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ABSTRACT 

 

 In recent decades, Fiber Reinforced Polymer (FRP) material has 

increased its importance in the construction industry. FRP is a non-

metallic reinforcement material which has been used in the 

strengthening structures especially concrete structures. The applications 

of the FRP material in the construction industry brought about an 

interesting alternative for structural retrofitting. FRP materials are 

lightweight, high strength-to-weight ratio, stiffness-to-weight ratio has 

high chemical resistance, ease to install, minimal labor cost and non-

corrosive. These characteristics make FRP superior to traditional 

structural retrofit materials such as steel plates. 

 Structural retrofit is a common phenomenon in the construction 

industry. Retrofitting is needed when one or a combination of the 

following situations are encountered: a) structural deterioration caused 

by the environmental changes, b) additional load carrying capacity 

needed due to occupancy change and c) when construction or design 

mistakes are made which result to inadequate reinforcement for a 

structure. FRP retrofit is done by mounting FRP to the tension side of a 

member to be retrofitted using epoxy which is used as the bonding agent. 

The nature and characteristics of the bond layer have some influence on 

the performance of a structure with anomalies in the bond layer, such as 

uneven thickness of epoxy or voids in structure itself which lead to 

debonding. Debonding is caused by high stress distribution on uneven 

location. These anomalies are usually a result of poor workmanship 

during the process of grinding the surface before the installation of FRP 

material. 

The objectives of this study were to assess the effects of anomalies 

on a structure that was retrofitted by FRP material and produce a 

remedy to the structure affected by these anomalies. The experiment 

 ix



conducted showed that anomalies affect structures that are retrofitted by 

FRP. One way of resolve this problem is by impregnating FRP material to 

a structure which is good in tension to avoid debonding. This method 

was found to be useful since it increases the load capacity for about 

20%. 

 x



 

CHAPTER ONE 

INTRODUCTION 

1.2 Background 

 

Fiber-Reinforced Polymer (FRP) retrofit technology was introduced 

in recent decades. Originally FRP materials were used in the aerospace, 

automotive, shipbuilding and the defense industry. Strengthening 

structures with epoxy bonded Fiber-Reinforced Polymer (FRP) plates and 

sheets are used to improve structural performance. In 1940’s the use of 

FRP became very popular in the military. In the early 1980’s the 

application of FRP materials in construction industry was started. 

FRP materials are lightweight, high strength-to-weight ratio, 

stiffness-to-weight ratio has high chemical resistance, ease to install, 

minimal labor cost and non-corrosive. These characteristics make FRP 

superior than traditional structural retrofit materials such as steel 

plates. 

Retrofitting is useful when one or a combination of the following 

situations are encountered: a) structural deterioration caused by the 

environmental changes, b) additional load carrying capacity needed due 

to occupancy change and c) when construction or design mistakes are 

made which result to inadequate reinforcement for a structure. 

1.2 Problem Statement 

The need for rehabilitation and strengthening of existing reinforced 

concrete structures is increasing as the national infrastructure continue 

to age. When concrete is exposed to normal operating conditions wear 

and tear take place. This leads to deterioration and reduction of service 

life of structure. 
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According to Federal Highway Administration, about 60% of 

highway bridges in United States are in need of repair or rehabilitation. 

Moreover, strengthening of bridges may be needed to upgrade the 

structural capacity in order to accommodate increasing loads or modified 

uses. In recent decades researchers came with the use of FRP material. 

FRP material is superior to traditional material. However the installation 

of these FRP material anomalies can be introduced. These anomalies are 

introduced from poor workmanship. Prior to install FRP, grinding of 

concrete has to be done. During this process is when anomalies are 

introduced on the structure. This raise question whether it is safe and 

retrofit structure performed as it was intended. 

1.3 Advantages and Disadvantages of FRP 

Fiber Reinforced Polymer (FRP) materials have been considered an 

efficient alternative for rehabilitation and strengthening. The advantages 

of FRP retrofit include possibility of external installation of strips or 

fabric. This provides additional strength for an existing structural 

element to accommodate additional live loads. Furthermore, FRP 

composites are lighter compared to steel reinforcement. FRP does not 

increase significantly the dead load of the structure. FRP increases 

stiffness and load carrying capacity.  Due to these advantages FRP 

replaces steel plates (traditional retrofit material) as externally epoxy 

bonded reinforcement for concrete. 

Currently, FRP materials have increased its popularity in the 

construction industry in strengthening structures. The applications of 

FRP material in the construction industry bring about an interesting 

alternative for structural retrofitting. 
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1.3.1 Advantages of FRP Retrofit 

Retrofitting may be as a result of one or combination of the 

following; structural deterioration caused by the environmental changes, 

additional load carrying capacity necessitated by occupancy change and 

construction or design mistakes which results to the provision of 

inadequate reinforcement. Retrofitting is done in order to meet changes 

of standards or specifications. 

FRP retrofit is done by mounting the FRP to the tension side 

surface of the member to be retrofitted using epoxy as the bonding agent. 

The nature and characteristics of the bond layer has some influence on 

the performance of the structure. For example if there imperfections in 

the bond layer, such as uneven thickness or voids or excessive material, 

these may be the beginning of debonding. 

 

 

Figure 1.1: Debonding of FRP at defected area 

 

Strengthening of existing structures has become a challenge in the 

construction industry. Study done by Sen et al (2006) showed that, FRP 

have the following advantages: high tensile strength under normal 
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operation condition, high fatigue strength, high durability and ductility, 

non-metallic reinforcement material, low weight of the structural 

elements reinforced with FRP make handling, transportation and 

installation much easier, hence reducing construction costs and 

rehabilitation of deteriorated members. The density of FRP is four to six 

times lower than that of steel Table 1.1 below summarize densities of 

steel, glass, carbon and aramid.  

