to model the steel bars in concrete as shown in Fig. 6.5. A full bond 

was assumed between the concrete and the steel reinforcement, both longitudinal and 

transverse. The material properties of steel bars used in the finite element modelling are 

given in Table 3.4. 

(7 
Ultimate 

Yielding 

S, 

Fig. 6.5. Stress-strain relationship for steel 
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6.2.3. FRP reinforcement modelling 

FRP material was modelled as linear-elastic up to failure as shown in Fig. 6.6. Different 

types of NSM-FRP reinforcement, (CFRP and GFRP) were used in this investigation. 

The tensile strength, modulus of elasticity and ultimate strain of the FRP bars are given in 

Table 3.4. A full bond was assumed between the epoxy and the FRP reinforcement. 

O" 
A 

Ultimate 
0"u /. 

/ l 

Fig. 6.6. Stress-strain relationship for FRP 

6.2.4. Epoxy adhesive modelling 

The epoxy adhesive was modelled as isotropic linear-elastic up to failure. The material 

properties of the epoxy adhesive used are given in Table 3.5. 

6.2.5. Interface modelling 

In this study, a special consideration was taken to account for the slip that occurs between 

the FRP bar and the concrete. The measured slip is usually very small and many 

investigations did not take it into consideration in the finite element modelling of NSM 

strengthening system (Hassan 2002 and Lundqvist 2007). However, in this study, a bond-

slip model that was driven based on the pullout testing of concrete blocks with NSM-FRP 

bars (Chapter 4 in this thesis) is implemented in the finite element modelling introduced 

in the following sections. 

Since the mode of failure for the tested beams was concrete cover separation, which is the 

common mode of failure for concrete beams strengthened in flexural with NSM 

reinforcement (Soliman et al. 2008b and 2008c, Kotynia 2006 and 2007 and Teng et al. 

2006) as discussed in section 2.3.2.1, the slip at the interface between the concrete and 
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the epoxy was taken into consideration and a full bond was assumed between the FRP bar 

and the epoxy. 

The bond-slip relationship correlates the local shear stress, r , and the associated slip, S, 

between the FRP reinforcement and the concrete substrate. This bond-slip profile 

depends on the bonded length. For example, Fig. 6.7 shows the bond-slip relationship 

profile that was employed to constitute the interfacial behaviour between NSM system 

and the concrete layer 

0 0.5 °max . 1 1.5 2 
Slip, mm 

Fig. 6.7. Local bond stress-slip profile 
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6.3. Finite Element Modelling 

The finite element analysis was carried out by using ADINA (Automatic Dynamic 

Incremental Nonlinear Analysis) version 8.4 software. Due to symmetry of the beam in 

the two directions, only a quarter of the beam is modeled. 

A 20-node, 3-D solid element is used to represent the concrete, epoxy and FRP, as shown 

in Fig. 6.8. 

NDIV t , RATIO! 

NDIJV.1, 

RATKH 

Fig. 6.8. A 20-node, 3-D solid element 

The basic finite element assumptions for the coordinates are 

20 20 20 

and for the displacement 

20 

/=/ 

20 

i=l 

20 

i=l i=l 

where 

hi (r, s, t) - interpolation function corresponding to node / 

r, s, t = isoparametric coordinates 

xt, yu zt = nodal point coordinates 

uh v;, wi = nodal point displacements 
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A truss element is used to represent steel reinforcement as shown in Fig. 6.9. Using truss 

elements to represent steel is acceptable because the main force carried by steel is only 

axial force and there is no flexure response for the steel member due to its small 

dimensions and its negligible inertia compared to the concrete cross section. The number 

of nodes per element is automatically generated by the program. 

z 

X 

Fig. 6.9. Global displacement degrees of freedom (DOF) 

The ADINA program has the capability to generate the truss elements and connect it to 

the 3-D solid elements at the intersection joints in which the truss elements lie. The 

ADIAN User Interface (AUI) does this during data file generation. For each reinforcing 

bar line, the ADINA finds the intersections of the rebar line and the faces of the 3-D 

elements. The ADINA then generates nodes at these intersections and generates truss 

elements that connect the successive nodes. The ADINA also defines constraint equations 

between the generated nodes and three corner nodes of the 3-D element faces as shown in 

Fig. 6.10. However, there are some restrictions on this capability. To make constraints 

between two different elements, both elements must have the same degree of freedom 

otherwise the ADINA will not generate constraint equations at the intersection points. 
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Constraint equation 

Truss element 

Fig. 6.10. A truss element generated into 3-D solid elements 

The element size used in the analysis of the strengthened beams is 50x50x50 mm3. A fine 

mesh is used with element size 25x25x25 mm in the groove zone (close to the FRP and 

epoxy). To represent the concrete/FRP interface, 3-D two node truss elements are 

employed. These elements are employed in the direction of the slip of the bar. Suitable 

stress-strain relations are employed to suitable the response of these trusses in the 

horizontal direction. These relations are typically the bond-slip profile presented in Fig. 

6.7. 

Figure 6.11 shows the typical 3-D finite element mesh and the elements used for the 

different materials in the NSM strengthened beams. 

