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ABSTRACT

The use of fiber-reinforced polymer (FRP) bars in reinforced concrete (RC) 
structures has emerged as an alternative to traditional RC due to the corrosion of steel 
in aggressive environments. FRP materials are non-corrosive, non-conductive, 
lightweight and possess high longitudinal tensile strength, which are advantageous for 
their use in civil infrastructure. Among the many of FRP available, Glass Fibre 
Reinforced Polymer (GFRP) appears to be the most affordable compared to other FRP 
such as Carbon Fibre Reinforced Polymer (CFRP) and Aramid Fibre Reinforced 
Polymer (AFRP). However, it has been reported that concrete beam reinforced with 
longitudinal GFRP reinforcement exhibit large deflection due to low modulus of 
elasticity of the GFRP bars. There is still lack of information on repairing or 
strengthening of GFRP reinforced concrete beams problem due to larger deflection 
compared to conventional reinforced concrete beam. In addition, only limited studies 
numbers reported the contribution of strengthening method in preventing large 
deformation of GFRP reinforced concrete beams. Most of previous studies were 
focusing on the use of ordinary reinforced concrete beams (with steel bars) 
strengthened with CFRP plates. Strengthened concrete beams reinforced witn 
conventional steel reinforcement behave differently than beams reinforced with GFRP 
reinforcement, in such that the steel reinforcement usually yield before GFRP rupture. 
Thus, in this study the investigation on the behaviour and performance of GFRP 
reinforced concrete beam strengthened with CFRP plate was carried out. The effects 
of the specific properties and characteristics of CFRP plate on the performance of the 
beams was also studied. In addition, the development of analytical modelling was 
conducted to predict the optimum CFRP plate bond length and Nominal Moment 
Capacity in strengthening of GFRP reinforced concrete beams. The study comprised 
of experimental work, analytical investigation and numerical modelling. This study 
involved two design conditions of in total ten reinforced concrete beams which is over 
reinforced design (OR) and under reinforced design (UR). Two reinforced concrete 
beams reinforced with steel bar (control beam), two reinforced concrete beams with 
GFRP reinforcement and six GFRP reinforced concrete beams strengthened with 
different bond length of CFRP plate were tested. Analytical study using Finite Element 
Analysis (FEA) was used to simulate and verified the experimental data and parametric 
study. This parametric study was involved the variation of geometrical of CFRP plate 
in different length. The results from the test show that beam reinforced with GFRP bar 
resulted in higher flexural load in both conditions of design OR and UR compared to 
steel reinforced concrete beam with increasing of flexural load by 31.8% to 47.17%, 
respectively. However, GFRP reinforced concrete beams exhibit greater deflection due 
to its low modulus of elasticity compared to steel reinforced concrete beams. GFRP 
reinforced concrete beam strengthened with CFRP plate recorded a good performance 
in terms of ultimate load and deflection although naving a CFRP plate bond length 
ratio between 0.53 up to 0.96. Result from Finite Element Analysis also showed the 
same trend behaviour of GFRP reinforced concrete beams strengthened with CFRP 
plate with experimental results. Results from parametric study obtained the optimum 
CFRP plate bond length ratio for GFRP reinforced concrete beams strengthened with 
CFRP plate is 0.83. Additionally, the new equation predicted the Nominal Moment 
Capacity of GFRP reinforced concrete beam strengthened with CFRP plate well. Using 
the developed equation, the predicted results were in good agreement in predicting the 
nominal strength of strengthened beams with mean ratio of tne test results to predicted 
results about 1.07
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ABSTRAK