 

Table 1.1: Density of FRP materials 

Unit Steel GFRP CFRP AFRP 

lb/ft3 

(g/cm3) 

490 

(7.9) 

75 to 130 

(1.2 to 2.1) 

90 to 100 

(1.5 to 1.6) 

75 to 90 

(1.2 to 1.5) 

 

Strength-to-weight ratio is between 10 to 15 times that of steel; 

therefore a small proportion of a member’s load bearing capacity is used 

to support its own dead load, thereby allowing for a larger live load. 

Tensile strength of FRP exceeds 3000MPa while that of steel is 400 MPa. 

[Saadatmanesh et al, 1991; Yuan et al, 2004]. 

In reinforced concrete structures strengthened with externally 

bonded FRP, it is well established that the key factor affecting the 

performance is the bond between concrete and FRP material. 

1.3.2 Disadvantages of FRP Retrofit 

Disadvantages might be mechanical damage and long term 

properties. There is also a question concerning the behavior of FRP 

structures in cold climates, where it becomes more brittle. Study by 

Tann, and Delpak, (2003) revealed that ultimate load capacity increased 

to 86kN from the failure load of 45kN of the one not strengthened control 
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beam  but the actual failure was brittle and explosive. This failure should 

be avoided. 

Furthermore, there is a limited knowledge on the use of FRP in 

construction industry. This makes the use of FRP material more difficult 

to some areas.  For instance in third world countries this is a new 

technology which is used by very few countries. 

1.4 Objectives and Scope 

This study was focused on the strengthening of uneven structure 

by using FRP material. Beams with known anomalies were tested by 

flexural test. Failure mode of the tested structures were investigated and 

finally recommendations on how to remedy those failures. 

Control beams were used to study stress capacity of different 

beams introduced some imperfections. From there conclusions made to 

what extent affects the capacity of the beam. 

The main variables in this study are position and number of 

anomalies. Thus the investigation includes the beams with different 

number and position of anomalies was done to evaluate experimentally 

how it will affect the performance of the structure. The main objective of 

this study is to identify the effect of anomalies on the bond layer to the 

performance of FRP structural retrofit, then give out the precaution and 

corrective measurements to be taken to the authority concerned and 

community in general about this issue. This objective was possible by 

conducting literature reviews on the bond layer on the performance of 

FRP retrofit and carried out experiments in order to determine the 

influence of anomalies to the bond layer to various parameters as 

described in chapter 3 of this thesis.  
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The work presented in this thesis involved experimental testing of 

reinforced concrete beams strengthened with FRP reinforcement, and 

associated modeling and analysis. Beams dimensions were 76in long 

with a cross section of 8in × 6in were fabricated, strengthened and tested 

to failure. 

1.5 Methodology 

Steps used to achieve the goal and objectives of this study. Are 

listed below: 

• Design of beams 

• Casting and curing of beams 

• Placing of FRP material 

• Conduct flexural tests 

• Analyze results, draw conclusions and recommendations. 

Anomalies were introduced during the surface preparation. These 

anomalies were in the form of uneven surface, thus introducing 

curvatures in the finished product. Anomalies of known sizes were 

introduced at chosen locations on the bond layer. The influences of 

defect size and location on the specimen were determined.  

Flexural tests were performed to study the effect of uneven bond 

layer between FRP fabrics and concrete substrates. Beams of 76-in 

long were tested with an effective span of 70-in under static loads 

until they failed the figure below shows the details of steel and FRP 

layout. 

1.6 Organization of this Study 

This study will be divided into five chapters. 

Chapter 1: Introduction: Background of FRP material, objective, scope of 

this thesis and methodology used in this thesis. 
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Chapter 2: presents literature review related to reinforced concrete 

system strengthened by FRP. In the literature review types of failures 

were well explained, the common one was debonding of FRP from 

concrete substrate. I couldn’t find any researcher who was addressing 

the issue of imperfection during the mounting of this FRP material. So in 

this thesis this problem is going to be addressed by the support of 

experiments conducted.  

Chapter 3: explains the experimental program that was conducted on 

this study. A description of the testing program is given, including 

material used, specimen fabrication, test setup and instrumentation.  

The results of the experimental program, discussion and data obtained 

are explained in Chapter 4 which includes Load-strain curves, moment-

strain curves and stress-strain curves. 

Chapter 5 presents conclusion from this study along with 

recommendations for further work. 

 7



 

CHAPTER TWO 

LITERATURE REVIEW 

2.1 Overview 

 

A number of studies on FRP structural retrofit have been reported 

in the literature. Study by Wang (2006), Pesic and Pilakoutas (2003), 

Smith and Teng. (2001) showed that one of the common FRP retrofit 

failure is crack near the plate end. This was attributed by high interfacial 

shear and normal stresses caused by an abrupt termination of the plate. 

Once the crack forms in the concrete at or near the plate end, it 

propagates to the level of the tension reinforcement and then progresses 

horizontally, resulting in the separation of the concrete cover. In the 

literature this mode of failure has been referred by various terms which 

include “end-of-plate failure through concrete”, “concrete rip-off failure”, 

“debond at rebar layer”, “concrete cover delamination”, and “local shear 

failure”  

Also thermal effect can cause delamination. When temperature 

raised will cause differential expansion of materials thus leading to 

delamination. 

A number of debonding studies are reported in the literature (Wang 

(2006), Aram et al, 2007 and Au et al 2005). Debonding initiates along 

the interface if the applied load is high enough and propagates along the 

interface which leads to the premature failure of the plated beam. The 

Debonding occurs at the end of laminate. Again this was attributed by 

high stress concentrations, when the end anchorage is sufficient and 
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proper, debonding will take place somewhere else in the retrofitted span. 

It normally starts from flexural cracks. 

