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CHAPTER 1  
INTRODUCTION 

 

1.1 Background 

Concrete is the most widely used construction material in the world.                           

A conservative  estimate is that  at least  4.5 billion tons of concrete per year are 

consumed  worldwide (Flower & Sanjayan, 2007). Cement as one of constituent of 

concrete has been reported to contribute 5% to 8% of global CO2 emissions (Flower 

& Sanjayan, 2007). As a result, emissions due to Portland cement have often become 

the focus when assessing the green-house gas emissions of concrete (Theodosiou, 

2010).  

There are two types of carbon contributors in buildings namely embodied and 

operational. Operational carbon refers to carbon dioxide emitted during the life of a 

building, from the regulated and unregulated loads associated with the use of a 

building. Whereas embodied carbon refers to extraction of row material, processing in 

factory, transporting the concrete to a construction site. Significant research works 

(design regulation etc.) have been carried out to reduce operational carbon 

(Government, 2006). For example, Building Act 1984 is set out in England and Wales 

to the newest buildings and many alterations of existing building, whether domestic, 

commercial or industrial. In addition to this, Code for Sustainable Homes which is a 

standard for new dwellings that sets levels of performance for a range of 

environmental impact is also applied in England and Wales (Willars, 2010). 

UK was the first country in the world that has created national legal framework 

for tackling climate change with number legally national binding target for reducing gas 

emissions with targeting reduction of emission at least 80% by 2050 with an 

intermediate target of a 34% reduction by 2020 against a 1990 baseline (Willars, 

2010). Building regulation and standard (Building Act 1984) as mentioned above has 

been developed to achieve the standard and to encourage less carbon emissions. 

There is innovation required to reduce embodied carbon emission in buildings. 

Firstly, is to use Fibre Reinforced Polymer (FRP) which have a higher strength to 

weight ratio than steel and has corrosive resistance to replace steel bars. Lighter 

weight can improve performance, reduce energy need and simplify handling and 

speed installation. Secondly, reduction in embodied carbon emission is more 
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significant in optimum design of concrete member using FRP as internal reinforcement 

or external formwork. 3D concrete printing technology was developed at 

Loughborough University (Lim et al., 2016) provided new construction technology that 

can be implemented to construct sophisticated optimum concrete structure which very 

difficult to do with current common method. FRP can provide potential reinforcement 

system in combining with application of 3D concrete printing. 

This study is to use biaxial carbon fabrics as a single continuous reinforcement 

system to replace reinforcement bars in concrete beam. Two biaxial carbon fibres 

direction with balance mechanical properties has potential aspect in giving good 

performance in strength and deformability of structure. However, this study is limited 

to study flexural behaviour only for CFRP RC beam. Behaviour of CFRP RC beam is 

beyond of the scope of this thesis. 

1.2 Biaxial FRP Fabric as Internal Reinforcement  

The use of FRP bars, FRP plate or strip as internal reinforcement has been found 

in infrastructure applications such as bridges. However, this type was strong mainly in 

unidirectional direction (0 degree) and weak in transverse direction (90 degree). 

Therefore, the use of biaxial fibre fabrics (0o90o / ±45o direction) which has more 

balance and symmetric mechanical properties in unidirectional and transverse 

direction (see Fig.1.1). In addition, it is able to make any shape, optimise shape and 

save a lot of concrete which has potential effect in reducing carbon emission.  

 
(a)                                                            (b) 

Fig.1.1 Example of biaxial fabrics; (a) carbon fabric 0o/90o; (b) carbon fabric ±45o 

(Easycomposites, 2015)  
 

X 

Y 

+45O 
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90o 
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Y 
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Fibre fabric starts to be used as internal reinforcement and external formwork in 

concrete structure applications. For instance, work done at University of Bath used 

biaxial fibre fabric as formwork for optimised T Beam.  Fig.1.2 shows that the  

optimised continuous T-beam consume less concrete up to 40% than equivalent 

conventional prismatic section (Orr et al., 2011). 

 

Fig.1.2 T-Beam formed in fabric (Orr et al., 2011) 

Due to its excellent ductility and flexibility, biaxial fibre fabric may not only be 

used as external formwork but also potentially used as an internal reinforcement to 

replace steel reinforcing bars. Moreover, biaxial fibre fabric offers mechanical 

performance advantages over unidirectional fibres. This bi-directional sheets are 

suitable for increasing the ductility of a structure component (Setunge et al., 2002). 

Fig.1.3 shows preliminary design of opened channel CFRP reinforcement system for 

concrete beam in this study. The use of simply supported rectangular concrete beams 

in this project is to understanding behaviour of single continuous reinforcement before 

it is used in any complex shapes. The findings of this project will have potential 

applications in complex non-prismatic and 3D print concrete where CFRP fabrics 

offers high benefits. 

 

Fig.1.3 A concrete beam reinforced internally with opened channel CFRP fabric reinforcement 
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1.3 Research Objectives 

The main goal of this project was to demonstrate the application of CFRP 

reinforcement for concrete beams to ensure sufficient strength and ductility and 

development of design framework as well. Therefore, several stages were defined to 

achieve this goal. These stages had several objectives as follows: 

1) Development of approximate geometry of single reinforcement system 

2) Design approximate of test specimen and testing method to extract mechanical 

properties 

3) Using the mechanical properties of the CFRP to design a reinforcement system 

for simply supported beam. 

4) Experimentally Investigate load response and failure behaviour of fabric 

reinforced concrete beam. 

5) Characterisation detailed analysis of the mechanical behaviour of stress-strain 

relationship of CFRP channel using strain measured strain data 

6) Design and evaluation of an improvement developed methods to improve bond 

between concrete and CFRP reinforcement 

1.4 Research Hypothesis  

This study is starting the use of a single reinforcement system in concrete beam 

which is not really established. No guidance and information for designing for such 

reinforcement system creates some hypotheses for its feasibility use. The hypotheses 

were shown as follows: 

1)   A single reinforcement system made of biaxial CFRP fabric can provide the 

required strength and ductility in concrete beam. 

2)  A strong bond between CFRP and concrete will provide a good composite 

action.  

1.5 Novelty 

The novelty of this PhD project is the comprehensive numerical and experimental 

investigation of the load response and failure behaviour of concrete beam reinforced 

with FRP fabrics. This has not been attempted yet anywhere in the world. 

1.6 Arrangement of the Report 

Chapter 1 reviews the background of this project, brief introduction of biaxial 

glass and carbon fabrics for concrete structure, objectives, research hypothesis and 
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the novelty of this project. Chapter 2 reviews internal FRP reinforcement in concrete 

beam, challenge of using FRP as internal reinforcement, mechanical properties of 

CFRP, ductility, bonding between FRP and concrete, and laminate analysis for FRP. 

Chapter 3 explains experimental method comprise of fabrication technique to obtain 

mechanical properties of FRP and testing procedure.  Theoretical method was also 

used to define approach method in beam design and to predict behaviour of the beam. 

Chapter 4 describes experiments on material characterisation of CFRP fabrics that 

required for concrete beam design. Chapter 5 describes concrete beam design with 

internally opened CFRP channel using strain-stress compatibility and force equilibrium 

method. Chapter 6 presents results and discussions from experiments especially for 

concrete beam design which reinforced internally with opened CFRP U-channel. 

Chapter 7 describes study of bonding behaviour on CFRP RC beam and final design 

of closed box with intermittent top opened CFRP reinforcement system for concrete 

beam. The use of aggregate coating on the whole surface of the reinforcement system 

was described as well in this chapter. Finally, Chapter 8 contains final conclusions 

and recommendation for potential further research. 
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CHAPTER 2 
 LITERATURE REVIEW 

 

Fibre reinforced polymer (FRP) is a composite material made of 

a polymer matrix reinforced with fibres which are usually glass, carbon, aramid, or 

basalt. The strength and the stiffness are primarily derived from fibres and matrix binds 

the fibres together to form structural and non-structural component.  FRP structural 

form can be in form of FRP deck panel, FRP pultrude structural profile for building and 

bridge construction as shown in Fig.2.1. Whereas For non-structural component or 

secondary structure it can be seen in form of door, cable pathways, garden benches 

as shown in Fig.2.2. 

 

Fig.2.1 FRP for structural component (Roy et al., 2005). 

Over the last few decades, application of FRP in construction industry has been 

developed (Zoghi, 2014). Its use for strengthening of structural elements such as 

concrete beams and columns has been well documented (Achintha, 2009).  Although 

some examples can be found for the use of FRP as internal reinforcements and as 

formwork, the further research is needed before its widespread commercial 

applications (Zoghi, 2014). FRP material offer a number of advantages over steel 

reinforcing bars, which have been used for more than 150 years in construction 

http://en.wikipedia.org/wiki/Composite_material
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industry (Schaeffer, 1992). The advantages of FRP are corrosion resistance, light 

weight, non-conductive, high strength, etc.   

 

Fig.2.2 Examples for GFRP pultruded products for non-structural applications (Bai, 2013) 

2.1  FRP as an Internal Reinforcement 

FRPs are used successfully in Civil Engineering applications for more than three 

decades (Zoghi, 2014). However, the first known application of FRPs as internal 

reinforcement in concrete structures has been reported in 1996 (FIB, 2007).  This is 

because FRPs is an efficient and affordable solution in replacing steel reinforcing bars 

in concrete structure due to its corrosion resistance, lightweight, durable, and high 

strength.  

Some applications for utilisation of FRP bars in the concrete deck of bridge 

reported in (ISIS-Canada, 2006) such as the Salmon River Bridge, British Columbia 

(Fig. 2.3a), and Wotton Bridge in Quebec (Fig. 2.3b) as solution for corrosion problem. 



9 | P a g e  
 

   

(a) (b) 

Fig.2.3 (a) Application of FRP Reinforcing bars being installed in the concrete deck of the 
Salmon River Bridge, British Columbia; (b) Placement of GFRP and CFRP reinforcement in 
the Wotton Bridge Deck. 

 

There are several types of internal FRP reinforcement that have been used in 

many structural applications such as FRP reinforcing bars, FRP pultrude (see Fig.2.4), 

FRP fabrics and FRP plate and strips (see Fig.2.5). 