Penggunaan bar polimer bertetulang gentian (FRP) dalam Struktur Konkrit 
Bertetulang (RC) telah muncul sebagai alternatif kepada rasuk konkrit tradisional 
disebabkan oleh pengaratan keluli di kawasan persekitaran yang agresif. Bahan FRP 
tidak karat, bukan bahan pengalir, ringan dan mempunyai kekuatan tegangan yang 
tinggi yang sangat diperlukan untuk kegunaan dalam pembinaan infrastruktur. Di 
antara FRP yang terdapat dipasaran, polimer bertetulang gentian kaca (GFRP) adalah 
yang paling sesuai berbanding dengan FRP lain seperti polimer bertetulang gentian 
karbon (CFRP) dan polimer bertetulang gentian aramid (AFRP). Walau 
bagaimanapun, telah dilaporkan bahawa rasuk konkrit bertetulang GFRP bar akan 
mengalami lenturan besar disebabkan oleh modulus keanjalan yang rendah. Pada masa 
kini masih terdapat kekurangan maklumat mengenai pembaikan atau pengukuhan 
masalah rasuk konkrit bertetulang GFRP oleh kerana lenturan yang lebih besar 
berbanding dengan rasuk konkrit konvensional. Disamping itu, hanya sebilangan kecil 
kajian yang melaporkan sumbangan kaedah pengukuhan dalam mencegah ubah bentuk 
yang besar rasuk konkrit bertetulang GFRP. Kebanyakan kajian terdahulu telah 
memberi tumpuan kepada penggunaan rasuk konkrit bertetulang biasa (dengan bar 
keluli) diperkukuhkan dengan plat CFRP. Pengukuhan rasuk konkrit bertetulang keluli 
menggunakan plat CFRP adalah berbeza dengan rasuk konkrit bertetulang GFRP. Ini 
kerana tetulang keluli akan mengalami kemuluran dahalu sebelum plat GFRP putus. 
Oleh itu, dalam kajian ini siasatan ke atas tingkah laku dan prestasi rasuk konkrit 
bertetulang GFRP yang diperkukuhkan dengan plat CFRP telah dijalankan. Kesan, 
sifat khusus dan ciri-ciri daripada CFRP plat kepada prestasi rasuk juga telah dikaji. 
Di samping itu, pembangunan pemodelan analisis unsur terhingga telah dijalankan 
untuk meramalkan panjang optimum lekatan plat CFRP dan kapasiti nominal momen 
dalam pengukuhan rasuk konkrit GFRP. Kajian ini terdiri daripada kerja eksperimen, 
penyiasatan analitikal dan pemodelan berangka. Kajian ini melibatkan dua jenis 
rekabentuk iaitu sejumlah 10 rasuk konkrit bertetulang yang bertetulang lebih (OR) 
dan bertetulang kurang (UR). Dua rasuk RC ditetulangkan dengan bar keluli (rasuk 
kawalan), dua rasuk konkrit mengunakan tetulang GFRP dan enam rasuk konkrit 
bertetulang GFRP yang diperkukuhkan dengan panjang lekatan plat CFRP yang 
berbeza telah diuji. Analisis analitikal menggunakan analisis unsur terhingga telah 
digunakan bagi mensimulasikan dan dianalisa pada rasuk yang diuji dan kajian 
parametrik. Kajian parametrik ini melibatkan variasi geometri plat CFRP dengan 
panjang lekatan yang berbeza. Hasil kajian ini menunjukkan bahawa rasuk bertetulang 
GFRP menyebabkan lenturan yang lebih tinggi dalam kedua-dua kategori rasuk 
konkrit bertetulang lebih (OR) dan bertetulang kurang (UR) berbanding dengan rasuk 
konkrit keluli dengan peningkatan beban lentur masing-masing sebanyak 31.8% 
kepada 47.17%). Walau bagaimanapun, lenturan yang besar dalam rasuk konkrit 
bertetulang GFRP adalah disebabkan oleh modulus keanjalan yang rendah berbanding 
rasuk keluli. Rasuk konkrit bertetulang GFRP yang diperkukuhkan dengan plat CFRP 
mencatatkan prestasi yang baik dari segi beban muktamad dan pesongan walaupun 
mempunyai nisbah panjang lekatan plat CFRP 0.53 sehingga 0.96 sahaja. Berdasarkan 
keputusan analisis berangka, didapati ketepatan yang munasabah dari segi beban lentur 
dengan data dari keputusan keija makmal. Keputusan kajian parametrik menunjukkan 
nisbah panjang lekatan yang optimum bagi plat CFRP pada rasuk konkrit bertetulang 
GFRP adalah 0.83. Tambahan pula, formula kekuatan nominal rasuk yang direka 
memenuhi ketetapan nilai bagi rasuk konkrit bertetulang GFRP yang dikukuhkan 
mengunakan plat CFRP dengan ketepatan 1.07.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Advanced Polymer Composites (APC) materials or known as Fiber Reinforced 

Polymer (FRP) represent one of the most promising new reinforcing materials used in 

construction industries. At first, the applications of FRP are predominantly in the 

aerospace and the off-shore industries. However, in the last four decades the potential 

advantage of FRP as an alternative building materials has commenced in civil and 

structural engineering. In the 1970s, the use of FRP had been accepted for the 

construction of building since this material had been fully made from polymer 

composites. As an examples of the use of FRP are in the construction of tower of 

BBVA headquarters in Madrid (Miguel and Diaz, 2015), constructed a highway bridge 

with decks using an FRP-SIP formwork and FRP grillage reinforcement at Wisconsin 

(Wan, 2014).