Debonding of FRP plated concrete has been considered a 

challenging failure mode for analysis and design. Debonding is often 

observed at discontinuities such as laminate ends and existing crack 

mouths within the retrofit span where high concentration of shear and 

peel stresses can be found. With the proper anchorage debonding 

locations have been forced to take place within the retrofit span where 

debonding is initiated by crack widening and crack mouths induced by 

external loading  

The structure retrofitted with FRP materials consists of three main 

constituent materials (FRP, adhesive and concrete) and two interfaces are 

involved namely FRP/adhesive and adhesive/concrete. Au, et al (2006) 

showed there are five debonding modes are possible FRP delamination, 

FRP/adhesive separation, adhesive decohesion, adhesive/concrete 

separation and concrete substrate fracture.  

Study by Rosenboom (2006) found that FRP retrofit increase 

ductility of a concrete flexural member. Rosenboom describe five mode 

failures, namely crushing of concrete, FRP rupture, shear failure, plate-

end debonding and intermediate crack debonding. These failure modes 

are explained in the figure 2.1. Bond failure in FRP strengthened 

reinforced concrete beams propagates in one of two directions: from the 

FRP termination point (plate end debonding), or from the intermediate 

flexural cracks debonding. Shear failure occurs when the shear 

resistance of the beam from the concrete, steel and/or FRP materials is 

lower than that of the applied shear force. Flexural failure is the crushing 

of concrete or rupture of FRP, can often occur in FRP strengthened 

reinforced beam.  
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Figure 2.1: Failure modes of FRP 

 

Factors contribute debonding of FRP retrofit include roughness of the 

surface and type of bonding agent used. If adhesive layer is not even; 

then the stress distribution will vary accordingly. The stress decreased as 

the adhesive layer thickness increased [Lemwari et al, (2006]; Au et al, 

(2005)].  

Study by, Tann and Delpak. (2003) address another type of failure 

known as premature tearing-off failure. This is the phenomenon where 

the concrete cover to the internal reinforcement is suddenly torn off, with 

the FRP composites still perfectly bonded to the cover. As such failure 

occurs before either material (concrete or FRP) reaches its flexural 

strength. 
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2.2 Application of FRP Materials 

Hao (2007), reported that strengthening of structures by using 

externally bonded FRP have become very popular in recent years. The 

bond between FRP materials and substrate has a major influence in the 

performance. Research showed that structures strengthened by 

externally bonded FRP failed by debonding between FRP and substrates 

before the strengthened material reached its ultimate strength. 

FRP material is bonded on the tension side of the beam to act as 

an external reinforcement by means of an adhesive layer. Study by Hao 

(2007) showed that the addition of FRP material to the beam increase the 

ultimate yield strength is more significant for low reinforcement ratios. 

The reason is the internal moment couple in the beam can not be 

increased over a certain limit due to crushing of concrete. 

The installation of FRP material is done after thorough cleaning of 

the surface followed by applying adhesive (epoxy) material. During this 

process of installation, the rolling should be done to squeeze any air that 

may have been trapped in the epoxy bond layer. In practical applications, 

this approach lends itself to the potential of having varying bond 

thickness and even voids between the FRP and the surface of the 

structural element.  

Sen and Mullins (2006), says the surface preparation for contact-

critical applications is defined as providing “continuous, intimate 

contact” between the concrete substrate and the FRP material. In dry 

conditions, depressions and voids on the concrete surface have to be 

patched using suitable material that is compatible with the concrete 

substrate. If there are corners, they need to be grinded to a minimum of 

19 mm (3/4 in.) radius to avoid stress concentration in the wrapping 

material. 
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Also voids can be introduced due to poor surface preparation. This will 

entrap air in adhesive materials or between layers of either concrete and 

adhesive material and/or FRP and adhesive material. This will lead to 

stress concentration at that particular region and then cause a cohesive, 

adhesive, substrate or mixed failure at a very low average stress [Xiong et 

al, 2006]. 

Study by Arduini et al, 1997 the interface characteristics between 

the adhesive and concrete were investigated, this study was done by 

testing the adhesive in a combination of compression and shear on 

concrete sections at different angles and then rejoined with adhesive. 

These tests were then repeated with CFRP plates bonded to each face of 

the cut concrete sections and then bonded to each other. Using the 

results from these tests, it was determined that the shear strength at the 

FRP-adhesive interface was about three times the shear strength at the 

concrete-adhesive interface.   

The effectiveness of FRP material will be affected by many 

parameters and ongoing researches will come up with the best way of 

eliminating them. One of the parameter which may affect the 

effectiveness of FRP is the imperfections in the bond layer. From 

Xiangong (2006) summarizes the properties of FRP materials in the table 

below.  

Table 2.1: FRP properties 
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2.3 Epoxy Materials 

Epoxy is the binding material used during the application of FRP 

sheet or plate. This material is the mixture of two materials. Component 

A is an epoxy resin (adhesive resin), while component B is a hardener 

(curing agent). Mixing required a low-speed mixer at 400-600 rpm for 5 

min until components were fully dispersed. (Au et al 2005). 

The adhesive is very important since is the one which transfer 

stress from the substrate to the FRP. So it should be able to provide high 

strength and corrosion resistance. The thickness of this epoxy layer is 

between 1mm to 3mm (Buyukozturk and Hearing 1998) 

Studies have been conducted on common adhesive resins (epoxy, 

polyester and vinylester) under different operational environments. The 

objectives were to understand the behavior and response of the adhesive 

resins under different weather exposures. The study found that epoxy 

matrix has the following advantages over other resins.  

1. Epoxy has wide variety of properties because of availability of 

large number of starting materials, curing agents and modifiers.  

2. Epoxy provides higher strength retention under sustained 

loading compared to the polyester and vinylester.  

3. Epoxy resin has low creep and low shrinkage properties.  

4. Epoxy material shows good chemical resistance and solvents.  

5. The material indicates excellent adhesion properties to a wide 

variety of fillers, fibers and other substrates.  

Nevertheless few researches have been done concerning the 

anomalies on the structure retrofitted by FRP materials. That’s why it is 

very important to find a fast and economical way of determining the 

quality of the epoxy bond layer between the FRP and the structural 

component to be retrofitted. Voids can be introduced due to poor surface 

preparation and bonding process which may entrap air in adhesive, this 

 13



will lead to stress concentration and then cause a cohesive, adhesive, 

substrate or mixed failure at a very low average stress [Xiong et al, 2006]. 