Plan of Symmetry 

3-D Solid element (concrete) 

3-D Interface element 

3-D Solid element (Epoxy) 

3-D Solid element (FRP) 

Concrete 
node 

Epoxy 
node 

Detail B 

Fig. 6.11. Types of elements used for the strengthened beams 
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6.4. Finite Element Results and Discussion 

In the following section, a validation for the proposed model is made by a comparison 

between the experimental and the numerical results for test series B and C. Following 

validation of the proposed model, a parametric study is conducted to study a wide variety 

of factors that known to affect the behaviour of the strengthened beams. In this numerical 

study different variables were considered in the parametric study. These are steel 

reinforcement ratio, concrete compressive strength, bonded length and axial stiffness of 

FRP bars (defined by the area times the young's modulus). The output responses of 

interest are the load deflection profile, ultimate load carrying capacity and debonding 

strain in NSM-FRP bars. 

6.4.1. Validation of the proposed finite element model 

A comparison is made between the experimental results for beams from series B and 

series C and the proposed model. Test results from the numerical analysis and the 

experimental results are given in Table 6.1. The comparison shows good agreement 

between the numerical and experimental results especially for beams with long bonded 

length. Figure 6.12 shows the load-deflection relationship for series B. 
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30 40 50 
Deflection, mm 

40 
Deflection, mm 
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Fig. 6.12. Comparison between numerical and experimental load-deflection relationships 
for series B 
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Table 6.1 - Comparison of experimental and numerical resul 

specimen 

BO 
Bl 
B2 
C3 
C4 

Experimental 
Failure load, 

Pexp, kN 
130.14 
124.45 
153.77 
93.87 
96.37 

Deflection, 
mm 

62.43 
18.64 
31.34 
23.97 
26.80 

ts for series B and C 

Numerical 
Failure load, 

"num> KIN 

138.45 
136.30 
160.09 
96.39 
102.63 

Deflection, 
mm 

65.41 
21.73 
34.05 
24.17 
26.67 

average 
Stand, dev. 

C.O.V. 

" num.'"exp> 

1.06 
1.09 
1.04 
1.03 
1.06 

1.056 
0.023 
2.17 

10 20 30 40 50 60 
Deflection, mm 

0 10 20 30 40 50 60 
Deflection, mm 

Fig. 6.13. Comparison between numerical and experimental load-deflection relationships 
for series C 
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Figure 6.14 shows the load-strain relationship for beam C3. It can be noticed from the 

curve that the debonding strain for the numerical analysis is lower than the experimental 

one. This may be due to the full bond assumption made between the epoxy and the FRP. 

100-

80-

" § 6 0 -
o 

40-

20-

o -

^r • 

*/ 

** _p̂  
* 

t \ 

i 

c 
- - - C 

I i 1 

3, 

3, -

1 

2000 4000 6000 8000 
Starin, 

10000 12000 14000 

Fig. 6.14. NSM-FRP strains for beam C3 
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6.4.2. Parametric study 

6.4.2.1. Effect of the steel reinforcement ratio 

It has been demonstrated through the experimental program presented in chapter 5 that 

the steel reinforcement ratio is the main factor controlling the debonding load in NSM-

FRP system. In this study, the effect of different levels of the steel reinforcement ratio on 

the predicted debonding load is investigated. The different steel ratio varied between 

ps=0.2% which is less than the minimum steel ratio (,0.2y[f^/f) according to CSA 

A23.3-04 and 0.75pbai.. Fig. 6.15 shows the numerically predicted load-deflection 

relationships for six beams having different steel reinforcement ratio. Six ratios were 

considered in this study with values of 0.2, 0.32, 0.76, 1.0, 2.0 and 3.0%. These ratios are 

corresponding to 0.05, 0.08, 0.20, 0.25, 0.50 and 0.75pbai., where pbai. is the balanced steel 

reinforced ratio. The beams have the same area of the CFRP bar, 71 mm and the same 

bonded length of 48d. It is obvious that increasing the steel reinforcement ratio increases 

the ultimate capacity. The mode of failure for the four beams is debonding of FRP bars 

from the surrounding concrete. This is simulated numerically when an interface element 

reaches z"max at a certain time step. In the subsequent time step, the slip value in this 

particular interface element tends to a huge value as a result of increasing the crack width 

passing through this element. Accordingly the debonding numerically occurs at this 

particular element. At reinforcement ratio of 3.0%, the failure initiates with concrete 

crushing at a load level of 378 kN before steel yielding, then the final failure occurs when 

the FRP bars debond off the concrete surface at a load level of 366 kN. 
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—ps=3%=0.75pbai 

-ps=2%=0.50pbal 

- - - ps=l%=0.25 pbai 

_ . 4)s=0.76%=0.15pbal 

ps=0.32%=pmin 

_ P s = 0 . 2 % < p m i n 

0 2000 4000 6000 8000 10000 12000 
Strain, UE 

Fig. 6.15. Effect of the steel reinforcement ratio on load-strain relationships 

.350 -
•^300 -

I 2 5 0 ' 
"M200 -

| 1 5 0 -

•§100 -
Q 50-

0 - i i i i ' 

\ 

i i i 

0 0.5 1 1.5 2 2.5 3 3.5 4 
Steel ratio, ps 

12000 

10000 

« 8000 -• 

.5 6000 
2 
£ 4000 -• 

2000 

0 0.5 1 1.5 2 2.5 
Steel ratio, ps 

3.5 

(a) (b) 

Fig. 6.16. Effect of reinforcement ratio (ps) on debonding load and strain 

Figure 6.16a shows the effect of the steel reinforcement ratio on the predicted debonding 

load. Increasing the steel reinforcement area increases the ultimate capacity of the beam. 