Deterioration of reinforced concrete structure due to corrosion of 

reinforcement or continual upgrading of the structure such as increase of traffic load 

on bridges has resulted in a large number of structures require repairing and 

strengthening. To remedy this problem, especially in bridges, building and marine 

structures, various measures and techniques have been used such as increased concrete 

cover thickness, the use of cathodic protection, and use of different types of 

reinforcement such epoxy coated steel bars and stainless steel. Mainly due to corrosion 

problem found in steel bar of reinforced concrete (RC), engineers started to introduce 

FRP bar as a substitute to this conventional reinforcement material. Steel 

reinforcement embedded in concrete structure protected by high alkalinity of the 

concrete (pH >10) and surrounded by concrete cover against corrosive agent such as 

chloride ion (Cl), moisture (H2O) and oxygen (O2). However, the durability of 

concrete is normally limited depending on the surrounding enviroment. Moreover, the 

concrete is always exposed to an aggressive environment that lead to carbonation
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process causing reduction of concrete alkalinity which resulting in corrosion of steel 

reinforcement. Some previous studies pointed out the corroded reinforcement 

significantly affects the strength capacities and performance of RC beams (Rodriguez, 

Ortega and Casal, 1997; Almusallam, 2001; Abosrra, Ashour and Youseffi, 2011). 

Therefore, high maintenance cost of repair work for rehabilitation or steel 

reinforcement replacement is indispensable to overcome corrosion problem.

FRP are made of inorganic high strength fibres, such as carbon, glass or aramid 

which are impregnated with a resin matrix. The result indicates unique physical and 

mechanical properties of FRP. Nonetheless, its properties depend on the combination 

properties of fibres and resin, as well as fraction of the fibres and resin (Alberto, 2013; 

Correia, 2015). In comparison with steel reinforcement properties, the FRP 

reinforcement offer an outstanding performance. Johnson (2009) stated that FRP has 

strength to weight ratio 10 to 15 times more than steel. Another advantage of FRP is 

that is non-magnetic and provides excellent corrosion resistance which can lead to 

lower life cycle cost. As lightweight reinforcement material, FRP is easier in 

fabrication, transportation, installation and handling, even inaccessible or restricted 

working are compared to the steel. Commercially, there are three different types of 

FRP, made of glass, aramid, and carbon for application as reinforcement for non- 

structural or structural members. FRP has numerous types and shape such as rods, 

sheets, plates and grid as shown in Figure 1.1. In the construction industries, the 

application of FRP are not limited only to the reinforcement of concrete but also in 

rehabilitation of structure such as in beam and column strengthening.
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(a) (b) (c)

Figure 1.1 Various Types and Shapes of FRP (a) sheet (b) Plate (c) Rod (FIB 
Bulletin 14, 2001).

Among various types of FRP, glass fibre reinforced polymer (GFRP) is mostly 

used commercially as the reinforcement materials. The use of GFRP reinforcement 

has rapidly increased in recent years due to GFRP reinforcement characteristics. One 

of the most representative example such application in the Pontresina Bridge in 

Switzerland, in which the superstructure consists of two lateral trusses made of GFRP 

profiles and a deck also made of GFRP panels (Correia, 2015).

Existing structure may have deteriorated due to environmental factors as with 

the corrosion of steel reinforcement in superstructure, vehicle collision and design and 

construction error resulting in lower load capacity than planned. Deteriorated bridges 

have to be repaired and due to updating design codes, some of the structures may no 

longer satisfy current requirement especially due to seismic load and the structure 

needs to be repaired according to current situation. FRP materials have exceptional 

stiffness and strength to weight ratios and do not required heavy equipment to be 

installed. Because of this easy handling of FRP plates or sheets has become a popular 

method for strengthening or retrofitting reinforced concrete bridges and other 

structures (Bakis et al., 2003; Schue, 2004). The epoxy normally used in FRP 

strengthening can be cured and acts quickly. As it reduces the time that traffic is 

blocked, FRP strengthening is a very attractive solution. This method widely adopted 

as solutions for retrofitting existing structures; most applications are related to shear 

and flexural reinforcement, confinement of columns and joints. National and 

international code provisions for the design of elements strengthened with FRP 

Externally Bonded Reinforcements (EBR) are also being issued worldwide FIB
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Bulletin 14(2001); ISIS Canada (2007); ACI 440.2R (2008) and Japan Society of Civil 

Engineers ( 2008).

1.2 Problem Statement

Fiber-reinforced Polymer (FRP) materials have been recognized as new 

innovative materials for concrete reinforcement, rehabilitation and retrofit. Since 

concrete is poor in tension, a beam without any forms of reinforcement will fail when 

subjected to a relatively small tensile load. Therefore, the use of FRP to reinforce the 

concrete is an effective solution to increase the overall strength of the structure. 