2.4 Failure Modes 

Possible failure modes of FRP strengthened RC beams include 

shear failure, flexural failure (concrete crushing and FRP rupture) and 

FRP debonding. When a reinforced concrete beam with an externally 

bonded FRP plate is subjected to flexural loading, high tensile and bond 

shear stresses develop in the concrete near the adhesive layer.  

The weakest part in the bond surface is the concrete layer close to 

the surface. Cover delamination or FRP debonding can thus occur if the 

interfacial stresses cannot be sustained by the concrete. Debonding 

initiation generally takes place in a region of high stress concentration at 

the concrete-FRP interface. These regions include the ends of the FRP 

reinforcement and those around the shear and flexural cracks. Therefore 

codes and guidelines concentrate on two debonding failure modes: plate 

end debonding and mid span debonding. The first mode is the failure 

that originates near the plate end and propagates in the concrete either 

at the cut-off point of the plate ((1) plate end shear failure) or at the last 

crack ((2) anchorage failure at last crack). The second mode is the failure 

that is caused at a shear or flexural crack and then propagates from 

such a crack towards the plate end. (Azam at el 2007). 

Debonding is caused by interfacial stress concentrations in the 

adhesive layer. [Bruno et al, 2006]. That’s why quality assurance 

program is very important since the strength of the structure will depend 

on the skills of those applying the retrofit, concrete surface preparation 

prior to bonding, type of reinforcement (under or over reinforcement, 

Prestressed), extent of beam cracking and loading condition. Therefore 

the maximum load depends strongly on concrete strength [Yuan et al, 

2004]. 
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Another type of failure mode is concrete crushing. This occurs when the 

compressive strain in the concrete reaches its maximum strain. Steel 

yields then the concrete crushing with the strain in the FRP material to it 

rupture strain take place. 

2.4 Summary of Literature Review 

Literature review has shown that the structure retrofitted by FRP 

materials experience five types of mode failures, namely FRP debonding, 

FRP/adhesive separation, adhesive decohesion, adhesive/concrete 

separation and concrete substrate fracture. The common failure is FRP 

debonding. One thing researchers didn’t address is the influence of 

imperfections in the bond layer. This is going to be addressed in this 

study. As explained early, installation of FRP materials is done manually. 

This will introduce some anomalies in the structure which will lead to the 

reduction of the performance of the structure. 
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CHAPTER THREE 

MATERIALS AND TESTING PROGRAM 

3.1. Introduction 

 

As explained in chapter one, the objective of this study is to 

evaluate experimentally the performance of anomalies of reinforced 

concrete beams retrofitted by FRP material when subjected to static 

loads. This experiment was used to justify the impact of the anomalies 

reinforced concrete beams retrofitted by FRP material decrease their 

strength. 

This chapter will describe the material involved in the fabrication 

of the specimens, testing program and analysis. The data obtained from 

these tests were collected and analyzed. These will lead to evaluate the 

performance of the reinforced concrete beam. From these conclusions 

were drawn. All beams strengthened with FRP material were tested in 

three-point loading under static load to failure 

3.2. Material 

3.2.1 Reinforcement Steel 

In this study grade 60 deformed reinforcement bars were used in. 

All specimens consisted of two steel bars number 4.The unit weight of 

reinforcement bar is 490 lb/ft3. No shear reinforcements were provided.  

3.2.2 Formwork Fabrication 

Formworks were fabricated at College of engineering in structural 

lab. The sizes of these formworks were 6 in x 8 in x 76 in and were 

fabricated by 3/4 in plywood. Screws were used to assemble these 

formworks. So the removals of formworks were simple. 
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Figure 3.1: Formwork 

Formwork fabrication is very important part. This defines shape 

size of the specimens. Also helps control quality of the specimens. 

Fabrication was done careful to prevent any kind of formwork failure. 

3.2.3 Concrete 

Concrete used in this study was supplied by Florida Rock 

Industries, a ready mix concrete supplier with an average slump of 4 and 

average design compressive strength of 3000psi at 28 days. 
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Figure 3.2: Truck pouring concrete 

In order to obtain required strength, pouring, compaction and 

curing are very important. During pouring of concrete compaction should 

be thoroughly done to ensure proper consolidation of concrete by using 

poker vibrator. 
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Figure 3.3: Compaction of concrete 

 

Even though the mix is good but if curing is bad then expect poor 

strength of the concrete. In other words curing is critical for attaining 

required concrete properties. After pouring of concrete, the removal of 

formwork was done. This was done after 24 hours of pouring, in order for 

the concrete to set. Then the specimens were then totally submerged in 

the container full of water for 28 days in order to attain their required 

strength. 

Curing is vital to quality concrete. This has a big influence on the 

properties of concrete. Curing will affect strength, water tightness, 

durability, and abrasion resistance. Concrete hardens as a result of 

hydration, the chemical reaction between cement and water. Fresh 

concrete contains more water than is needed for hydration of the cement. 

Water loss by evaporation will delay hydration. However, hydration 

occurs only if water is available and if the concrete's temperature stays 

within a suitable range. Temperature extremes make it difficult to 
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properly cure of the concrete. In this study specimens were immersed in 

containers full of water for 28 days.  After concrete poured satisfactory 

temperature (room temperature) was maintained. When this favorable 

condition is there, hydration is high for the first few days after concrete is 

poured. During this time water retaining is crucial. 

3.2.4 Application of Epoxy 

Before applying epoxy on the specimens, surface preparation is 

very important in order to have good bond layer between FRP material 

and concrete surface. The surface preparation should meet ASTM D 

4258 and D 4259. The surface must be cleaned to remove all surface 

contaminants. Such contaminants include, oil, grease, and dust. The 

surface should be strong, dense, clean and free from all contaminants. 