However, as shown in Fig. 6.16b, the debonding strain level in N S M - F R P bars reduces 

with increasing the steel reinforcement. From this figure, it is concluded that the 

efficiency of the NSM-FRP system is higher for beams with low steel reinforcement 

ratios compared to those with higher ratios. 
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6.4.2.2. Effect of concrete compressive strength 

Increasing the concrete compressive strength increases both the debonding load and 

debonding strain level in the NSM-FRP bars, as shown in Fig. 6.17 and Fig. 6.18, 

respectively. The higher the concrete compressive strength, the smaller the crack width as 

well as the smaller the associated slip values along the interface. In turn, the debonding 

strain increases. In Fig. 6.17, the load-deflection relationship is depicted for different 

concrete compressive strengths. With the increase in the concrete compressive strength, 

both the initial stiffness and cracking load increase as well yielding and debonding load 

levels. This indicated higher utilization for NSM-FRP bars associated with higher 

concrete compressive strength. 

As shown in Fig. 6.18, the debonding strain increases in a second order function with the 

increase of the concrete compressive strength. This relationship is almost the same as the 

one adopted in the ACI-440.2R-08 (2008) design guidelines for the debonding strain in 

external strengthening 

s = 0.41 \ ?c < 0.9s fu (SI units) (6.1) 
x[n.Ef.tf 

where n is the number of FRP layers, E/ is the modulus of elasticity of the FRP and t/ is 

the thickness of an FRP layer. 

In the ACI-440.2R-08 (2008) design equation, the debonding strain increases with the 

square root of the concrete compressive strength. Similar equation (6.2) is employed in 

the Federation Internationale du beton (fib) (fib, 2001) code. The formula considers only 

the concrete tensile strength and the axial stiffness of the FRP as parameters affecting the 

debonding strain. This design equation is given by: 

^=ac7*Aj-£— (6-2) 
n.Ef.tf 

where a, kc, and kb are factors accounting for the influence of cracks on the bond 

strength, the state of compacting of the concrete, and the width factor, respectively, and 

c\ is a factor determined experimentally. 
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The relationship between the debonding strain and the concrete compressive strength in 

these design guidelines and code is approximately the same as presented in Fig. 6.18. 

However, unlike the ACI and fib equations, the relationship between the debonding strain 

and concrete compressive strength stays constant after a strength value of 40 MPa. 

Although the predicted debonding strain is constant after a concrete compressive strength 

of 40 MPa, the debonding load increases with the increase of the concrete compressive 

strength beyond this value (40 MPa) as observed in Fig. 6.19. This indicates that the 

increase in the ultimate capacity attributed to the increase in the concrete strength rather 

than the FRP strain. 
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Fig. 6.17. Effect of concrete compressive strength on load deflection behaviour 
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Fig. 6.18. Effect of concrete compressive strength on FRP debonding strain 
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Fig. 6.19. Effect of concrete compressive strength on failure load 

6.4.2.3. Effect of axial stiffness (EA) ofNSM-FRP bars 

The effect of the NSM-FRP axial stiffness on the debonding load and debonding strain 

levels is depicted in Fig. 6.20 and Fig. 6.21, respectively. As the axial stiffness of the 

FRP reinforcement increases the failure load increases and the debonding strain 

decreases. This was validated also by the ACI-440.2R-08 design equation (equation 6.1), 

147 



Chapter 6: Finite Element Modelling 

The debonding strain reduces with the square root of the NSM-FRP axial stiffness. The 

relationship between the concrete compressive strength has concave shape for the 

debonding load and convex shape for the debonding strain. 

In terms of the load-deflection and load-strain relationships, the general trend of the 

profile is independent on the axial stiffness value; however the curve becomes stiffer 

after yielding point. 
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Fig. 6.20 Effect of axial stiffness on failure load 
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6.4.2.4. Effect of bonded length. 