However, when FRP reinforcement ruptures in tension (i.e. tension-controlled 

failures), there is significant elongation. Extensive cracking and large deflections give 

warning of impending failure.

Concrete beam reinforced with GFRP reinforcement resulted in higher 

deflections and larger crack widths compared to steel RC beams with the same 

reinforcement ratios (Kalpana and Subramanian, 2011). This is because of the low 

elastic modulus (35-51 GPa) of the GFRP reinforcement, as recognized in the 

guidelines for the design and construction of structural concrete reinforced with FRP 

reinforcement in American Concrete Institute Committee (ACI) (ACI 440.1R, 2002). 

Moreover, GFRP reinforcement show linear-elastic behaviour up to failure without 

showing any yielding, unlike the behaviour of steel reinforcement (Benmokrane e t al 

2000). Likewise, due to the lower stiffness of the GFRP material, GFRP RC beams 

display lower post cracking bending stiffness than conventional steel reinforced 

concrete beams (Ascione e t  al, 2010). Hence, to avoid GFRP rupture, which the 

failure may occur without warning, ACI 440.1R, (2002) is recommended to design the 

beams to fail by concrete crushing (over-reinforced). This type of failure is also 

classified as brittle but is more desirable for GFRP reinforced concrete flexural 

members (ACI 440.1R, 2002). To overcome the lack of ductility, the margin of safety 

for the design of GFRP reinforced concrete flexural member is higher than the margin 

of safety for steel RC flexural members. A strength reduction factor of 0.55 is 

suggested by ACI 440.1R, (2002) for GFRP rupture to rule the design. In design of
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over-reinforced GFRP reinforced concrete beams, the strength reduction factor is 

dependent on the reinforcement ratio and balanced reinforcement ratio. It is well 

known that beams reinforced with GFRP reinforcement experiences higher load than 

the beams reinforced with steel bars but have a large deflection due to high strength 

and low modulus of elasticity GFRP reinforcement (Barris et al., 2009). Hence, to 

control the deflection rate, higher reinforcement ratio in the tension zone is compulsory 

for GFRP reinforced concrete beams (Ashour and Habeeb, 2008). Because of the low 

modulus of GFRP reinforcement, the stiffness of GFRP reinforced concrete beam is 

relatively low and thus deflection control is an issue.

Carbon Fiber Reinforce Polymer (CFRP) plate is widely used for strengthening 

of conventional steel flexural member widely reported (Obaidat e t al, 2011; Attari el  

a l ,  2012; Dong e t  al, 2013; Baggio et al, 2014). The use of CFRP plate as external 

strengthening material to GFRP reinforced concrete beam has not been reported in 

literature. Strengthened concrete beams reinforced with conventional steel 

reinforcement behave differently than concrete beam reinforced with GFRP 

reinforcement. As such that the steel reinforcement will exhibit plastic behaviour after 

yielding point, it is not occurring to the GFRP reinforced concrete beams. This study 

therefore looks at the behaviour of the flexural behaviour of concrete beams reinforced 

with GFRP reinforcement and strengthened with CFRP plate. The contribution of the 

reinforcement and strengthening system on the load carrying capacity of this 

composite systems was studied.
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1.3 Objective of Research

The main aim of this study is to investigate performance of GRFP reinforced 

concrete beam strengthened with CFRP plate. In order to achieve the aim, the specific 

objectives of the study are as follows:

(a) To examine the flexural behaviour of reinforced concrete beams with 

different types of longitudinal reinforcement (steel and GFRP 

reinforcement) at different longitudinal reinforcement ratios (/)/) through 

experimental work.

(b) To investigate the flexural behaviour of GFRP reinforced concrete beam

strengthened with CFRP plate.

(c) To verify the flexural behaviour of GFRP reinforced concrete beam

strengthened with CFRP plate by using finite element analysis.

(d) To determine the effective CFRP bond length ratio from experimental and

numerical analysis.

(e) To propose an equation for predicting the nominal strength of GFRP

reinforced concrete beam strengthened with CFRP plate.
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1.4 Scope of Research

This study comprises of large scale experimental work and analytical 

investigation in predicting the nominal strength behaviour of GFRP reinforced 

concrete beam strengthened with CFRP plate. The use of glass fibre reinforced 

polymer (GFRP) to replace conventional steel reinforcement in simply supported 

rectangular concrete beams was applied. Sand coated and ribbed surface of 

longitudinal GFRP were selected in order to improve their bond performance. The 

main parameters investigated in this present study are longitudinal reinforcement ratio 

(pj), and bond length ratio of CFRP plate (Lp/L„). The explanation on the specimen 

details are discussed in Chapter Three.