  
(a)                                   (b) 

Fig.2.4 (a) Pultrall V-Rod, Hughes Bros and Aslan 100 FRP (Left to Right) as FRP bars 
(Johnson, 2009); (b) Pultrude FRP plank (Bank et al., 2006) 

 

 
(a)      (b) 

Fig.2.5 (a) FRP fabrics; (b) FRP plate and strips (FIB, 2007) 
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Although those kinds of FRP reinforcement above has been used for many years, 

the exploitation of use flexible continuous FRP fabrics not much published yet. In 

particular, FRP fabric reinforcements have potential in non-prismatic concrete beams, 

where conventional steel reinforcement systems are difficult to provide. Recent work 

at the University of Bath has shown that structurally optimised, non-prismatic concrete 

beams cast using flexible formwork can make concrete saving up to 30% (Orr et al., 

2010) over prismatic beams, thereby providing opportunity to reduce the carbon 

footprint of concrete structures 

 
Fig.2.6 Preforms concrete structures using fibre fabrics (Orr et al., 2010). 

 

The flexible nature of FRP fabrics prior to curing with resins provides the prospect 

of forming novel 2D/3D reinforcement systems, enabling more efficient and innovative 

use of the materials. Despite the potential of FRP fabrics, little research on their use 

as internal reinforcement has been reported in the literature. Unidirectional FRPs, 

largely used for repair/strengthening of concrete structures, have anisotropic material 

behaviour with poor strength and stiffness properties in the transverse directions. On 

the other hand, 2D FRP fabrics, which are either woven or stitched, can be used to 

achieve more balanced properties including high in-plane strength and ultimate strain. 

2.2  Challenges of using FRP as Internal Reinforcement 

Fig.2.7 shows stress-strain relationship of several types of fibres and reinforcing 

steel. Reinforcing steel shows lower strength compared with fibres, however steel 

shows much better ductility compared with fibres. Fibres shows mainly linear up to 

failure load when it is tested under unidirectional direction.  This becomes challenges 

for engineers when use this material for civil engineering applications due to its brittle 

behaviour of fibres. However, FRPs do not necessarily as brittle as the fibre properties 

suggest, it can depend on loading direction. Numerous applications for 

strengthening/retrofitting of concrete structures using FRPs have been found in (ACI 

440.2R, 2008) and the applications of FRP as an internal reinforcement are also found 

in (ACI 440.1R, 2006).   
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Fig.2.7 Stress-strain properties of typical fibres (Banthia et al., 2006). 

 

Others challenges are potential difficulties arising from FRP-RC failure modes 

and misconceptions due to the differences in designing concrete with FRP 

reinforcement rather than with steel.  Selecting type of fibres (unidirectional or 

bidirectional), orientation of fibre and shape configuration reinforcement system in 

concrete structure will influence the failure modes. Bond is also an issue in designing 

concrete using internal and external FRPs reinforcement as well. 

Two potential failure modes which are tension-controlled failure and 

compression-controlled failure are accepted in the design of FRP-reinforced flexural 

members provided that strength and serviceability criteria are satisfied. Although 

concrete crushing has typically been considered to be the more desirable failure mode 

as mentioned in some standard and codes such as ACI440.1R-2006 and Canada 

standard CSA 1996 and CSA 2002, there are opposing viewpoints on this issue. 

2.3  Mechanical Properties of FRP 

Mechanical properties of FRP composites depends on the combination of two 

major components, resin and fibre (Bai, 2013). The properties of this composite is 

influenced by such factors as the orientation and volume fraction of the fibre, the fibre 

and matrix interaction and processing condition. An investigation into the effects of 

fibre volume fraction on GFRP plate subjected to axial load by (Rejab et al., 2008) with 

weight percent of fibres 20% (S1),30% (S2) and 40% (S3) showed significant effects 
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on mechanical properties of the composites including strength, toughness and failure 

mode. The increase of strength was obvious when the fibre volume fraction increased. 

However, the composite ultimate strength will degrade if the fibre volume fraction is 

too large.  

Wet lay-up process is selected in this project rather than other techniques such 

as Resin Transfer Moulding (RTM) process and Autoclave process. This process is 

easy, low cost effective because it uses simple tools, meet with complex shapes and 

continuous fibres (Bai, 2013). Whereas, RTM and Autoclave need strong and heavy 

tools which increase the cost of tooling and processing cost.     

2.4  Ductility 

Ductility is the ability of a material to undergo inelastic deformations without 

fracture yet still fulfil a load carrying function. This is an important parameter of 

concrete structure design (Attari et al., 2012). Ductility is a desirable structural property 

because it allows stress redistribution and provides warning of impending failure. 

Ductility of concrete elements reinforced with FRPs is a main challenge and there is 

no accepted design philosophy. Therefore providing ductility in concrete structure with 

FRPs reinforcement is advantageous under static load but it also key to structural 

response under dynamic load, in which case it is linked with energy absorption. 

In conventional steel-reinforced concrete beams, sufficient ductility is achieved 

by designing them to be under-reinforced. Here failure is initiated by yielding of the 

steel reinforcement, followed, after considerable deformation at no substantial loss of 

load carrying capacity, by concrete crushing and ultimate failure. This mode of failure 

is ductile and is guaranteed by designing the tensile reinforcement ratio to be 

substantially below the balanced ratio.  

Ductility can be assessed in terms of deformation and energy. The use of ductility 

based on the energy definition,𝜇𝐸, which is defined as the ratio of energy of the system 

at failure, 𝐸𝑢, to that at first steel yield, 𝐸𝑦, for instance. Based on deformation 

definition, ductility may be defined as the ratio of the ultimate curvature or deflection 

to the yield curvature or the yield deflection. A new ductility expression was introduced 

by (Oudah & El-Hacha, 2012) based on deformability and the energy of the beam.    

The ductility indexes mentioned in his paper are defined as: 

 Curvature ductility:          𝜇∅ =
∅𝑢

∅𝑦
      [2.1] 
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 Deflection ductility:         𝜇∆ =
∆𝑢

∆𝑦
      [2.2] 

 Energy ductility:              𝜇𝐸 =
𝐸𝑢

𝐸𝑦
     [2.3] 

  

 

 

 

 

 

 

 

 

 

Fig.2.8 Ductility factor expression in term of curvature 

2.5 Concrete-FRP Bonding 

In concrete applications bonding between concrete and reinforcement is 

essential for transfer of stress between concrete and reinforcements in order to 

develop composite action. Failure in bonding can lead premature failure to structures 

before reach their ultimate capacity. Therefore, the integrity of reinforcement to 

concrete members should be achieved to avoid this failure. 

More than two decades several researchers concern about bonding problem 

between FRP to concrete as premature failure in strengthening of reinforced concrete 

members. (Bakay & Shrive, 2009; Ben Ouezdou et al., 2009; Lu et al., 2005; Hong, 

2008; Nakaba et al., 2001). Numbers of factors commonly has been investigated by 

several researchers which affect the bond behaviour between FRP and concrete such 

as bonded length, concrete strength, and number of plies (stiffness), sheet width and 

surface preparation. 

Three test method recommended for bond test between FRP laminates and 

concrete i.e. pull-off test, double shear test, and flexural test. Those are depicted in 

Fig.2.9. Fig.2.9 (a) shows pull-off test to directly obtain the bond strength. It is used 

especially in the field to assess the quality of bond between externally bonded FRP 

repair material and concrete owing to its low cost and simple procedure. However, the 

ductility factor 
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small scale and localised nature of the test can lead to high variability in the results 

(Mata & Atadero, 2014).  

 

Fig.2.9 Bond test specimen 

 

In term of shearing in this method (see Fig.2.9 (b)), double-face shear type has 

been widely used. Prism with a notch at the centre reinforced with FRP laminates on 

both faces. Two steel bars also have no connection, which means that the two prism 

are connected only through the FRP laminates. One of the sides of the specimen was 

reinforced with a confinement FRP allowing the occurrence of delamination of the 

laminate only on the opposite side, where the strain gauges were set. Once the tensile 

forces from the FRP is transferred into the concrete, there is nearly no bond stress 

between the un-bonded region. This means that when the bonded length exceeds a 

critical length, the fracture load remains constant (Nakaba et al., 2001). 

Fig.2.9 (c) shows flexural bonding test on a concrete prism. A prism beam was 

separated at the middle and FRP laminates was attached to the bottom of beam. 

Similarly with double face-shear type, one of the sides of specimen was reinforced 
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with a confinement FRP. Evaluation of bonding stress for this method can be seen in 

the section 2.5.3.  

2.5.1 Effective Bond Length Concept  

The issue of Effective Bond Length (EBL) in evaluating bond strength between 

concrete and FRP is paid attention in evaluating the maximum load to be carried by 

the strengthened structure. The effective bond length is the length beyond which any 

increase in bond length cannot increase bond strength (Chen & Teng, 2001). 

 

Fig.2.10 Concept of the effective bond length   (EBL): (a) in term of stress distribution (Ueda 
& Dai, 2005); (b) in term of strain distribution (Ueda & Dai, 2004). 

  Fig.2.10 shows the concept of effective bond length (EBL) in single-lap shear 

test. Effective bond length is the active bonding zone along which most interfacial 

stress is transmitted into the concrete. When the bonded length of FRP-concrete 

interface exceeds the EBL no further increase in failure load can be achieved. Another 

concept of EBL as depicted at   Fig.2.10 (b) is also defined through distribution for 

which the effective bond length is the distance required for the strain to vanish. Due to 

eccentricity in the load path peel stresses are also developed as shown in Fig.2.11. 

 

Fig.2.11 Local shear stresses and peel stresses at adhesive layer (Bai, 2013) 
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In a pure tensile experiment (Fig.2.9 (a), the bond strength at average stress has 

tendency to decrease when the bond area increase. This is because the bond stress 

is not distributed throughout the full area of the bond length. (Nakaba et al., 2001) 

reported that effective bond length was not more than 100 mm from the loaded end of 

the laminate or from the crack position. The laminated width exhibited great influence 

on the bond behaviour only when it was less than 10 mm.  