The last parameter considered in this study is the bonded length of NSM-FRP bar on the 

characteristics of the load-deflection relationship. Four bonded lengths have been 

assumed as shown in Fig. 6.22; namely, 20d, 50d, 70d and 80d, where d is the diameter 

of the FRP bar. The area of FRP bar was kept constant for all beams and assumed as 

71mm2 and the reinforced steal ratio was taken 0.8%. It is obvious that with the increase 

of the bonded length the debonding strain increases and this mitigates the debonding 

failure. It is recommended according to this analysis and from the ACI440.2R-08 guide 

that the FRP bars extend all over the beam span or at least at a certain distance beyond 

the cracking point. 
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Chapter 7 - Conclusions and Recommendations 

7.1. General 

The experimental and the analytical program reported in this thesis have provided an 

understanding of the behaviour of concrete beams strengthened with NSM-FRP bars. The 

main objective of this study was to study the behaviour of concrete beams strengthened 

with NSM-FRP bars and the factors affecting this strengthening technique. The following 

sections highlight the conclusions that can be drawn based on the results of this 

investigation. The experimental results are divided into pullout tests at different 

environments and flexural strengthening beam tests. In addition, conclusions from the 

analytical study are also reported.. The following sections include also recommendations 

for future work. 

7.2. Experimental Results 

7.2.1. Bond characteristics 

• The adopted system, V-ROD FRP bars and Hilti adhesives, seems to perform well 

in the NSM-FRP strengthening system. 

• The adopted test methods seem to be efficient and produced consistent results. 

• The main failure for most of the tested specimens with epoxy adhesive was 

concrete shear-tension failure (semi-cone failure) accompanied with or without 

epoxy cracking (splitting). Specimens with longer bonded lengths failed by 

rupture of the FRP bar. 

• The main mode of failure for specimens with cement adhesive was at the 

concrete-cement interface. 

• The failure load of specimens with cement adhesive was about 40 to 56% 

compared to the specimens with epoxy adhesive due to the smooth surface of the 

sides of the groove. 

• Increasing the bonded length increased the pullout load, while the bond stress was 

decreased due to longer length distribution. 
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• Increasing the groove size for specimens with the epoxy adhesive did not have a 

significant influence on the pullout load. However, the factor that controlled 

failure was the tensile strength of the concrete. 

• Increasing the groove size for specimens with the cement adhesive decreased the 

failure load; this was due to shrinkage of a larger amount of cement grout inside 

the bigger groove size. It is not recommended to use a groove size equal to two 

times the bar diameter for the cement adhesive. 

• The percentage of reduction in pullout load for the conditioned specimens with 

the epoxy adhesive varied between 8 to 14 % compared to the reference 

specimens. 

• The failure load for the conditioned specimens with cement adhesive was about 

30 to 45% less than that of reference specimens. 

• Due to temperature changes during freeze/thaw cycles, hair cracks were 

developed in the adhesive materials. Therefore, the adhesive materials will govern 

the failure mode of the specimens and the slip performance. 

• The measured change of strain due to freeze/thaw cycles was around 70 to 90 

micro-strain in the case of epoxy adhesive and around 120 to 170 micro-strains in 

case of cement adhesive. 

• The change in strain due to freeze/thaw cycles increased with the increase in 

bonded length. Changing the groove width had no effect on the change of strain 

due to freeze/thaw cycles. 

• The conditioned specimens using freeze/thaw cycles are adversely affected due to 

the difference in the thermal expansion coefficient between the adhesive materials 

and the concrete. 

7.2.2. Flexural strengthening: Beam tests 

Based on the analysis of the results of phase two of the experimental program which is 

the flexural strengthening, the following conclusions can be drawn. 
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• The proposed NSM system, FRP bars and epoxy adhesive are effective to increase 

both stiffness and flexural capacity of concrete beams. Compared to the 

unstrengthened beam, using NSM-FRP bars, with a bonded length of 4Sd, increased 

the ultimate load of the tested beams by 9, 18, and 71% for beams with steel 

reinforcement ratios of 1.60, 0.80, and 0.40%, respectively. This means that the 

NSM-FRP system is more efficient when used with RC beams originally having 

low steel reinforcement ratio. 

• Increasing the bonded length increases the ultimate carrying capacity up to a certain 

limit beyond which the increase in the bonded length will not result in any increase 

in the capacity. This limit is in the range of 48 times the bar diameter. 

• Using a small groove size increases the distance between the FRP-NSM bar and the 

original steel reinforcement which delays the concrete cover splitting and higher 

capacities can be achieved. 

• Compared to carbon FRP bars, GFRP bars as strengthening reinforcement provided 

nearly similar increases in the beam carrying capacity. However, due to the low 

modulus of elasticity of the GFRP bars, beams strengthened with GFRP bars 

showed more deflection at failure, and consequently higher deformability factors, 

than those utilizing CFRP bars. This result makes it very attractive to deeply 

investigate the use of glass FRP bars in this technique. 

• The maximum measured NSM-FRP strains at failure was about 75 and 85% of the 

rupture strains of the FRP material for beams strengthened with CFRP and GFRP 

bars, respectively. This percentage depends on the bonded length of the FRP bar. 

• The mode of failure for the strengthened beams was debonding in the form of 

concrete cover splitting at the level of the steel reinforcement. 
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7.3. FEA Results 

Based on the analysis of the results of the analytical program the following conclusions 

can be drawn. 

• All the investigation that was done before on strengthening with NSM was 

assuming full bond between concrete, epoxy adhesive and NSM-FRP 

reinforcement. Apparently this is the first analytical study on strengthening with 

NSM-FRP that takes in to account the slip behaviour between FRP and concrete. 