In order to assess the flexural behavior, the present study focus on beam 

deformation, cracking and mode of failure of beams. Based on the finding a nominal 

strength equation is proposed based on experimental and nonlinear finite element 

results. The present study carried out both experimental, parametric study, analytical 

investigation and numerical modelling.

Experimental and analytical investigation: Experimental testing was carried out at 

engineering laboratory. The experimental also work on determination of compressive 

strength concrete. All beam specimen were cast with high strength concrete and tested 

after 28 days of curing. Two groups of specimen were prepared and tested under four 

point-loading systems that were subjected to static load condition. Group 1 and 2 were 

designed to evaluate the flexural capacities of GFRP reinforced concrete beam with 

under reinforced and over reinforced design.

All beams have the same sections (width, b and height, h) except for their 

CFRP bond length. The effect of CFRP bond length ratio (Lp/L„) was investigated by 

three different ratios. The analytical analysis using the Finite Element software known 

as ATENA was used to simulate and analyse the response of the tested GFRP 

reinforced concrete beam strengthened with CFRP plate. The software was used to 

determine the load-deflection performance of GFRP reinforced concrete beam 

strengthened with CFRP plate with changing of geometrical of CFRP plate.
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Numerical Modelling: In this part of the investigation, the analysis from 

experimental results was evaluated to examine the influence of parameters that affect 

the flexural performance of GFRP reinforced concrete beam strengthened with CFRP 

plate. The findings of the analysis between different CFRP bond length ratio and width 

of CFRP plate were compared. The test results come out with the effective length of 

CFRP bond length and influence on the flexural strength of GFRP reinforced concrete 

beam strengthened with CFRP plate. At the end of this study, a new nominal strength 

design equation to predict the flexural strength capacities of GFRP reinforced concrete 

beam strengthened with CFRP plate is proposed.

1.5 Significant of Research

The issue of corrosion in the steel reinforcement embedded in reinforced 

concrete structure has been overcome though the use of new material resulting in low 

maintenance cost and significant extension of service life of the structure. This 

condition has been solved by new composite material of non-corrosive FRP which has 

emerged as an alternative reinforcement material in the construction industries. GFRP 

has superior durability properties being a non-corrosive material and superior 

mechanical properties such as high tensile strength and low self-weight. A 

combination between GFRP and CFRP plate should result in a durable, sustainable 

and cost effective system. Moreover, externally bonded CFRP is used for 

strengthening or repairing of existing concrete members to improve load-resistance as 

well as serviceability. The performance of concrete beam reinforced with GFRP and 

applicability of different bond length of CFRP plate as strengthening regime for such 

systems will result in the reduction of the overall cost of CFRP strengthening system. 

Load carrying capacity of GFRP reinforced concrete beam could be significantly 

improve with the effective CFRP bond length ratio (Lp/Ln). The proposed nominal 

strength equation will predict the flexural strength of GFRP reinforced concrete beam 

strengthened with CFRP plate.



1.6 Layout of Thesis

The thesis comprises of seven chapters which include Introduction, Literature 

Review, Research Methodology, Experimental and Data Analysis, Finite Element 

Modelling and Simulation, Nominal Strength Design Equation and Conclusion and 

Recommendation.

Chapter One, presents an introduction, problem statement, objectives and significant 

of study.

Chapter Two, presents the literature review of previous studies that discuss about 

GFRP reinforced concrete beam strengthened with CFRP plate. In this chapter design 

guidelines and various approaches are identified. This literature review is used as 

intellectual support and comparison of the present study.

Chapter Three, describes the details of the test specimen preparation, experimental 

setup, instrumentation and test method involved during experimental work. In 

addition, this chapter also present the development of numerical simulation procedure 

by ATENA software.

Chapter four, deals with the experimental result in terms of modes of failure, load 

carrying capacities, deflection as well as concrete and reinforcement strains for all 

tested reinforced concrete beams. The results of strain monitoring on concrete, and 

plate are examined and analyses to determine their relationship with the flexural 

performance of the GFRP reinforced concrete beam strengthened with CFRP plate.

Chapter Five, presents the development of numerical simulation analysis by the 

ATENA software with the addition a few parameters considered as parametric study. 

The numerical simulation predicts and analyses the response of the tested GFRP 

reinforced concrete beam strengthened with CFRP plate.

9



Chapter Six, presents the development of flexural strength equation predicting the 

nominal strength capacities of all tested specimens. All important assumption and key 

parameters are examined.

Chapter Seven, gives conclusion of the research findings and proposes future work 

of the present study.
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