2.5.2 Double-Shear Test 

There are six possible failure modes for single or double shear test in theory for 

FRP or steel plate bonded to concrete (Chen & Teng, 2001). Those are (1) concrete 

failure; (2) adhesive failure; (3) concrete to adhesive interface failure; (4) plate to 

adhesive interface failure; (5) FRP delamination for FRP to concrete joints; and (6) 

plate tensile failure including FRP rupture or steel yielding. The setup of double shear 

test mentioned in Fig.2.7 (b) is FRP laminates are bonded at two opposite sides of the 

specimen. One of the sides of specimen was reinforced with a confinement FRP 

allowing the occurrence of delamination of the laminates only on the opposite side, 

where strain gauges set.  

Research study by (Pellegrino et al., 2008) by means of extensive experimental 

program on 39 concrete specimens strengthened with various types and amounts of 

FRP strip and covering a wide range of FRP axial rigidities subjected to double-shear 

and bending test found that increasing effective bond length will increase FRP bending 

stiffness. Fib 1 and Fib 2 (FIB, 2007) also has the same results as it is. However, this 

results contrast with results from ACI 440 and Maeda et.al (1997). The comparison 

can be seen in Fig. 2.12. This is mainly due to the equations being developed based 

on limited experimental data (Ben Ouezdou et al., 2009). (Pellegrino et al., 2008) 

showed that a new curve represented in the following equation (similar with the first 

mode of fib, with different value of constant c2 and a superior limit) was proposed: 

𝐿𝑒 = (𝑛𝑓𝐸𝑓𝑡𝑓)
1

2/(𝑐2𝑓𝑐𝑡𝑚)1/2  with 𝐿𝑒≤140 mm and 𝑐2 = 2.15  [2.4] 
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Fig.2.12 Effective bond length versus FRP stiffness for specimen B3C5-3C1b. 

2.5.3 Flexural Bonding Test 

The setup of the bending test by (Pellegrino et al., 2008) as shown in Fig.2.13 

consisted of two concrete prism with the same dimensions and connected through a 

FRP strip externally bonded to the lower side of the prisms. A constant ratio of 0.5 

between the width of FRP strips and the width of concrete supports were used.  

 

Fig.2.13 Bending test setup (dimension in mm)(Pellegrino et al., 2008). 
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In their selected results showed two curves (Fig.2.14) which are relationship 

between axial deformation and position along bond zone and shear stresses versus 

position along bond zone for variation of each load step. Two diagram which represent 

different fraction of ultimate load (100%) yield effective length 𝐿𝑒 as both the length 

which axial strain curve approximately linear and the corresponding length over which 

shear stress is not null for each step.  

 

(a)     (b) 

Fig.2.14 (a) Strain versus position diagram of the specimen; (b) Shear stress versus position 
of the specimen (bending test) 

Although those three types of standard testing for evaluating bonding between 

FRP plate and concrete have been accepted for evaluating strengthening of existing 

concrete structure, however, no standards have been developed for bonding between 

FRP plates/fabrics as internal reinforcement. Therefore, evaluation of bonding 

behaviour between internal FRP fabric reinforcement and concrete in this project was 

conducted using short span beam complete with full arrangement of reinforcement 

system (see Section 7.1). This is due to incompatibility those standard tests with 

internal reinforcement system for concrete beam that used in this project. 

2.6 Laminate Analysis of FRP 

In general, design of FRP composites currently utilized two primary design 

philosophies (Zoghi, 2014): (1) Allowable Stress Design (ASD) and (2) Load 

Resistance Factor Design (LRFD).  ASD methods is commonly used for many years 

in FRP composites design while LRFD is relatively new. ASD methods are still widely 

used in aerospace industry, marine, and civil structure industry. This method is based 

on extending elastic theory from the elementary principle strength of material to 

complex linear and nonlinear finite element analyses. In composite industry, simplified 

Le 
Le 
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theory called Classical Lamination Theory (CLT) has been used for evaluating material 

properties and laminate and structural response (Kaw, 2005). LRFD approach is to 

make sure that product of the nominal resistance of a material and statically derived 

resistance factor is greater than the sum of the products of different load factors and 

the corresponding load types. 

FRP materials commonly consist of multiple layers of material to form a 

laminate. Each layer is thin (ratio thickness/wide<0.1) and may have a different fibre 

orientation. Fig.2.15 shows a global coordinate system on general laminate consisting 

of N layers. The laminate thickness is denoted by H and the thickness of an individual 

layer by h. Longitudinal axis is in x-direction, y-axis is as transverse direction and          

z-axis downward from geometry mid-plane. 

 

 

Fig.2.15 Illustration of a cross section of a laminate and a plan view. 

The mechanical response of a laminate can be characterized with a set of 

equations relating the stress resultants (forces and moments) to the in-plane 

deformations (strains and mid-plane curvatures) (Zoghi, 2014). These relations are 
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derived by combining equilibrium, kinematics (strain–displacement relations), and 

stress–strain relations (Eq. 2.5).  

{

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

} = [

�̅�11 �̅�12 �̅�16

�̅�12 �̅�22 �̅�26

�̅�16 �̅�26 �̅�66

] {

𝜀𝑥
𝜀𝑦
𝛾𝑥𝑦

}                                              [2.5] 

The results are a set of force–strain–curvature relationships 

{

𝑁𝑥

𝑁𝑦

𝑁𝑥𝑦

} = [

𝐴11 𝐴12 𝐴13

𝐴21 𝐴22 𝐴23

𝐴31 𝐴32 𝐴33

] {

𝜀′
𝑥

𝜀′
𝑦

𝛾′
𝑥𝑦

} + [

𝐵11 𝐵12 𝐵13

𝐵21 𝐵22 𝐵23

𝐵31 𝐵32 𝐵33

] {

𝜅𝑥

𝜅𝑦

𝜅𝑥𝑦

}                           [2.6]                    

And a set of moment-strain-curvature 

{

𝑀𝑥

𝑀𝑦

𝑀𝑥𝑦

} = [

𝐵11 𝐵12 𝐵13

𝐵21 𝐵22 𝐵23

𝐵31 𝐵32 𝐵33

] {

𝜀′
𝑥

𝜀′
𝑦

𝛾′
𝑥𝑦

} + [

𝐷11 𝐷12 𝐷13

𝐷21 𝐷22 𝐷23

𝐷31 𝐷32 𝐷33

] {

𝜅𝑥

𝜅𝑦

𝜅𝑥𝑦

}                           [2.7]                    

These two sets of equation can be written in matrix form as {N} = [A]{’} + [B]{} and 

{M} = [B]{’} + [D]{} 

where: 

{N} is the force stress resultant (or force) vector, N 

{M} is the moment stress resultant (or moment) vector, N m 

{ε′} is the mid-plane laminate strain vector 

{κ} is the curvature vector, 1/m 
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CHAPTER 3  
RESEARCH METHODOLOGY 

 

Experimental and theoretical method were used to achieve the goal of the study. 

The main goal of this project was to demonstrate the application of CFRP 

reinforcement for concrete beams to ensure sufficient strength and ductility and 

development of design framework as well. The study comprised of: 

 material selection  

 fabrication method  

 Mechanical properties of the material 

 Beam design 

 Beam test 

 Prediction behaviour of the beam design  

3.1 Material Selection 

Material selection is one of the most challenging issues in the design and 

development of CFRP reinforcement system for concrete structure. As mentioned in 

Chapter 1 the biaxial ± 45o carbon fabric was chosen rather than unidirectional fibres 

due to excellent ductility and flexibility (see Section 1.2).  

  
Fig.3.1Biaxial ±45o carbon fibre fabric 

 

It is stitched (none crimp) carbon fibre, 300 gsm material made from Toray 

T700SC (see Fig.3.1) (Toray INC, 2015). The tensile strength of the fibre is 4,900 MPa 

and the elastic tensile modulus is 135 GPa (Toray INC, 2015).  

X 

Y 

+45O 

-45O 
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3.2 Fabrication Method 

Hand wet layup technique was selected for fabricating test samples and 

reinforcement system for concrete beams. Advantages of hand layup process are 

simple principles to teach, widely used for many years, low cost tooling, if room-

temperature cure resins are used. Whereas disadvantages are very dependent on 

skills, low resin/high fibre content cannot usually be achieved, have potential to be 

more harmful in term of health and safety considerations.   

In this process resins are impregnated by hand into fibres which are in the form 

of stitched fabrics. Hand layup process usually accomplished by rollers for forcing 

resin into the fabrics, brushes and piece of aluminium scrap. It was used epoxy resin 

EL2 and slow hardener AT30 for this laminates process. Laminates then, are left to 

cure under room temperature around 20o-22o C for 30 hours. 

3.3 Mechanical Properties of the Material 

In designing concrete beam which internally reinforced with CFRP fabric 

reinforcement, mechanical properties of CFRP was obtained prior to design. It was not 

like concrete beam reinforced with steel reinforcing bars which mechanical properties 

could be obtained straight forward through the tensile test, the mechanical properties 

of CFRP reinforcement was obtained with several tests, i.e. unidirectional tensile test, 

shear test and tensile test of biaxial FRP fabrics. This was because CFRP are 

orthotropic material which have different properties in three different axes.  

Standard test method for tensile properties of polymer matrix composite 

materials (ASTM D3039/D3039M, 1995) was used to determine ultimate tensile 

strength, ultimate tensile strain, modulus of elasticity and Poisson’s ratio FRP.  

Specimens were made of continuous-fibre fabric and arranged in balanced and 

symmetric with respect to the test direction.  

3.4 Beam Design 

Design work in this project was divided into three main steps: 

1) Initial design: Opened U-channel reinforcement system for beam was 

proposed in early stage of the study. Reinforcement was bonded with epoxy 

resin to concrete. 

2) Evaluation of design assumptions: It was carried out using the results of initial 

beam and revising the approach accordingly 
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3) Final beam design: improving design based on design evaluation from 

previous step, and change reinforcement shape to box with intermittent top 

openings. 