• The proposed finite element model was capable of accurately predicting the load-

deflection behaviour and mode of failure of the strengthened beams. 

• The predicted axial strain in the NSM-FRP bar was lower than that observed 

experimentally. This maybe attributed to the full bond assumption made between 

the FRP and epoxy layers. 

• The analysis was unable to predict the load-deflection behaviour for beams having a 

small bonded length. This was mainly due to the rapid premature failure of such 

beams. 

• From the parametric study included in the investigation, it was observed that 

increasing the steel reinforcement ratio increases the ultimate capacity of the RC 

beam. However this is associated with reducing the debonding strain level in FRP 

bars. This implicity means that a high utilization ratio for FRP bars is obtained for a 

lower steel ratio beam. 

• Increasing the concrete compressive strength increases both the debonding load and 

debonding strain level in the NSM-FRP bars. 

• Increasing the axial stiffness for the NSM-FRP reinforcement increase the failure 

load and decrease the debonding the strain. 

• Increasing the bonded increase the failure load up to a certain limit beyond no 

increase will be gained in the capacity. 
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7.4. Recommendations for Future Work 

While the objectives of this study were achieved, more investigations are still needed to 

fully characterize the behaviour of concrete structures strengthened with NSM-FRP. 

Future work should concentrate on the following topics: 

• The tolerance of the groove size needs to be deeply investigated especially in 

flexural strengthening and to study its effect on the mode of failure. 

• All the experimental work that was done on prestressing with NSM-FRP bars can 

not be implemented in a real strengthening project as their procedure of tensioning 

and anchoring the bars requires access to the ends of the beam, which is generally 

not possible in reality. Therefore, easy and practical methods of pre-tensioning and 

anchoring are needed to be developed. 

• More investigation needs to be done in the finite element modelling to take into 

account the bond-slip behaviour of the concrete/epoxy interface and epoxy/FRP 

interface. 

• The effect of severe environmental conditions on strengthening with NSM 

techniques need to be widely investigated as very limited research was done in this 

area. 

• The effect of sustained load on strengthening with NSM needs to be investigated. 

• Fire resistance of the purposed strengthening technique and fire protection should 

be taken into consideration. 

• Design guidelines are needed for strengthening with NSM-FRP taking into 

consideration the adequate reduction factors. 
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APPENDIX 

SPECIMENS DESIGN 



Design of series A: 

Design of control beam (AO): 

250 

P / 2 P / 2 

250 

X f 

1 ^ 

800 

s/ 

1000 

S ' 

800 250 
•T 1 

— 2 S ' 

Data: 

fc = 40MPa 

usins4No.!5M: 

mine CSAA23.3-94 

EC = ^ ^ V T V 

2600 

3100 

eCH = 0.0035 

Es = 200 GPa 

Ec =4500^140 =28.46 GPa 

A„=800 mm2 

250 

Equation 8.2 

p
s=1.61% 

Calculating the balanced Area of steel: 

c fi. 

d-c ss 

c _ 0.0035 

2 4 9 - c~ 0.002 

tfse 0C = 1.OO 0S = 7.00 

CA =164.21mm 

C = T 

a14c.F'c.a.b = (l>s.As.f 
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0.8x1.0x40x0.87x200x164.21 = 1.0xAsx460 

A,=1987.65 mm2 

B
h=3.99 % 

a, =0.85- 0.0015fc 

p, =0.97- 0.0025f'c 

a, =0.85- 0.0015x40 a, = 0.80 

J3, =0.97-0.0025x40 $,=0.87 

d = 300-35 -8- 16/2 

As = 800 mm2 

Equation 10.1 

Equation 10.2 

d = 249 mm 
p

s=1.61% 

Balanced condition: 

Use 0C = 1.OO &x = 1.00 

C = T 

a14c.F'c.a.b = (ps.As.fy 

0.8x1.0x28460x£cx0.87x200xC = 1.0x800x460 

s„C = 0.092 1 

C 

d £,+£, 

c 
249 s^+0.002 

from 1&2 

0.002c2 + 0.092c -22.9 = 0 c = 86.45 mm 

Mr=<t,s.Fy.As. I 2) 

Mr = 1.0x460x800x(249-

Mr = 77.79 KN.m 

P/2x0.8=Mr 

0.87x86.45 
2 

P=194.5KN 
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Check of shear: 

Vr=Vc+ V6 Equation 11.4 

Ve=0.24c4feJb.d 

V =0.2x1.0x1.0x440x200x249 

Equation 11.5 

V,: 

F,= 62.99 KN 

For stirrups 8M 0 = 8 mm Area = 52.27 mm 

1.0x400x2x52.27x249 
V.. = 

(j)s.Fy.Av.d 
V=-

100 
K = 104.12 KN 

Vr = 62.99+104.12=167.11KN 

P=334KN 

.No.8@100 m m 2NO.10M 

250 
4No.l5M 

2600 

3100 

- * -
250 

167 



Strengthens scheme I 

Erf E. 