Also the surface should be roughened to remove the cement and expose 

coarse aggregate so that to have better bonding. The remaining dust and 

fine concrete particles were removed by high air pressure. All specimens 

were fabricated with smooth surface of 6 x 8 x76 inches then anomalies 

were introduced by grinding machine. 

Epoxy is made up of two compounds, namely epoxy resin and 

hardener or curing agent. Each compound should thoroughly mix before 

mixing them together to ensure uniformity. The epoxy should be 

conditioned according to manufacturer’s recommendations. The epoxy 

used in this thesis Sikadur 300. This type of epoxy was recommended to 

be stored at temperature not below 40F. The temperatures affect the 

reaction rate, so if the temperature is high the epoxy will be more fluid 

then it will be difficult to apply at the required thickness. And if the 

temperature is too low epoxy will be more viscous and hard to mix. 

Brushes were used to apply the epoxy in order to ensure that all 

anomalies of the surface will be coated. After the surface preparation was 

done the FRP sheet was placed on top of the concrete specimen with a 
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layer of sikadur 300 (epoxy). To make sure that curing of epoxy was done 

testing of beams took place after seven days. 

In order to have good result storage was done according to the 

manufacturer’s recommendations. All information about any sikadur 300 

was explained in material data sheet. In this sheet explain hazards of 

that material. Epoxy compound is corrosive, so avoid eye or skin contact. 

It may severe burn and skin sensitization after prolonged or repeated 

contact. Also cause skin and eye irritant. High concentration causes 

respiratory irritation. The gloves to be used should be resistant to resin 

and disposable ones. Even the cloth should be disposable too. 

3.2.5 FRP Installation 

Carbon fiber used in this experiment was Sika-Wrap-103C. This is 

the unidirectional material woven. The application of this material was 

done while the surface was wet by epoxy. The weight of this material is 

560 gm/m2 and its thickness is 0.011 inch. Its tensile strength is 35000 

N/mm2 with the elongation of 1.5%. This material is flexible from this 

reason can be wrapped around complex shapes. 

 

(a) 
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(b) 

Figure 3.4: FRP in place ready for test 

 

3.3 Testing and Testing Procedure 

3.3.1 Compressive Test 

Concrete compressive strength was determined by cylinders which 

were casted at the same time when beams were casted. The compressive 

strength is calculated from the failure load divided by the cross-sectional 

area resisting the load. This will determine that the concrete mix 

delivered meets the requirements of the specified strength. Cylinders 

were immersed into water for 28 days. Strength of concrete were tested 

at a specified rate of loading (not more than 35 psi/sec) at 7 and 28 days 

of age in accordance to the procedures described for standard-cured 

specimen in ASTM C-39M-05 by using Compression Test Machine. 

Compression test of specimens were done as soon as practicable after 

removal from the curing container. The strength of concrete in the actual 
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structures can be different from that of cylinders due to difference in 

compaction and curing conditions. 

 

Figure 3.5: Compression-Test Machine 

This is the short-term compression test. The size of cylinders are 6 

in diameter and 12 in  high in accordance with ASTM  C31-91., the 

strength can be influenced by water/cement ratio, type of cement, 

aggregate, rate of loading, and temperature during curing. (Choo, C 

2005). 

3.3.2 Testing Procedure 

According to Concrete in Practice, CIP 35 

1. The cylindrical specimens used in this experiment were 6 x 

12 inches. 
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2. In order to provide uniform load distribution during testing, 

cylinders are capped generally with sulphur mortar (ASTM C 617). 

Sulphur should be applied at least two hours and preferably one 

day before testing. 

3. Cylinders should not be allowed to dry out prior to testing. 

4. Cylinders should be centered in the compression-testing 

machine and loaded to complete failure. The loading rate on a 

hydraulic machine should be maintained in a range of 20 to 50 

psi/s. In this experiment 35 psi/s was used. The type of break 

should be recorded. 

5. Concrete strength is calculated by dividing the maximum 

load at failure by average cross-sectional area.  

Some information is needed during and after testing. These 

includes pouring date, test date, specimen identification, cylinder 

diameter, test age, maximum load applied, compressive strength, type of 

fracture and any defects in cylinders or caps. 

3.3.3 Test Set-up 

The purpose of this experimental program was to investigate how 

the anomalies introduced during the installation of FRP material can 

affect the behavior of the structures. The beam was 76 in long with a 

rectangular cross section of 6 x 8 in. The beam has an effective span of 

70 in. The steel reinforcement bar consisted of two No 4. 

The beams were tested by simply supported, subjected to three 

points loading according to ASTM D790. This configuration is simpler, 

but the loading consists of both bending and shear loads. The cutoff 

points of the FRP sheets were located at the beginning of the pin and 

roller supports.  
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Figure 3.6: Test Set-up 

3.3.4 Test Matrix 

Beams were group in the following main groups according to the 

number and position of anomalies. Reinforced concrete beams with a 

rectangular cross section of 6 by 8 in. and full length 76 in were 

fabricated for this experiment; with the effective depth of the section were 

6.5 in. The longitudinal steel reinforcement consisted of two #4 bars, 

whereas with an average of yield stress of 60 ksi. Strength of concrete 

was 3000psi. These entire specimens were cast in the structural lab at 

FSU-FAMU College of Engineering. The formworks were made up of 3/4 

in plywood. 
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Figure 3.7: Formwork 

1) Two control beams 

These beams were fabricated in the lab laminated with FRP 

material without introducing any kind of imperfection. These kinds of 

beams were used as control. All other beams were compared to these to 

evaluate experimentally how significant the beams will lose their strength 

by introducing imperfections on them. 