3.4.1 Approach Design Method 

Basic approach stress-strain compatibility and forces equilibrium method was 

used to design the beams. Initial beam with CFRP U-channel was designed to fail in 

tension or FRP rupture. It was assumed that vertical CFRP reinforcement and rounded 

CFRP in bottom not considered in design. However, this mode of failure was changed 

to concrete crushing first at final beam design (beam reinforced with CFRP closed box 

with intermittent top openings). This was because in experiment, two vertical CFRP 

contributed significantly for tension. 

In designing CFRP RC beam, mechanical properties of CFRP reinforcement 

obtained from several tests (Chapter 4) were required. The properties are 

unidirectional tensile strength (𝑓𝑓𝑢 = 803 𝑀𝑃𝑎), modulus of elasticity from tensile test 

of biaxial CFRP fabrics (E=23.6 GPa) and ultimate strain of CFRP (fu=0.017). 

Because orientation of fibres for reinforcement was ±45o therefore strength of the 

CFRP became half of the unidirectional tensile strength which was 401.5 MPa. To 

ensure the beams failed in flexure rather than shear, ratio of shear span was made 

greater than 4. 

𝑟𝑎𝑡𝑖𝑜 =
𝑠ℎ𝑒𝑎𝑟 𝑠𝑝𝑎𝑛

𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝐶𝐹𝑅𝑃 𝑓𝑟𝑜𝑚 𝑏𝑒𝑎𝑚 𝑡𝑜𝑝
=

510

84.15
= 6.1   [3.1] 

3.5 Beam Test 

Beams were simply supported with span of 1270 mm, width of 150 mm and depth 

of 100 mm.  Detail of beams reinforcement can be seen in Chapter 5. Beams were 

casted and cured until 28 days. The beams were tested under four-point bending with 

(See Fig.3.2). Displacement at the beam mid-span was recorded using digital gauge 

mounted on the top of the beam. Strain gauges were also connected to the CFRP 

channel reinforcement and concrete during the test. All channels were connected to a 

Strain Smart data logger (Vishay, 2011). 
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Fig.3.2 Testing set-up for CFRP RC beam  

Load and deflection relationship results, ultimate load capacity, load and strain 

relationship and cracks pattern were results obtained from the beams testing. The 

results of the experiment were analysed to understand the load response and failure 

mode of the beams.  De-bonding problem between concrete and reinforcement was 

investigated visually and examined carefully through strain data.  

3.6 Prediction behaviour of beam design 

Mid-span loading displacement curve was an important factor to evaluate the 

mechanical behaviour of the simply supported typical RC beam. Through the loading 

history, linear and non-linear behaviour of the beam can be understood. Fig.3.3 shows 

typical behaviour of RC beam under flexural load. When applied moment below 

limiting moment at which the extreme tension surface beam reaches fr, the section still 

un-cracked and hence the concrete is fully effective in tension. The moment at first 

cracking is referred as Mcr. Beyond this moment the section will be cracked. Although 

concrete cracks, un-cracked concrete still have tension contribution between cracks. 

Therefore load follow this path section which is partially-cracked section. With 

increasing applied moment, tension stresses which present in the concrete will reduce 

close to the neutral axis. Then when the cracks develop up to neutral axis there will 

no longer be any tension contribution. This state is referred to the fully-cracked state.  
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Fig.3.3 Typical moment-curvature relationship of RC beam 

In this study, evaluation of stiffness of partially-cracked sections adopted 

effective stiffness which developed by (Branson, 1977). This effective moment of 

inertia method has received the widest acceptance. Eq.[3.3] shows the Branson 

formula for effective moment of inertia. 

𝐼𝑒𝑓𝑓 = 𝐶𝐼𝑔 + (1 − 𝐶)𝐼𝑐𝑟     when     𝑀𝑎𝑝𝑝 > 𝑀𝑐𝑟   [3.2] 

𝐶 = (
𝑀𝑐𝑟

𝑀𝑎𝑝𝑝
)
3

       [3.3] 

Where Mcr and Mapp are the moments at first cracking and the given applied 

moment respectively. Ig is the second moment of area of the gross concrete section, 

neglecting the steel, and Icr is that of the cracked transformed section. Ig in Eq. [3.2] 

was recommended for simplicity calculation. 
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CHAPTER 4 
EXPERIMENTAL STUDY ON MECHANICAL PROPERTY OF CFRP 

 

Mechanical property test conducted in this research project aims to get variables 

that used in the beam design. These tests consisted of unidirectional tensile test, in-

plane shear test (off-axis ±45o tensile test) and tensile test of large size of biaxial CFRP 

fabric composite.  

4.1 Manufacturing Process 

In order to make uniform results for samples test, all sample were fabricated from 

a single large CFRP laminate of four layers of ±45o biaxial fabrics (see Fig. 4.1). The 

manual wet lay-up system was chosen to get similar method when this FRP 

reinforcement used in the concrete beam.   

 

 

Fig.4.1 A single Large CFRP laminate for samples test. 

High performance general purpose epoxy laminating resin consisted of 2-part, 

EL2 and slow hardener AT30 was utilized in the wet-layup process. In this process, 
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each layer was individually impregnated with resin and then the subsequent layer 

added on the top. Four dry fabric layers with thick of 0.35 mm each composed with 

epoxy resin to produce 1.7 mm laminating thickness. The fibre volume fraction of the 

laminate was determined to be about 40% (calculation in Appendix 1). The laminate 

was cured for 30 hours in 21oC and pressure with plastic Perspex sheets to maintain 

the expected thickness (see Fig. 4.2). Then the large CFRP laminate was cut into 

individual test pieces using a small circular saw.   

 

Fig.4.2 Curing process for a single large CFRP laminate. 

4.2 Unidirectional Tensile Test. 

This unidirectional tensile test of coupon test was conducted according to (ASTM 

D3039/D3039M, 1995) standard. This test method is to determine the in-plane tensile 

properties of polymer matrix composite materials reinforced by fibres. The loading rate 

used was 2 mm/min. 

Two strains gauges were used in front face surface of sample (S1 and S2), and 

one strain gauge S3 in back surface as seen in Fig. 4.3. S1 and S2 were used to obtain 

strain in axial direction and S2 was in transverse direction. S3 in loading direction was 

also used to determine percent bending during the loading (ASTM D3039/D3039M, 

1995). Parameters were determined from this test namely ultimate tensile strength 

(ffu), modulus of elasticity (E1) and Poisson’s ratio (ν12). 
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                                              (a)                                                                        (b) 

Fig.4.3 (a) Geometry size of CFRP composite for Unidirectional Tensile Test; (b) Strain Gauge 
installation on CFRP coupon;  

 

Table 4.1 showed tensile test results of CFRP fabric coupon. Average tensile 

strength  of three speciemns was 803 MPa. Difference range for this test was between 

3 - 7%. Average modulus of elasticity of three specimens was 47 GPa with difference 

between specimen less than 4%. The average Poisson’s ratio (ν12) obtained from ratio 

of transverse strain gauge (S2) and longitudinal strain gauge (S1) was 0.1.   

 
Table 4.1 Mechanical Properties of Unidirectional Tensile Test of CFRP Fabric Coupon. 

Test Specimen Modulus of Elasticity, GPa Tensile Strength, MPa 

UCI 46.3 774 

UC2 46.8 834 

UC3 47.8 800 

AVERAGE 47 803 

 

Fig. 4.4 shows stress-strain relationship of unidirectional tensile test on three 

specimens. Curves shows that three specimens are laid in the same trend.  This 

relationship was linear up to failure load. The maximum strain of these specimens at 
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specimen failure was 0.017. This tensile strain was the same as manufacture’s value 

which was 1.7% (Toray INC, 2015).  

 
Fig.4.4 Stress-strain curve for unidirectional tensile test of CFRP fabric coupons. 

 

Fig.4.5 Failure mode in the middle zone of specimen (UC1). 

Fig.4.5 showed specimen one (UC1) at failure condition. Failure mode of this 

specimen was brittle where at failure load specimen snap into two piece at the middle 
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zone of specimen (± 9 mm from centre). Failure mode for two specimens (UC2) and 

(UC3) were brittle as well with similar failure as specimen (UC1). 

Owing to fibre orientation used in CFRP RC beam was ±45o the tensile strength 

and the modulus of elasticity obtained from this result were transformed into 45o 

direction. Then it gave tensile strength and modulus of elasticity 401.5 MPa and 23.6 

GPa respectively. The calculation for those are presented as follows: 

𝑓𝑓𝑢 =
𝑃𝑐𝑜𝑠∅

2

𝐴
= 803𝑥0.5 = 401.5 𝑀𝑃𝑎     [4.1] 

𝐸𝑓 =
𝑓𝑓𝑢

𝜀𝑓𝑢
=

401.5

0.017
= 23,617 𝑀𝑃𝑎 = 23.6 𝐺𝑃𝑎                                 [4.2] 

4.3 In-plane Shear Test (off-Axis ± 45o Tensile Test) 

This tensile test of a ±45o laminate was performed in accordance with method 

standard (ASTM D3518/D3518M, 2001). This Aims of this test is to measure shear 

strength and shear modulus of laminate. The in-plane shear stress in the material 

coordinate system was directly calculated from the applied axial load, and the related 

shear stress was determined from longitudinal and transverse normal strain data 

obtained by strain gauges. Then in-plane shear stress-strain curve relationship can be 

established. 

 
(a)                                                              (b) 

Fig.4.6 (a) Specimen drawing; (b) Installation of rosette strain gauge and 50 mm extensometer 
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Fig.4.6 (a) showed one rosette strain gauge was used in front face of specimen, 

i.e. S1 (0o direction) and S2 (45o direction), and S3 (90o direction), and linear strain 

gauge S4 for back surface to calculate percent bending after the test. Dimension of 

samples test was depicted as well.  Additional 50 mm extensometer was used to cover 

overall longitudinal strain during the test which unable to do by strain gauges with 

limited 1.5% strain as seen in Fig.4.6 (b).  