fiv 

h 

I-(using one CFRPNo. 10), Af=71 mm2: 

Data: 

ecu = 0.0035 

Es = 200 GPa 

Ef= 120 GPa 

fc = 40 MP a 

fy = 460MPa 

ffu = 1551 MPa 

As = 4 No. 15M ey = 0.002 

By using ISIS CANADA Design Manuel No.4 

X atfc 

Js 
f, fip 

300 
25 

5 
a=p 

T 

> 

!$,C 

fiP 

t 25 

2NO.10M 

8mm-d iame te r 

I I I | 

f 10° I 10° t 

4N0.15M 

200 

Assume failure mode is crushing of concrete with yielding of steel reinforcement 

C = Ts +Tf 

a, .(j)c .f'c .J3, .b.c2 + (<pfrp .Efrp .Afrp. (ecu + ebi) - <j)s .fs.As )c - <pfrp .Efrp .Afrp .scu .h = 0 

Equation 4-25 

a, =0.85-0.0015f'c 

p, =0.97- 0.0025 f'c 

a, =0.85-0.0015x40 

Pl =0.97 -0.0025x40 

Use <PC = 1.00 

A, = 800 mm2 

a, =0.80 

Pt=0.87 

0S = 1.00 

Equation 4-6a 

Equation 4-6b 

<Pf=1.00 

Af = 71 mm 
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d = 300-35 - 8 -16/2 d = 249 mm 

0.8x1.0x40x0.87x200xc2 + (l.0x120000x7 lx(0.0035 + 0)-l. 0x460x800)xc 

- {l. 0x120000x71x0.0035x300) = 0 

5568c2 - 338180c - 8946000 = 0 C = 80.66 mm 

Check for failure mode: 

d-c 
£s ~ £cu • 

£y =0.002 

s =0.0035x 
249-80.66 

80.66 

h-c 
£f=£Cu-

efu =0.014 

•p> 

£s > E steel yield 

nnn3. 300-80.66 n 

sr=0.0035x 0 
1 80.66 

Sf -< efu no rupture of FRP 

£s 

£f 

= 0.0073 

OK 

= 0.0095 

OK 

M, =(/>s.Fy.As 
V 2j 

+ <t>f.Af.Ef.efJ h 

Mr =1.0x460x800x1 

Mr = 100.16 KN.m 

P/2x0.8=Mr 

249-
0.87x80.66 

+ 1.0x71x120000x0.0095 

P=250KN 

' 300_0.87x80.66~ 

v 2 , 
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Il-fusins 1 CFRP No. 13).Af=I27mm2: 

fc = 40MPa ecu = 0.0035 

fy = 460 MP a Es = 200 GPa 

ffu = 986 MP a Ef= 134 GPa 

As = 4No.l5M £y = 0.002 

By using ISIS CANADA Design Manuel No.4 

Assume failure mode is crushing of concrete with yielding of steel reinforcement 

C = TS +Tf 

<*, A -f'c Pi b-°2 + (tfrp -Efrp -Afrp • (£cu + Sbi ) ~ <l>s -fs -As } C ~ 4ftp -Efrp -Afip •«"a, •>» = 0 

Equation 4-25 

a, =0.85-0.0015f'c Equation 4-6a 

P, =0.97-0.0025f'c Equation 4-6b 

a, =0.85-0.0015x40 a, =0.80 

P, =0.97 -0.0025x40 fi,=0.87 

Use 0C = 1.OO $s = 1.00 0f=l.OO 

A1 = 800 mm2 Af = 127 mm2 

d = 300-35 - 8 -16/2 d = 249 mm 

0.8x1.0x40x0.87 x200xc2 + (l. 0x134000x127 x(0.0035 + 0)-l. 0x460x800) xc 

-(1.0x134000x127x0.0035x300) = 0 

5568c2 - 30843 7c -17868900 = 0 C = 92.76 mm 

Check for failure mode: 

d~c nnnis 249-92.76 s, = sril. sv = 0.0035 x £•, = 0.0061 
cu c , 9 2 J 6 

sy =0.002 £s>£y steel yield O K 

h~c nnnis 300-90.76 
sf = £c«-— £

Pi £
f = 0-0035x ^ ^ 0 sf = 0.0072 
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sfu= 0.0074 

Mr=<j>s.Fy.As 

£f * £fu no rupture of FRP OK 

'*-? + </>rAf.Eref\ h-
v ^y 

Mr= 1.0x460x800% 

Mr = 107.71 KN.m 

P/2x0.8=Mr 

249-
0.87x92.76 r 

J 
+ 1.0x127x134000x0.007 

P=270KN 

300-
0.87x92.76 \ 

v 
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Ill-fusins 1 GFRPNo. 13), Af=129 mm2: 

fc = 40MPa ecu = 0.0035 

fy = 460 MPa Es = 200 GPa 

ffu = 617MPa Ef=42GPa 

As = 4No.l5M Ey = 0.002 

By using ISIS CANADA Design Manuel No.4 

Assume failure mode is crushing of concrete with yielding of steel reinforcement 

C = TS +Tf 

a,A-f'c P,-b-c2 + (4>fip-Efrp.Afrp.(ecu +ebi)-</>,.fs.As)c -<f>frp.Efrp.Afrp,ecu.h = 0 