 
 

(a) 
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(b) 

 

Figure 3.8: Control Beam 

2) Three beams with anomalies at the mid span 

There were three different types. Type one have single anomaly at 

the mid span 0.5 inch deep and 10 inches wide. Type two is the one 

with double anomalies at the mid span with the same dimension as 

type one above. The distance apart from one imperfection to another 

was 5 inches. Type three looks similar as type one and two the only 

difference was the number of anomalies. In this type three anomalies 

were introduced at the mid span with the same dimension as in type 

one and two above. A sketch of this beam is presented here below. 
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(a): One anomaly at mid span 
 

 

(b): Two anomalies at mid span 
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(c): Three anomalies at mid span 
 

Figure 3.9: Beam with three anomalies at mid span 

 

3) Two beams with anomalies at near end 

 

Figure 3.10: Beam with two anomalies at near end 

 

These beams were tested to failure. The effective span was 70 in 

long. As explained earlier mounting of FRP material may introduce 

anomalies which results from poor workmanship. This will lead to 
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debonding of the FRP plate, therefore will affect the strength of the 

structure and few researches have been done concerning these effects.  

As this study is concerned the area with unevenness layer of epoxy 

material will experience high normal stress. The FRP material will try to 

stretch out as the load applied and this is the source of the normal stress 

to the FRP plate which will cause debonding. 

3.4 Beam Design 

The reinforced concrete beams strengthened by FRP were designed 

according to ACI 440.2R-02(2003 Party 5).Attachment of design sheets 

are included in appendix pages. The load to fail was found to be 13.1 kip. 

 

Figure 3.11: Beam to be designed 

 

3.5 Instrumentation 

All beams were instrumented by several strain gages which 

positioned to where maximum stresses were expected.  Maximum stress 
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occurred at the mid span. These strain gages were connected to the 

computer for read out. Software used in this computer was labview 

measurement. Three dial gages, two at both ends to control the 

deformation at the end and one at the mid span to read the deformation 

at the mid span. Load cells of 200 Kips were used to read the load 

applied in that system.    Strain gages were glued on the outer surface of 

the FRP material and on the side of the concrete beam, the length of 

strain gage is 2.5 in with a resistance of 120Ω and Gage Factor of 2.1. 
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CHAPTER FOUR 

TEST RESULTS AND DISCUSSION 

4.1 Compressive Test 

Results obtained from compressive test are tabulated here below. 

Table 4.1: Compressive test 

7 days Strength (psi) 28 days Strength (psi) 

2780 4683 

3025 4471 

3082 4442 

2104 4824 

2804 4893 

2942 4562 

3284 4301 

3167 4001 

1913 3463 

2546 4962 

2758 4467 

1682 3395 

- 4788 

- 3791 

- 4440 

- 5132 

- 3905 

The compressive strength was recorded by compression test 

machine for each specimen. This was checked by calculating from the 

failure load divided by the cross-sectional area resisting the load 
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(Cylinder).  From above table the average strength for 7 and 28 day were 

2674 psi and 4384 psi respectively. 

4.2 Flexural Test 

In this chapter the results obtained from experimental tests are 

presented and discussed. As explained earlier the load was applied until 

failure with the effective span of 70 in. The following graphs were 

produced. 
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Figure 4.1: Moment vs. Strain 

 

 From above graphs the following were observed. The moment for 

control beam was 250kip.in while that of three anomalies was 205 kip. 

in. Hence the moment drops by 18%. 
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Also load to failure of the beam reduced to 11.7 kip from 14.3 kip which 

is 18% of the expected load capacity for the beam with three anomalies 

at the mid span while that of two anomalies drop to 12.1 kip which is 

15.2%. Table 4.2 summarizes the effect of uneven beam strengthened by 

FRP. 

 

Stress in FRP sheet at the mid span of the beam was calculated of 

each specimen and compared to the control beam. From the lalbview 

measurement software strain can be obtained, thereafter stresses will be 

calculated at various locations. Bending stress equation will be required. 

The stress was calculated by the equation below. 

  

I

nyM f**
=σ ………………………………………. (1) 

 

 

Where 

=y Neutral axis (in) 

=fn Modular ratio 

=M Moment (Kip. in) 

=crI Moment of Inertia 

 

In this analysis the Centroid and moment of inertia of the beam cross-

section should be calculated as shown in the appendix D 

   
Icr

b kd( )
3⋅

3
ns As⋅ d kd−( )

2⋅+ nf Af⋅ h kd−( )
2⋅+

…. (2) 

   
c

f

f
E

E
n = ………………………………………………… (3) 
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Graphs of Stress versus strain of all beams are drawn in below  
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Figure 4.2 (a): Modulus of Elasticity 

 

From above figure modulus of elasticity is greater than that of 

concrete. Modulus of elasticity of concrete was 3625 ksi compared to 

29000 ksi obtained by placing FRP material. Beam with two anomalies 

showed small value of modulus of elasticity, that why was used to verify 

this. So placing FRP material increases the strength. 
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Stress vs. Strain
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Figure 4.2 (b): Stress vs. Strain 

 

 From above figures showed that the more anomalies added on 

beam the more it reduces its stress. Beam with a one anomaly drop to 
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2.1%, two anomalies drop by 15% and that of three anomalies drop to 

18%.  Graph of beam with anomaly near support fail by brittle failure. 

Some of the specimens fail by crushing of concrete in compression before 

yielding of the reinforcing steel. All these can be summarized in this table 

below 
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Figure 4.3: Load Comparison 
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Table 4.2: Percentage reduction  

Specimen Ultimate 

Load (Kips) 

% 

Reduction 

Strength 

(ksi) 

% 

Reduction 

Control Beam 14.3 Reference 59.9 Reference 

One anomaly 14.0 2.1 58.7 2.1 

Two anomalies 12.1 15.2 50.77 15.2 

Three anomalies 11.7 17.9 49 18.2 

 

4.3 Discussion 

        From these study showed that all specimens with anomalies reduce 

their strength up to 18%. Also three types of failures were observed 

debonding, shear and concrete crushing. Debonding and shear failures 

occur before reaching their ultimate strength. The common failure mode 

was debonding. After observed this kind of failure mode, fixing of this 

problem was the next step. The next part explains how to fix the 

problem. 