4.3.1 Results and Discussion on Off-axis Tensile Test Results 

Table 4.2 summarized mechanical properties of in-plane shear test for three 

specimens. The average shear strength (12) of three samples was 53.8 MPa which 

obtained from ultimate load divided by cross section of the specimen.  The  differences  

of the shear strength was due to strain field nonuniformity and degree of purity of the 

shear as result of the test method and material properties. The average shear modulus 

(G12) of three samples was 5.6 GPa which obtained from linear path curve of shear 

stress-strain from strain of 0.1%-0.25%. The difference in shear modulus results were 

in the range of 1.8%-3.6% which was quite small. The average Poisson’s ratio (xy)  

was 0.72. This high Poisson’s ratio was caused the fibres were not directly pulled out 

from end to end tabs and deformations of specimen was controlled by resin. 

 
Table 4.2 Mechanical Properties of In-plane Shear Test of CFRP Fabric Coupon. 

Test Specimen Shear Modulus, 
GPa 

Shear Strength, 
MPa 

Poisson’s ratio,  

xy 

STC1 5.5 49.1 0.74 

STC2 5.7 52.4 0.67 

STC3 5.6 59.8 0.76 

AVERAGE 5.6 53.8 0.72 

 

Fig. 4.7 showed comparison curves obtained from strain gauge data of all 

samples.  Three specimens showed similar shear stress and strain relationship below 

strain of 0.25%. Then curves started to show non-linear behaviour. Due to limited 

strain gauge capacity which only can record strains up to 1.5%, the ultimate shear 

stress and strain relationship could not be obtained. Specimen STC3 has highest 

shear strength compared with specimens STC1 and STC2.  

Fig.4.8 showed shear stress (12) and longitudinal strain (y) relationship of three 

specimens. These curve were plotted in order to know the overall behaviour on 
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throughout test which could be recorded from extensometer. Two types of curves were 

depicted as comparison, one from strain gauges data and another from extensometer. 

Curves plotted from strain gauges vanished at strain of around 1.5% whereas curves 

from extensometer could continue up to failure. As compared with Fig.4.8 specimen 

STC3 showed highest shear stress compared with STC1 and STC2. These specimens 

showed non-linear behaviour up to failure. Specimen STC1, STC2 and STC3 have 

ultimate strain of 12 μ, 9 μ and 11 μ respectively.    

 

Fig.4.7 Relationship between In-plane Shear Stress and Shear Strain of three specimens. 

As shown in Fig. 4.9 the failure mode of three speciemns showed ductile 

behaviour where there were not sudden failure on the speciemens. Ductility is the 

ability of a material to undergo inelastic deformations without losing its strength 

capacity. Due to increasing load the neck on coupon will be formed and fibres on the 

first ply (top surface) started to break. After the surface ply of laminates fail, their 

portion of the load were redistributed to the remainder of the intact ply. However with 

each successive ply matrix failure the number of remaining intact plies diminishes, to 

the point where the applied load can no longer be carried. Fig.4.10 showed 

enlargement of specimen STC2 at failure location. After resin broke at surface, first 

Linear strain path from 0.1% -0.25% 
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ply of fibres moves from its position and second ply was seen. Increasing load made 

the second ply of fibres broken and crimping with the first ply of fibres. 

 

Fig.4.8 Relationship between shear stress (12) and longitudinal strain (y) for CFRP off-axis 

±45o laminate 

    

Fig.4.9 Failure mode of sample 2 occurred at the mid zone length 

 

STC3 

STC2 

STC1 

Dismissed strain from strain gauge 

A 
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Fig.4.10 Zoom in at section-A on specimen STC2 when failure 

4.4 Tensile Test of Biaxial CFRP Composite 

The aim of this test is to represent the loading and boundary condition which are 

active on relatively long and wide fabric sheets when used as flexural reinforcement 

in concrete beams. Tensile test of continuous biaxial CFRP composite was a new test 

which carried out using relatively large 250 mm x 275 mm specimen as seen in Fig. 

4.11. Continuous fibres crossed centre of specimen through its length from end to end 

grips were utilized in this test. In the middle of this specimen un-continuous fibres were 

exist as well.  

Two rosettes strain gauges were placed at front and back of mid of specimen to 

record strains during the test (Fig. 4.12 & Fig. 4.13). Couples of steels grip was 

designed to be used for gripping continuous biaxial CFRP fabric sheet as shown in 

Fig. 4.14. Bolts surrounding the rectangular steel grip are functionally to clutch the 

sample. Gripping forces were assumed distributed uniformly through the aluminium 

tabs at both ends sample.  
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Fig.4.11 Geometry Size of Biaxial CFRP sheet for Tensile Test (all unit in mm). 

Blue box is steel plate 

Strain gauges location 

Biaxial CFRP 
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Fig.4.12 Back side of Biaxial CFRP sample test. 

 
Fig.4.13 Front side of Biaxial CFRP sample test. 
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Fig.4.14 Grip for tensile test of biaxial cfrp composite 

Table 4.3 summarized mechanical behaviour of tensile test of continuous 

biaxial CFRP fabric sheet.  Tensile strength (𝑓𝑓𝑢)  of specimen TC1 was comparable 

with specimen TC2. The difference was only 4.9% where tensile strength of sample 1 

and 2 were 468.4 MPa and 445.6 MPa respectively. The average tensile strength  was  

457 MPa which higher than half of unidirectional tensile test which was  401.5 MPa. 

The difference was about 12%. This higher result might come from contribution of 

existence of non-continuous fibres in mid region of sample. The difference of modulus 

of elasticity was also small, it was only 2.5% ((23.9-23.3)/23.3x100%).  The average 

modulus of elasticity (Exy) was 23.6 GPa which obtained from linear part of strain curve 

between 0.25%-1%.  Modulus of elasticity from two specimens showed comparable. 

Average Poisson’s ratio (xy) was 0.23 based on ratio between horizontal strain (x) 

and longitudinal strain (y) at center region of specimen. This value was quite small. 

At this location fibres was exist and pulled out from end to end of grips that made small 

ratio between horizontal strain (x) and longitudinal strain (y). 
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Table 4.3 Mechanical Properties of Tensile Test of Continuous Biaxial CFRP Fabric  

Test Specimen Modulus of Elasticity, 
GPa 

Tensile Strength, 
MPa 

Poisson’s ratio, 

xy 

TCI 23.3 468.4 0.16 

TC2 23.9 445.6 0.29 

AVERAGE 23.6 457.0 0.23 

 
Fig. 4.15   showed two specimens have relatively linear and  similar behaviour 

up to failure load. These strains were recorded up to maximum capacity of strain 

gauges which was 1.5%. Maximum strains obtained from extension machine showed 

value of 1.8%. This values was almost similar with ultimate strain obtained from 

unidirectional tensile test which was 1.7%. 

 
Fig.4.15 Tensile stress-strain relationship from strain gauges data. 

Failure mode of two specimens were quite similar as seen in Fig.4.16 and 

Fig.4.17.    It showed that fibres in the mid of specimens were streched to the left side. 

Initially continuous fibres at first ply on the back side were broken suddenly and at the 

center region (neck shape) fibres showed crimping. From both figures, it was clear that 

only one diagonal direction continuous fibres was broken.  
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The unbalanced failure was probably due to unbalance clamp force at the grip 

gave an effect to this failure. As seen in Fig. 4.12 above, wide grip which clamp the 

end tabs of specimens were bolted and pulled out. Unbalanced forced given on the 

bolts to tighten the clamp might  also effect  the failure type of this sample. However 

the tensile strength of this sample (𝑓𝑓𝑢 = 457 𝑀𝑃𝑎) which was slighly higher than 

average unidirectional tensile test result when transformed to 45o (𝑓𝑓𝑢 = 401.5 MPa). 

This discrapency was due to exsistances of non-continuous fibres on middle region 

top and bottom of the sample. These non-continuous fibres hold the continuous fibres 

which crossed at centre through the length. 

Based on results and discussions from three types of test, it can be summarised 

properties for beam design: 

1) Ultimate tensile stress for biaxial CFRP fabric was 401.5 Mpa with ultimate tensile 

strain of 0.017. 

2) Modulus of elasticity was 23.6 GPa 

3) Four layers of biaxial carbon fabric with total thickness of 1.7 mm were used for 

CFRP reinforcement system in the concrete beam. 

 

(a) 

Shifted to left side 
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Fig.4.16 (a) Failure Mode of continuous biaxial CFRP fabric sheet of specimen TC1 at front 
side; (b) Failure Mode of Biaxial CFRP sheet of specimen TC1 at back side. 

 

Fig.4.17 (a) Failure Mode of Biaxial CFRP sheet of specimen TC2 at front side; (b) Failure 
Mode of biaxial CFRP sheet of specimen TC2 at back side. 

(b) 

Continuous fibres snap 

(b) 

Continuous fibres snap 

(a) 

Shifted to left side 
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CHAPTER 5 
CONCRETE BEAMS DESIGN 

 

This chapter presents the design of beam reinforced with CFRP U-channel 

reinforcement (as CFRP RC Beam).  The beam was designed by using stress-strain 

compatibility and forces equilibrium method. The classical Hognestad curve (Park & 

Paulay, 1975) was used to model stress-strain relationship for concrete in 

compression. In designing of this beam, two modes of flexural failures can be reached 

either by crushing of the concrete in compression or by rupture of the FRP 

reinforcement in tension. Tension failure mode was designed to be occurred with FRP 

rupture firstly and concrete was not crushed. As consequence strain developed in the 

FRP reinforcement at the design stage reached the ultimate strain. The beam was 

tested under four-point bending as described in Fig. 5.1 

 

Fig.5.1 FRP RC beam design and reinforcement arrangement (dimension in mm) 

The following model for flexural strength of RC sections are based on derivations 

presented by (Park & Paulay, 1975) which employs strain compatibility, force 

equilibrium with the following assumptions:  

1. Plane section remains plane after bending. 

2. Effects due to shear deformations are negligible 

3. The tensile strength of concrete is neglected at the ultimate limit  

4. Stress-strain curve for concrete compression is represented by Fig. 5.2 (a) 

(Park & Paulay, 1975). 

5. FRP is linear up to failure as seen in Fig. 5.2 (b).   

 

 

P/2            P/2 
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Fig.5.2 (a) Idealised stress-strain curve for concrete in uniaxial-compression (Park & Paulay, 
1975)); (b)  stress-strain curve for FRP. 