Equation 4-25 

a, =0.85-0.0015f'c Equation 4-6a 

j3) =0.97-0.0025 f'c Equation 4-6b 

a, =0.85-0.0015x40 a,=0.80 

(3, =0.97-0.0025x40 ^=0.87 

Use <PC = 1.00 <PS = 1.00 0f=l.OO 

As = 800 mm2 Af = 129 mm2 

d = 3 0 0 - 3 5 - 8 - 1 6 / 2 d = 249 mm 

0.8x1.0x40x0.87'x200xc2 + (l.0x42000x129x(0.0035 + 0J-1.0x460x800) xc 

-(1.0x42000x129x0.0035x300) = 0 

5568c2 - 34903 7c - 5688900 = 0 C = 76.11 mm 

Check for failure mode: 

d~c nnms 249-76.11 
£, = £ru • £=0.0035x 

cu c 76.11 
sy = 0.002 ss > sy steel yield 

s(=ecu. £•„, Ef=0.0035x : 0 
f cu c p f 76.11 

* v : 

Ef 

= 0.008 

OK 

= 0.010 
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sfu= 0.018 sf -< sfu no rupture of FRP OK 

Mr=fr.Fy.A,\ 

Mr=1.0x460x800x 

Mr = 82.1 KN.m 

P/2x0.8=Mr 

+ <f>f.Af.Ersf. \ 2 / 

r 
249-

0.87x76.11 
2 

+ 1.0x129x42000x0.018 

P=205KN 

300-
0.87x76.11 

2 
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Il-in case of using 2CFRPNo. 10. Af=142 mm2: 

7=X 

300 

2No.lO 

8 mm-diameter 

4 N o . l 5 

By using ISIS CANADA Design Manuel No.4 

Assume failure mode is crushing of concrete with yielding of steel reinforcement 

C = Ts +Tf 

a, A -f'c Pi -bc2 + fafip-Efip -AfrP • (£cU +ebl)- A ./, .As )c - <t>frp .Efrp .Afrp .ecu .h = 0 

Equation 4-25 

a, =0.80 

fij =0.87 

Of = 1.00 Use 0e = 1.00 0s = 1-00 

A, = 800 mm2 At =142 mm2 

d = 300-35 - 8 - 16/2 d = 249 mm 

0.8x1.0x40x0.87 x200xc2 +(l.0xl20000xl42x(0.0035 + 0)-1.0x460x800)xc 

- (l. 0x120000x142x0.0035x300) = 0 

5568c2 - 308360c -17640000 = 0 C = 90.78 mm 

Check for failure mode: 

d-c 
e. = e. s= 0.0035x 

249-90.78 

90.78 
s =0.0061 
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ey= 0.002 £s> s steel yield OK 

£,=£ . 
h-c 

p> 

3/1/1 _ nn on 

£f=0.0035x : 0 e, =0.0081 
f 90.78 f 

£fu =0.014 Gf •< £fu no rupture of FRP O K 

Mr=(t>s.fy.As. I 2) 
r 

Mr =1.0x460x800x . 
V 

+ <f>f .Af .Ef ,sf. 
2 K * J 

249-
0.87x90.78 

+1.0x142x120000x0.00711 300-
0.87x90.78^ 

V 

Af, = 113.1 KN.m 

P/2x0.8=Mr P=282.64KN 
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7/7- in case of using 3 No. 10, Af=213 mm2: 

By using ISIS Design Manuel No.4 

Assume failure mode is crushing of concrete with yielding of steel reinforcement 

<*i A-f'c -Pi-b-c2 + (</>frp-Efrp .Afrp. (scu + sbi) - fa .fs.As )c - </>frp .Efrp Afrp.scu .h = 0 

Equation 4-25 

a, =0.80 

P,=0.87 

Use 0C = J.OO 0S = 1.OO Of =1.00 

A, = 800 mm2 

d = 300-35 - 8 - 16/2 

Af =213 mm 

d = 247 mm 

0.8x1.0x40x0.87 x200xc2 + {l.0x120000x213x(0.0035 + 0)-1.0x460x800)xc 

- (l. 0x120000x213x0.0035x300) = 0 

5568c2 - 278540c - 26838000 = 0 C = 98.81mm 

Check for failure mode: 

d-c 
e =0.003 5 x 

249-98.81 

98.81 

sy =0.002 

h-c 
£f=£cu-~ 

efu =0.014 

Mr=<fr,.fy.A,. 

p' 

ss >- £ steel yield 

„____ 300-98.81 
£f =0.0035x 0 

f 98.81 

ef •< efu no rupture of FRP 

V 2) 
+ (/>f.Af.Ef.£ frxf^fc,f v 2j 

( 
Mr =1.0x460x800x 

Mr = 122.46 KN.m 

P/2x0.8=Mr 

249-
0.87x98.81 

V 

e, =0.0053 

O K 

£f =0.0071 

OK 

j 
+ 1.0x213x120000x0.0071 

P=306KN 

r 0.87x98.81^ 
V 2 

But it is very difficult to use three bars in 200mm width 
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Design of series C 