 

Figure 4.4: Debonding 
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Figure 4.5: Crushing of concrete 

 

 

4.4 Fixing the problem 

As it has been reported by many researchers, many structures 

retrofitted with FRP fail by debonding. Common debonding failure was 

crack debonding. This is caused by high stress concentration which was 

contributed by unevenness shape of the beam radial stresses are 

introduced along curved areas. These radial stresses are in tension while 

concrete is poor in tension there is no way to sustain these stresses. 
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=s Tension force in steel 

=F Tension force in FRP 

=C Compression in concrete 

=R Radial stresses 

Figure 4.6 Fixing the problem 

To fix this problem tension member should be impregnated to the 

concrete substrate. One of the solutions is to hammer a nail into 

concrete. Nails will punch FRP material and will not work for the 

required purpose.  

 Another solution is to install U-wrap on the defected area. This will 

not work on slab but will work only for the beam and column structures. 

Drilling a hole and penetrate FRP material inside this works for any kind 

of structures. When FRP material try to separate from the concrete 

substrate the penetrated FRP material will act as tension member and it 

will hold the FRP in place. 

From this experiment the following graphs were obtained. 
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Figure 4.7: Stress vs. Strain 
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Ultimate load improve, even though the strain gauges were not in 

place to take a reading. The ultimate load goes up to 17.2 kip which is 

20%. 

4.5 Failure Type 

Failure mode changed after fixing this problem. Before we 

experienced three types of failure concrete crushing, shear failure and 

crack debonding. This occurred at the mid span and this takes place 

before its strength capacity has been reached. After fixing this 

problem, plate-end debonding occurs. Plate-end debonding also 

happened just before the beam reached to its strength capacity. 

Failures occur while the FRP at the defected area is still intact. 

 

Figure 4.8: Plate-end debonding 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Introduction 

 

The purpose of this study reported herein was to determine the 

impact of imperfection on reinforced concrete beams retrofitted by FRP 

material. From the results the following conclusions were drawn. The test 

results indicate that the beams with anomalies reduce their strength. 

From this study the following failure modes were seen namely 

concrete crushing, shear failure, FRP rupture and FRP debonding. Most 

of these beams fail by debonding of the FRP material which agrees with 

the literature review. 

Debonding of the FRP from the concrete started to take place at 

the imperfect areas which caused by high stresses concentration along 

the curvature. Study done by Aram et al, 2007 documented that the 

weakest part in the bond surface is the concrete layer close to the 

surface. FRP debonding can thus occur if the interfacial stresses cannot 

be sustained by the concrete. Debonding initiation generally takes place 

in a region of high stress concentration at the concrete-FRP interface. 

Concrete is weak in tension thus leads to failure. These regions include 

the ends of the FRP reinforcement and those around the shear and 

flexural cracks. Therefore codes and guidelines concentrate on two 

debonding failure modes: plate end debonding and mid-span debonding. 

The first mode is the failure that originates near the plate end and 

propagates in the concrete either at the cut-off point of the plate ((1) plate 

end shear failure) ((2) anchorage failure at last crack). The second mode 

is the failure that is caused at a shear or flexural crack and then 

propagates from such a crack towards the plate end. 
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Few beams fail under concrete crushing and shear failure. Shear failure 

occurs when the shear resistance of the beam from the concrete, steel 

and/or FRP materials is lower than that of the applied shear force while 

concrete crushing occurs when the compressive strain in the concrete 

reaches its maximum strain. Steel yields then the concrete crushing with 

the strain in the FRP material to it rupture strain take place. 

5.2. Conclusion 

From this study, the following conclusions were drawn: 

a) Beams with anomalies have lower ultimate loads than that of 

control beams. This is due to the radial stress distribution along 

the curve(s). 

b) Many of these experiments fail by debonding. Only one specimen 

fails under concrete crushing. Concrete crushing occurs when the 

compressive strain in the concrete reaches its maximum strain. 

c) Repairs restore strength up to 20% higher than the one without 

repair.  

5.3. Recommendations 

Recommendations for future work: 

a) Further research should be done on different structures like 

columns and slabs to investigate how it may affect their capacity. 

b) Structures with different steel ratio (under reinforced and over 

reinforced) need to be checked experimentally on how it may affect 

load capacity of the structure. 

c) In this thesis only static load test were performed, fatigue test 

should be conducted also to evaluate experimentally how it will 

affect the strength of the structure. 
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d) Also stiffness of beams should be tested to evaluate how significant 

can be affected. 

e) One method was used to solve the problem. Other method should 

be investigated. 
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Appendix A: Photographs 

 

Figure A-1: Placing of the FRP on the beam 

 

Figure A-2: Placed FRP ready for testing 
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Figure A-3: Shear failure at mid span 
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Figure A-4: Concrete crushing  

 

Figure A-5: Debonding of FRP  
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Figure A-6: Debonding of FRP  
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Figure A-7: Plate-end debonding 
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Appendix B: Beam Design 

 

BEAM DESIGN with FRP 

 
From ACI Manual of Concrete Practice 2003 

MPa 10
9
Pa:=  kip 1000lbf:=  

 

ksi 1000psi:=  

Calculate the FRP-system design material 

ffu_star 550 ksi⋅:=  CE 0.95:=  ffu ffu_star CE⋅:=  

EQ (8-3) and Table 8.1 

ffu 522.5ksi=  L 70in:=  fy 60ksi:=  

ε fu_star 0.015:=  ε fu ε fu_starCE⋅:=  ε fu 0.014=  

EQ 8 4−( )  
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 Modulus of Elasticity of FRP 

Ef

ffu

ε fu

:=  
 

Ef 36666.67ksi=  EQ 8 5−( ) 

 

 
Modulus of Elasticity of Concrete Ec 3625ksi:=  

 

From ACI 318-99, Section 10.2.7.3 

Modulus of Elasticity of Steel Es 29000ksi:=  

 