Variables shows in Fig.5.2, define f’c for concrete strength, c for strain in 

concrete at selected location from neutral axis to the beam top, fc for concrete stress 

correspond with strain, o for strain at maximum concrete stress, Ec for modulus 

elasticity of concrete, Ef for modulus elasticity of FRP, f for strain in FRP and ff for 

stress in FRP 

5.1 Design Parameters for Flexural Capacity of CFRP RC Beam 

Fig. 5.3 shows cross section of the beam, stress and stress diagram included 

forces acting on compression concrete block and CFRP reinforcement. Several 

assumptions were taken in design process consisted of  

a. Bottom and vertical round shape of CFRP was neglected in calculation. 

b. Mode of failure was due to FRP rupture first 

c. At un-cracked condition, contribution of tensile stress of concrete was 

considered. 

f
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d. At cracked condition, contribution of tensile stress of concrete was neglected. 

e. Modulus of elasticity for U-channel reinforcement used was 23.6 GPa 

f. Vertical CFRP reinforcement was neglected in this design. 

 

Fig.5.3 Cross section, beam parameters, strain and stress diagram for CFRP RC beam 
design. 

To design the CFRP RC beam, some variables are defined such as beam width 

b =150 mm, beam depth h =100 mm, CFRP bottom width to be considered bf =80 mm, 

CFRP vertical height considered hf=60 mm, CFRP thickness tf =1.7 mm, concrete 

cover (cover) =10 mm at bottom, concrete strength f’c =41.3 MPa, CFRP strength ffu 

=401.5 MPa and modulus of elasticity of CFRP Ef =23.6 GPa (see Section 4.5). The 

completed design procedure is presented the following. 

Strain in FRP reinforcement can be defined as follows,  
 

   𝜀𝑓 = 𝜀𝐸𝐶 (
𝑑𝑓−𝑥

𝑥
)                                                 [5.1] 

The following are equations for stress and force for CFRP obtained from their 

stress-strain relationship: 

  

fufffffu ffEf     otherwise ,. if ,f                   [5.2] 

 𝑇𝑓 = 𝑓𝑓. 𝐴𝑓                                                  [5.3] 

where 𝐴𝑓 = 𝑡𝑓𝑏𝑓 

              𝑡𝑓 = thickness of FRP 

             𝑏𝑓 = width of FRP 
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The value of concrete compressive stress (fc) is found from strain-stress curve shown 

in Fig.5.2. The following equation idealizes the curve: 

 𝑖𝑓  0 ≤ 𝜀𝑐 ≤ 𝜀𝑜, 𝑓𝑐 = 𝑓𝑐
′  2

𝜀𝑜

𝜀𝑐
− (

𝜀𝑜

𝜀𝑐
)
2
                                           [5.4] 

𝑖𝑓  𝜀𝑜 ≤ 𝜀𝑐 ≤ 0.0035, 𝑓𝑐 = 𝑓𝑐
′ [1 −

0.15

0.0035−𝜀𝑐
− (𝜀𝑐 − 𝜀𝑜)]               [5.5] 

 

Where, 𝑓𝑐
′ = the maximum compressive stress of concrete 

c = concrete strain at any given point 

o = the strain at the maximum compressive stress of concrete and is 

defined as follows: 

          𝜀𝑜 =
2𝑓𝑐

′

𝐸𝑐
                                             [5.6] 

The concrete compressive force can be defined as follows: 

𝐶𝑐 = 𝛼. 𝑓𝑐
′𝑏𝑥                                                [5.7] 

Where, Cc = the compressive force of concrete 

𝛼 = the mean stress factor 

b = width of the concrete beam 

The mean stress factor () converts the actual stress-strain relationship of 

concrete into rectangular stress-strain equivalent (usually is a value 0-0.85). This 

parameter is calculated by integrating the area under the stress-strain curve with 

respect to the compressive strain of concrete as shown in Fig. 5.4. The integration is 

equated to the mean stress factor as follows: 

 

 
 
 
 
 
 
 
 

 

 

Fig.5.4 Integration of Concrete stress-strain curve 

Area under stress-strain curve = ∫ 𝑓𝑐
′𝑑𝜀𝑐 = 𝛼𝑓𝑐

′𝜀𝐸𝐶

0
𝜀𝐸𝐶                      [5.8] 

Solving for the mean stress factor yields: 

  𝛼 =
∫ 𝑓𝑐𝑑𝜀𝑐
𝜀𝐸𝐶
0

𝑓𝑐
′𝜀𝐸𝐶

                  [5.9] 

0.0035 
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By substituting Eq.[5.4] and Eq.[5.5] into Eq.[5.9] and solving for mean stress 

factor, the results are the following equations: 

 𝑖𝑓 0 ≤ 𝜀𝑐 < 𝜀𝑜, 𝛼 =
𝜀𝐸𝐶

𝜀𝑜
−

𝜀𝐸𝐶
2

3𝜀0
2                                                                         [5.10] 

          𝑖𝑓 0 ≤ 𝜀𝑜 < 0.0035, 𝛼 = 1 −
𝜀𝑜

3𝜀𝐸𝐶
−

0.15

0.0035−𝜀𝑜
(
𝜀𝐸𝐶
2 −2𝜀𝐸𝐶𝜀𝑜+𝜀𝑜

2

2𝜀𝐸𝐶
)                          [5.11] 

The concrete compressive force (Cc) acts at the centroid of compression zone, 

which is defined as being a distance .x below the top of the beam. The centroid factor 

() is calculated with the first moment of area under a portion of the concrete stress-

strain curve. Taking the first moment of area (𝑀𝑜) about the origin yields: 

   𝑀𝑜 = 𝐴𝜀𝐶𝐸𝑁                                           [5.12] 

Where, A = the area under the stress-strain curve 

            CEN = the strain at the centroid of the area under the stress-strain curve. 

The strain at the centroid of the area can be defined as: 

 𝜀𝐶𝐸𝑁 = (1 − 𝛾)𝜀𝐶𝐸𝑁                   [5.13] 

By substituting Eq.[5.13] and the area under stress-strain curve, as shown in 

Eq.[5.8] into Eq.[5.12] yields: 

𝑀𝑜 = (∫ 𝑓𝑐𝜀𝑐𝑑𝜀𝑐
𝜀𝐸𝐶

0
)(1 − 𝛾)𝜀𝐸𝐶                [5.14] 

also the first moment of area can be defined as, 

𝑀𝑜 = ∫ 𝑓𝑐𝜀𝑐𝑑𝜀𝑐
𝜀𝐸𝐶

0
                                 [5.15] 

After Eq. (5.14) and (5.15), and solving for the centroid factor, 

𝛾 = 1 −
∫ 𝜀𝑐𝑓𝑐𝑑𝜀𝑐
𝜀𝐸𝐶
0

𝜀𝐸𝐶 ∫ 𝑓𝑐𝜀𝑐
𝜀𝐸𝐶
0

     [5.16] 

Next, by substituting Eq.[5.4] and Eq.[5.5] into Eq.[5.16] the centroid factor is as 

follows: 

 𝑖𝑓 0 ≤ 𝜀𝑐 < 𝜀𝑜, 𝛾 =

1

3
−

𝜀𝐸𝐶
12𝜀𝑜

1−
𝜀𝐸𝐶
3𝜀𝑜

     [5.17] 
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         [5.18] 

𝑖𝑓 𝜀𝑜 ≤ 𝜀𝑐 < 0.0035, 𝛾 = −0.625 +
3𝜀𝐸𝐶

2 −2𝐴𝜀𝐸𝐶
3 +3𝐴𝜀𝑜𝜀𝐸𝐶

2 −3𝜀𝑜
2−𝐴𝜀0

3

𝜀𝐸𝐶[6𝜀𝐸𝐶−3𝐴𝜀𝐸𝐶
2 +6𝐴𝜀𝐸𝐶𝜀𝑜−6𝜀𝑜−3𝐴𝜀𝑜

2]
                        [5.19] 

Where, 𝐴 =
0.15

0.0035−𝜀𝑜
 

The depth of the natural axis from the extreme compression fibre (x) is obtained 

from the equilibrium of the internal force of the beam. The total compressive force is 

equal to the total tensile force, 
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 𝐶𝑐 = 𝑇𝑓            [5.20] 

By inserting Eq.[5.3] and Eq.[5.7] into Eq.[5.20], 

𝛼𝑓𝑐
′𝑏𝑥 = 𝑓𝑓𝐴𝑓            [5.21] 

With the parameter known, the internal resisting moment (M) is obtained by 

taking the sum of the moments about middle of the cross section: 

𝑀 = 𝛼𝑓𝑐
′𝑏𝑥 [

ℎ

2
− 𝛾𝑥] + 𝑓𝑓𝐴𝑓 [𝑑𝑓 −

ℎ

2
]      [5.22] 

5.2 Design Process 

Fig.5.5 shows process design of beam based on aforementioned derivative 

equations. This process used Matlab script programme that developed to ease 

iteration process encountered in analysis and design, for example process to get 

neutral axis of the beam and to get forces equilibrium. 

Initially, programme gave an initial input of neutral axis x to define strain at top of 

beam and strain at bottom of CFRP. Then programme calculated compression 

stresses on concrete and tension stress on the CFRP at cross-section of the beam. 

Compression force was obtained by integrating compression stress curve. Tension 

force of CFRP reinforcement (Tf) was calculated by multiplying stress with area of 

CFRP. Tension in concrete was neglected to get forces equilibrium in ultimate 

condition because concrete weak in tension. Neutral axis kept changing to obtain the 

balance condition until CFRP reinforcement attained rupture. The internal resisting 

moment (M) was obtained by taking the sum of the moments about middle of the cross 

section. Table 5.1 shows summarized results for the CFRP RC beam design.  

Table 5.1 CFRP RC beam design results using stress-strain compatibility method. 