Design of control beam (CO): 

using 2No.lOM: 

usins CSA A23.3-94 

Ec = 4500 Jf\ 

Ec= 4500^40= 28.46 GPa 

As=200 mm2 

a, =0.85-0.0015 f'c 

p, =0.97- 0.0025 f'c 

a, =0.85 -0.0015x40 

J3t =0.97-0.0025x40 

a, =0.80 

p,=0.87 

Equation 8.2 

p =n ?«o, 0.38% 

Equation 10.1 

Equation 10.2 

d = 300- 25 -8 -11.3/2 d = 261.35 mm 

Use <Pr = 1.00 <£, = 1.00 

Concrete: 

Cc=ar0c.Fc.a.b 

Fc=Ec.sc 1-^ 

E= 4500^140 =28.46 GPa 

£c__ c 
£s+£c d 

261.35.ec= (0.0023+ eja/0.87 

227.07.£= (0.0023+ £c)a 
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£c = 
0.0023a 

227.07-a 

C =0.8x1.0x0.87x200x28460 
0.0023a 

C =9111.75 a 
227.07-a 

Compression reinforcement: 

Cs = 1.0x200000x800xs s 

227.07-a, 

227.07-2.15a 
227.07-a 

1 — 
0.0023a 

227.07-a 
a 

£
s

 + £
s 

d-d' 

c-d' 

s„ + 0.0023 261.35-35 

226.35s. = a 

\JL87 

c-35 

35 \G'S +0.0023) 

( 
226.35 + 35-- a 

0.87 
s. = 

a 
\ 

0.87 
-35 x0.0023 

ss =0.0023 

C =36.8x10 

a-30.45 

227.07-a, 

A a-30.45 } 

{227.07-a. 

Tension reinforcement: 
Ts=^-fyAs 

Ts= 1.0x460x200 = 92000 

92000=9111.75 a 
227.07-a 

227.07-2.15a 
227.07-a 

+ 36.8x104 a-30.45 * 

227.07-a 
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92000[a7 - 454.14a + 51560.78) = 

36.8xl04(-a2 +257.52a-6914.28) + 9111.75(227.07a2 -227.07a3) 

By solving the third degree equation we got 

a= 114.62 a=42.99 

Check: 

a=l 14.62 

s's= 0.0017 

sc = 0.0023 >s0 Not acceptable 

C= a 
0.87 

M=C„. 

=49.41 mm 

d--) + C,.(d-d') 
2) V ' 

a=-75.4 

a=42.99 

e =0.000156 

sc= 0.00053 

42 99 
Mr = 66911.75(261.35 - — — ; + 25069.1(261.35 - 35) 

Mr = 22.57 KN.m 

P/2x0.8=Mr P=56.42KN 

OK 

Check of shear: 

V • 

Vc=0.24c-47c-b.d 

V =0.2x1.0x1.0x440x200x249 

Equation 11.4 

Equation 11.5 

Vc = 62.99 KN 

V • 

For stirrups 8M O = 8 mm Area = 52.27 mm 

1.0x400x2x52.27x249 
V=-

100 
Vs = 104.12 KN 
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Vr = 62.99+104.12=167.11KN 

P=334KN 
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Stremtheninss scheme I 

^o i^i f 

% % 
4. 
f. 

o.5^r 

T 
<-* 
•< 1 

1 * l 

=t 
U. 

F 

£ 

7" 

c 

I-(usin2 one CFRPNo. 10). Af=71 mm2: 

Data: 

fc = 40MPa ecu = 0.0035 

fy = 460 MPa Es = 200 GPa 

fju = 1551 MPa Ef = 120 GPa 

A, = 2 No. 10M ey = 0.0023 

Assume rupture of FRP bar and yielding of steel reinforcement 

Cc +CS= Ts +Tf 

f ~ rfrp-Efrp-dfrp-£cu-'1 

Tf = 1.0x120000x0.014x71 = 119280 

119280+92000=9777.7.5 a 
227.07-a 

227.07-2.15a 

227.07-a 
+ 36.8x104 a-30.45 

227.07-a 

211280x51560.78+211280a-211280x454.14a+36.8xl04a-36.8xl04x257.52a+36.8xl04 

x6914.28-9111.75x227.07a2+9111.75x2.15a3=0 

By solving the third degree equation we got 

a= 107.16 a= 65.95 

Check: 

a= -97.06 
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a=107.16 

0.00147 

ec = 0.0021>s0 Not acceptable 

a=65.95 

s =0.00051 

sc= 0.00094 OK 

a 
0.87 

=75.08 mm 

Mr=Cc. d- a 
+ Cs.(d-d') 

Mr = 130186.8(261.35 - ^ 1 ) + 81082.42(261.35 - 35) 

Mr = 48.08 KN.m 

P/2x0.8=Mr P=120KN 

182 