 Preliminary Calculation 

 β 0.9:=  β 0.9=  

 

ns

Es

Ec

:=   
ns 8=  

 

nf

Ef

Ec

:=  nf 10.115=  

Area of steel 

d_bar
4

8
in:=  d_bar=diameter of the bar  

 

 

As 2
π d_bar

2⋅
4

⋅:=  As 0.393 in
2=  

 

b 6in:=  tf 0.27mm:=  

d 6.5in:=  
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wf 5in:=  h 8in:=  

Weight of the beam 

γcon 0.15
kip

ft
3

:=  wb 0.05
kip

ft
=  wb γcon b⋅ h⋅:=  

Steel Ratio 

 

ρs

As

b d⋅
:=  ρs 0.01=  

 

Af 0.053 in
2=  Af tf wf⋅:=  
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ρf

Af

b d⋅
:=  ρf 0.0014=  

 

 

MDL

wb L
2⋅

8
:=  MDL 2.552kip in⋅=  

 

φ 0.85:=  

Locate the neutral axis. This can be found by equating the moment of the 
transformed tensile steel and Frp area about the centroidal axis of the cross 
section to the moment of the compression area, producing the following from strain 
distribution curve 

From Strain compatibility 

ε s

d kd−

εc

k d⋅
 ....................................................................................1 

 
Simplifies to 

 ε s

εc

k d⋅
d kd−

 

 
C Ts Tf+  

 

b kd⋅
kd

2
⋅ fc⋅ As fs⋅ Af ff⋅+  

 

 
b

kd

2
⋅ Ec⋅ εc⋅ As Es⋅ ε s⋅ Af Ef⋅ ε f⋅+  

b
kd

2
⋅ Ec⋅ εc⋅ Es ε s⋅ As⋅ Af Ef⋅ ε f⋅+  ........................................................2 
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 ε f

h k d⋅−

εc

k d⋅
 

 

ε f
h k d⋅−

k d⋅
εc.................................................................................................3⋅  

3 into 2 gives 

 

Es ε s⋅
1

As

b
kd

2
⋅ Ec⋅ εc⋅

h k d⋅−
k d⋅

⎛⎜
⎝

⎞⎟
⎠
εc⋅ As⋅ Ef⋅−⎡⎢

⎣
⎤⎥
⎦

⋅  
 

Simplifies to 

 
ε s

εc

1

As

b
kd

2
⋅

Ec

Es

⋅
h k d⋅−

k d⋅
⎛⎜
⎝

⎞⎟
⎠

As⋅
Ef

Es

⋅−
⎡
⎢
⎣

⎤
⎥
⎦

⋅
k d⋅

d kd−
 

 

 
b kd⋅

kd

2
⋅ ns ρs⋅ b⋅ d⋅ d kd−( )⋅ nf ρf⋅ b⋅ d⋅ h kd−( )⋅+  

 
y nf ρf⋅ b⋅ d⋅:=  

x ns ρs⋅ b⋅ d⋅:=  

 
z nf ρf⋅ b⋅ d⋅ h⋅:=  

w ns ρs⋅ b⋅ d
2⋅:=  

 
Simplified to 

 
3 kd

2⋅ x y+( )+ w z+( )− 0 

 

x y+ 3.679 in
2=  w z+ 24.721 in

3=  

3 kd
2⋅ 3.7 kd⋅+ 24.7− 0 solve kd,

3.5515620840727300664−

2.3182287507393967331

⎛
⎜
⎝

⎞
⎟
⎠

→  
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 kd 2.3in:=  
a k:= d 

Icr
b a

3⋅
3

ns ρs⋅ b⋅ d⋅ d a−( )
2⋅+ nf ρf⋅ b⋅ d⋅ h a−( )

2⋅+:=  Icr 97.218 in
4=  

 

 
Existing state of strain on the soffit 

 

εb

MDL h a−( )⋅

Icr Ec⋅
:=  εb 0.000041=  

 

 

 
Tensile modulus per width 

kf 389763.78
lbf

in
=  kf Ef tf⋅:=  

 

kf min kf 1000000
lbf

in
,⎛⎜

⎝
⎞⎟
⎠

:=  

Therefore bond-dependent coefficient of the FRP system  

km
1

60 ε fu⋅
1

kf

2000000

in

lbf
⋅−

⎛
⎜
⎝

⎞
⎟
⎠

⋅:=  km 0.942=  
k 0.9:=   

 

EQ 9 2−( ) 

 
km min km k,( ):=  

 

Depth of neutral axis from top 

 

Assume  c kd:=  
c 2.3 in=  

 
Effective level of strain in FRP reinforcement 
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ε fe 0.0035

h c−
c

εb+:=  

EQ 9 3−( ) 

ε fe 0.0087=  km ε fu⋅ 0.0128=  

 

ε fe min ε fe km ε fu⋅,( ):=  ε fe 8.715 10
3−×=  

 

 
Strain in the existing reinforcing steel 

 

 
ε s

d c−
h c−

⎛⎜
⎝

⎞⎟
⎠

ε fu εb+( )⋅:=  ε s 0.011=  

 
EQ 9 8−( ) 

Since  ε s 0.005≥  φ 0.85:=  then EQ 9 5−( ) 

 

Strain in the existing reinforcing steel and FRP 

 fs Es ε s⋅:=  fs 305.382ksi=  

 
fs min fs fy,( ):=  fs 60ksi=  

 
EQ 9 9−( ) 

 
ffe 319.557ksi=  ffe Ef ε fe⋅:=  

 

Flexural strength of the section 

 
ψ 0.85:=  

Mu As fs⋅ d
β c⋅
2

−
⎛
⎜
⎝

⎞
⎟
⎠

⋅ ψ Af⋅ ffe⋅ h
β c⋅
2

−
⎛
⎜
⎝

⎞
⎟
⎠

⋅+:=  EQ 9 11−( ) 
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 Mu 19.11kip ft⋅=  
Moment Capacity 

 

Design Load 

 

Pu.

4Mu

L
:=  Pu. 13.104kip=  
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