Variables Values units 

Neutral Axis, x  12.88 mm 

Strain in CFRP, 𝜀𝑓 0.017 - 

Strain in concrete top beam, 𝜀𝐸𝐶 0.0029 - 

Stress in CFRP fabric, ff 401.5 Mpa 

Failure Moment, M (kN.m) 4.6 kN.m 

Failure Load, P (kN) 18.04 kN 
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Fig.5.5 Flow chart Matlab programme for FRP RC beam design 

 

 

 

Start 

Input: 𝑏𝑓 = 80𝑚𝑚, 𝑡𝑓 = 1.7𝑚𝑚, 𝑏 = 150𝑚𝑚, ℎ = 100𝑚𝑚 

𝑓𝑐
′ = 41.5 𝑀𝑃𝑎, 𝑓𝑓𝑢 = 401.5 𝑀𝑃𝑎, 𝐸𝑓 = 23.6 𝐺𝑃𝑎, 𝜀𝑓𝑢 = 0.017 

Initial neutral axis (x), 

Find 𝜀𝑓, 𝜀𝑐  

Forces equilibrium, Cc ≤ Tf  

Define Tolerance (Tf - Cc) ≤ 100 

Determining mean stress factor () for the 
compression stress concrete (Cc), centroid 

factor () for location Cc 

Determining moment resistance (M),  

Finish 

No 

𝜀𝑓 ≥ 𝜀𝑓𝑢 FRP rupture Concrete crushing 

yes No 



50 | P a g e  
 

5.3 Shear Capacity Check 

Basically, this project only studied flexural behaviour of the CFRP RC beam. 

Therefore, shear capacity check was done only to ensure that the beam not fail in 

shear. To ensure this condition, the beam was designed with ratio of shear span 

against depth of reinforcement (a/df) was greater than 5 (ratio=510/89.15=5.72) 

according to (Park & Paulay, 1975). In addition to this, minimum shear reinforcement 

was provided to prevent shear failure due to sudden formation of cracks that can lead 

to excessive distress.  

Shear check was conducted by comparing nominal shear strength Vn of the 

beam cross-section against to shear load Vu. The nominal shear strength of reinforced 

concrete cross section Vn is the sum of shear resistance provided by concrete Vc and 

FRP shear reinforcement Vf can be evaluated according to (ACI 440.1R, 2006). It is 

adopted according to ACI 318-05 (ACI-318M, 2008). The concrete shear capacity is 

defined as 

𝑉𝑐 =
2

5
√𝑓𝑐

′𝑏𝑤𝑥           [5.22] 

Where 𝑏𝑤= width of the web, in mm; and x=cracked transformed section neutral 

axis depth, in mm.  For singly reinforced, rectangular cross sections, the neutral axis 

depth x may be computed as  

𝑥 = 𝑘𝑑 

𝑘 = √2𝜌𝑓𝑛𝑓 + (𝜌𝑓𝑛𝑓)
2-𝜌𝑓𝑛𝑓 

𝜌𝑓 =FRP reinforcement ratio = 𝐴𝑓/𝑏𝑤𝑑 

Eq.[5.22] accounts for the axial stiffness of the FRP reinforcement through the 

neutral axis depth x, which is function of the reinforcement ratio 𝜌𝑓and the modular 

ratio 𝑛𝑓. This equation may be rewritten as Eq.[5.23]. The factor ([5/2]k), which 

accounts for the axial stiffness of the FRP reinforcement. 

𝑉𝑐 = (
5

2
𝑘) 2√𝑓𝑐

′𝑏𝑤𝑑                                              [5.23] 

Shear capacity contributed by shear reinforcement is  

𝑉𝑓 = 𝑓𝑓𝑢𝑊𝑓𝑡𝑓                      [5.24] 

By using Eq. [5.22] shear capacity of concrete is calculated as 

𝑉𝑐 =
2

5
√𝑓𝑐

′𝑏𝑤. 𝑐 =
2

5
√40 (150)(13.9) = 3453𝑁 = 5.27𝑘𝑁 

Shear capacity is contributed by shear reinforcement of biaxial CFRP 

reinforcement is calculated by using Eq. [5.24] as  
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𝑉𝑓 = 𝑓𝑓𝑢𝑊𝑓𝑡𝑓 = 401.5𝑥510𝑥1.7𝑥2 = 696,201𝑁 = 696 𝑘𝑁 

The nominal shear capacity of this CFRP RC beam is Vn=701.27 kN which is 

greater than shear load Vu =9 kN. Therefore, beam will not fail in shear. 

5.3 Summary 

Based on design process mentioned above, it can be summarised: 

1) Initial design for beam reinforced with CFRP U-channel was designed to fail 

in tension or FRP rupture. It was assumed that vertical CFRP reinforcement 

and rounded CFRP in bottom not considered in design. However, this mode 

of failure was changed to concrete crushing first at final beam design (beam 

reinforced with CFRP closed box with intermittent top openings). This was 

because in experiment, two vertical CFRP contributed significantly for 

tension. 

2) Shear capacity check mentioned in section 5.3 was conducted to ensure that 

beam will not fail in shear.  

3) Comprehensive design results and discussions were presented in the 

Chapter 6. 
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CHAPTER 6  
EXPERIMENT INVESTIGATION AND RESULTS 

DISCUSSIONS ON BEAM 

 
This chapter discusses the experimental results on beam with U-channel CFRP 

reinforcement. The experiment aims to investigate the behaviour of both beams which 

covers load-deflection relationship, cracks observation, load and strains distribution 

and shear bond stresses on concrete and CFRP reinforcement interface.  

The experimental programmes comprised of  

 Fabrication of CFRP U-channel reinforcement 

 Testing of Beams   

 Instrumentation Adjustment  

 Casting concrete 

 Load-deflection and load-strain relationship 

 Observed cracks on beam 

 Justification for Design 

 Visual investigation on dismantled CFRP RC beam 

 Evaluation of Strain-stress distribution  

 Experimental results of shear bond stress 

 Prediction of shear bond stress on CFRP RC beam 

 Summary for CFRP RC beam 

6.1 Fabrication of CFRP U-Channel Reinforcement 

Reinforcement used in the CFRP RC beam shaped a U-channel that combining 

flexural and shear reinforcement. Hand wet-layup technique was used to fabricate the 

shape. A foam box with two bottom edges sides rounded was chosen to create this 

channel shape (Fig. 6.1(4)). The fabrication process was described as follows.  
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Fig 6.1 Fabrication process for making CFRP U-Channel reinforcement for CFRP RC beam. 

1. Four layers of biaxial carbon fabric were cut according to required size and 

their weight were measured 

2. Epoxy resin was poured over the base plate and the first sheet layer laid on 

it. Then the first fibre sheet was pressed using small aluminium scrap. Pouring 

the second epoxy layer over the first layer and distribute and press it using 

small scrap to enable resin to penetrate to the sheet. Continuing for the 

remaining layer with the same way. 

1 2

3

 

4

 

5 6
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3. Covering the wet sheet using transparent plastic Perspex to maintain 

expected thickness for about 45 minutes. 

4. Folding the wet sheet over the outside of the blue foam box to obtain U-

channel shape and put them both into wood formwork for about 30 hours for 

curing process. The curing process was done at room temperature around 

20o-22o C. 

5. Removing CFRP U-Channel reinforcement from wood formwork as shown in 

the picture above. 

6. Cutting the sharp edges of reinforcement using mini saw according to the 

required size. 

6.2 Testing of Beams 

The flexural test for CFRP RC beam was conducted at 28th days at TSRL 

laboratory using DMG Machine which has capacity of 200 kN. The beam was tested 

under four point bending with stroke rate 0.5 mm/min. Fig.6.2 (a) shows two dial 

gauges located at the middle of the beam at the top surface (front and back) to record 

deflection during the test. Two dial gauges were used to check whether there is 

rotation at the beam during the test. Four other dial gauges were used as well to record 

the deflected shape of the beam. The first and second dial gauges had distances about 

200 mm and 400 mm from the left support respectively. Dial gauges 4 and 5 were at 

the same distance from the right support. Strain gauges was embedded to the beam 

to read strains on the CFRP channel reinforcement and the concrete during the test. 

These channels were connected to a Strain-Smart data logger (Vishay, 2011) . 

6.3 Instrumentation Adjustment  

The CFRP U-channel was instrumented with linear strain gauges shaped rosette 

to measure strains at predicted locations. Three locations were chosen, i.e., in the 

middle of the beam length (section A-A of Fig.6.2(a)), 350 mm from left support 

(section B-B) and 390 mm (section C-C) from left support  as shown in Fig.6.2 (b). 

Linear strain gauges EA-06-240LZ-120 with gauge length of 6 mm were purchased at 

Vishay Measurement Group (Vishay, 2010). All these strain gauges were connected 

to a Strain-Smart data logger (Vishay, 2011) .  
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(a) 

  

(b) 

Fig 6.2 (a) Testing set-up for FRP RC beam; (b) Location and orientation of strain 
gauges on opened CFRP channel reinforcement 

bottom 
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Fig.6.3 shows linear strain gauges embedded on the concrete surface. At the 

middle of the beam, three strain gauges were attached, CL1 at the top surface and 

CL2 and CL3 at the front side surface of the beam. This section A-A was only 

subjected to pure bending. At section B-B which was subjected to a combination 

between bending and shear, 5 strain gauges were embedded to the concrete surface. 

CL4 was on the top side of the beam and CL5-CL8 were attached on the side of the 

beam. Linear strain gauges PL-60-11 with 60 mm gauge length on concrete surface 

was manufactured by (Tokyo Sokki Kenkyujo Co., 2015).  

  

Fig 6.3 Strain gauges position and orientation on concrete beam 

 

Table 6.1 shows the orientation of strain gauges and explanation for selected 

positions regarding to confirmation data which will be compared with theoretical 

prediction. 

Table 6.1 Strain gauges on CFRP reinforcement and Concrete and its Rationalisation 

Strain Gauges Channel Rationale 

Section A-A 

 

 

 

 

 

 

At this section A-A (constant 

moment zone) the beam is subjected to 

pure bending moment. Therefore the 

main strains will be recorded along the 

longitudinal beam axis (x-direction) and 

transverse direction (y-direction) as 

shown in the plan view. The 45o strain 

gauge need to see whether there is 

shear in plane of the FRP during the 

test up to failure. 

Rosette strain gauges embedded 

at the left side of the FRP channel have 

the same orientation as attached on the 

bottom side of FRP channel. The 

Plan View 

Side View 
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longitudinal strain gauge measures the 

contribution of bending. The vertical 

and diagonal 45o see how the stresses 

flow from the bottom side as well as 

from the side of the FRP. 

 

Strain gauges CL1-CL3 embedded 

along longitudinal direction are used to 

check strain in the concrete through the 

depth of the beam. The strain 

information can be used to find the 

neutral axis change during the loading. 

Section B - B 

 

 

 

 

At this section B-B the beam will 

be subjected to bending and shear. The 

orientation of the strain gauges at the 

bottom side is similar with the section 

A-A. The rationale is also similar. 

However, at the side view the 

orientation is slightly changed. As the 

concern is about the shear behaviour at 

the section, the two strain gauges are 

placed along the fibre directions (±45o) 

to see the response of the fibres during 

the load. 

R9 and R10 at the bottom side of 

the CFRP channel are used to record 

longitudinal strains for getting shear 

stress between concrete and CFRP at 

this section. The result will be 

confirmed with theory. 

 

 

CL4 & CL5 strain gauges check 

strain in concrete and also can be used 

to obtain neutral axis during the load. 

Three (3) linear (CL6-CL8) strain 

gauges are placed on the side surface 

of concrete as well. The horizontal one 

is used to obtain strain on concrete 

through the depth along with other two 

strain gauges (CL4 and CL5). The 

diagonal strain gauge will be used to 

Plan View 

Side View 

Plan View 

Side View 

Side View 

Side View 

Plan View 

Plan View 
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compare with diagonal strain on the 

FRP side. 

6.4 Casting Concrete  

To ensure strong bond between CFRP U-channel reinforcement and the 

concrete, the CFRP was painted through the whole surface with epoxy resin. Because 

the viscosity of the epoxy resin was still low at the time of application, it needed about 

30 minutes to partially cure before casting of concrete could be started. After the epoxy 

resin become tacky the CFRP channel was painted for the second time with the 

remaining resin which dropped from the channel. At the same time, fresh concrete 

was poured into the bottom cover of the beam (about 10 mm thick). Then the CFRP 

channel reinforcement was put on top of the bottom cover concrete. Casting was 

continued at both sides and inside of the channel until finished to the top of the beam. 

During the casting, a steel with diameter of 10 mm was used to compact the concrete. 

This compacting process was done carefully since a lot of instrumentation and cables 

were embedded inside the channel.  

Three samples of cylinder with diameter of 100 mm and height of 200 mm were 

casted as well and cured for 28 days. The cylinders were tested at 28th days and had 

average compressive strength of 41.3 MPa. This result was to confirm the mix design 

of beam which was 40 MPa. Fig.6.4 shows the beams curing for 24 days using wet 

clothes.  At 25th days the beam was painted with white paint in order that cracks were 

easy to see during the test.  

 

 
(a) Painting process using epoxy resin on CFRP channel before concrete cast 
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(b) CFRP RC beam just after casted 

Fig 6.4 Process of casting of CFRP RC beam. 

6.5 Load-Deflection and Load-Strain Relationship  

Investigation of load- deflection and load-strain relationship was paramount 

importance to understand bending behaviour and ductility of a structure. Comparison 

between experiment and prediction was presented to see the difference. Section 3.7 

shows the way to predict the load-deflection relationship. 

Fig.6.5 shows the relationship between load and deflection at the mid span of 

the beam compared with the theoretical prediction. First crack could be seen at load 

of 3.5 kN with deflection of 1.45 mm, and then stiffness of the beam reduced up to 

load about 10.45 kN with deflection of 13 mm. Load is increased to ultimate of 11 kN 

which corresponds to deflection of 16 mm. Then load drops to 9.8 kN which relates to 

maximum deflection about 18.28 mm.  

On the contrary based on prediction theory using strain-stress compatibility and 

force equilibrium, first crack of the beam occurs at load of 3.9 kN with deflection of 

0.42 mm. Then after this crack the stiffness of the beam relies on the stiffness of the 

CFRP reinforcement and the stiffness of the beam reduces. The beam was predicted 

to fail at maximum load of 18.04 kN. The real beam is slightly stiffer than the prediction.  

Fig.6.6 shows the relationship between load and strain on the CFRP 

reinforcement and concrete surface at top of the beam. Experiment curve shows that 

concrete strain and CFRP strain at first crack seen 0.00029 and 0.00059 respectively 

which correspond to the load of 3.5 kN. Then the slope of both curves is decreased. 
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Strain on CFRP at initial non-linear behaviour is 0.007 at load level of 10.7 kN.  

Meanwhile the strain on concrete increases to 0.0018 at the same load. With no 

increasing load, the strain on the CFRP further increases to 0.013. Then loads are 

decreased to 9.7 kN and strains at CFRP and concrete were 0.0155 and 0.0018 

respectively. 

 

Fig 6.5 Relationship between Load and Deflection of the Beam at mid span. 

Predicted curve shows almost similar trend behaviour for the load-strain 

relationship on the CFRP reinforcement. The difference is that experiment curves was 

started to become non-linear approximately at strain of 0.007 which corresponding 

with load of 18.04 kN or 40% lower than prediction. Strains were still increasing up to 

0.013 without increasing the load. From this point load decreased to the level of          

10.7 kN with strain of 0.015. At this point loading was stopped and could not be 

continued until the expected CFRP rupture at predicted strain of 0.017 due to machine 

switch off. The Actuator suddenly crashed down on the beam and made the beam fail.   

As shown in Fig.6.6, the predicted concrete strain at top of the beam when CFRP 

rupture is 0.0035 at concrete crushing. Experiment showed that beam failed at strain 

of 0.0018 at top beam whereas the CFRP has not been rupture. Beam was suspected 

=0.42mm 

P=3.9KN 

=1.45mm 

P=3.5KN 

=13.9mm 

P=10.45KN 

=16 mm 

P=11 KN 
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to have failed due to other factors. As shown in Fig.6.8 that top of concrete beam was 

looked crushed. 

 

Fig 6.6 Relationship between load and strains in CFRP bottom channel and concrete 
top surface at mid span of the beam 

 
To compare the CFRP beam with steel RC beam, steel RC beam was designed 

to sustain the same load capacity as the CFRP beam. Fig.6.7 shows load-strain 

relationships the steel RC beam at mid span of the beam. At concrete crushing, strain 

on concrete has achieved ultimate strain 0.0034 (prediction concrete crushing is 

0.0035) whereas the CFRP beam did not. 

 

Fig 6.7 Load-strain relationships for steel flexural reinforcement and top surface of concrete 
at mid span. 

Initial non-linear 

point start =0.007 
 

P=10.7KN 

=0.013 

P=9.7KN 

=0.0155 
 

=0.00059 
=0.00029 

=0.0018 

=0.0029 
Load (N) 

Load (N) 

P=11KN 
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Strain curve on steel after concrete cracks shows declined that means stiffness 

of the beam mostly rely on the stiffness of steel. Steel yields at strain of 0.0025 as 

shown in the figure was higher than prediction which is 0.0022 (= 443/2000000). It 

indicates that non-linear behaviour of the beam has begun. The concrete strain at 

beam top was 0.0015 at condition steels start to yield. 

 
 

Fig 6.8 Concrete crushing at lower concrete strain of 0.018 which far from prediction of 0.0035. 

6.6 Observed Cracks on beam 

Fig.6.9 (a) shows crack distribution on the CFRP RC beam during the flexural 

test. First crack could be seen at a load of 3.5 kN. The load level is different when 

compared with theory which is 3.9 kN. The crack is located on the constant moment 

zone of the beam. These flexural cracks are vertical as expected for a shallow beam 

designed to fail in flexure. These vertical cracks are well distributed on the constant 

moment zone.  

No large individual cracks are found on the CFRP RC beam. These continuous 

flexural and shear reinforcement are well distributing cracks during the loading. The 

Concrete top 
was crushed 
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ability of CFRP reinforcement to carry tensile stress at the locations of cracks prevents 

the localization of cracking to a degree, which allowed for the formation of successive, 

intermediate cracks in the beam.  

Fig.6.9 (a) top side shows that longitudinal crack occurs on the top of concrete 

beam which is located in the constant moment zone. The location is on the vertical 

side of channel reinforcement, or 25 mm from both concrete sides. This longitudinal 

cracks were occurred after initial non-linear behaviour started in the beam. These 

cracks were induced by local tensile stress on the top of the CFRP channel 

reinforcement.  

Fig.6.9 (b) shows crack distributions on the steel RC beam under four-point 

bending. The initial crack appeared in the constant moment zone at a load of 3.5 kN, 

whereas the prediction was 3.9 kN.  These flexural cracks were vertical as expected 

for a shallow beam designed to fail in flexure, and were well distributed in the constant 

moment zone. Some vertical cracks appeared outside the constant moment zone. The 

maximum crack width at beam failure was about 5 mm at load of 22 kN nearby mid-

span. Concrete crushing was at the top of the beam at mid-span. Large opened crack 

was concentrated at the bottom of the beam nearby mid-span. This is different 

compared with CFRP RC beam.  No crack propagation at the bottom of the beam 

which different compared with the CFRP RC beam. Cracks were distributed well in 

concrete beam with U-channel shape. 
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Fig 6.9 (a) Sketching crack pattern of CFRP RC beam. 
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Fig 6.9 (b) Sketching crack pattern of Steel RC beam. 
                             (Number indicate load reached) 
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6.7 Justification for Design 

As regard to shear bond stress, where experiment result gives value less than 

theoretical, it indicates that de-bonding might be not the main problem which caused 

premature failure for this FRP Beam, especially at the bottom side. others possible 

premature failure which indicated are buckling sway due to horizontal compression 

forces applied on cross section during the beam test and vertical shear failure above 

top reinforcement as illustrated on Fig. 6.10.  

 

 

 

 

 

 

 

 

Fig 6.10 Mode of failure on FRP RC Beam 

 

Fig.6.11 shows that horizontal crack across constant moment zone at top side of 

makes separation between concrete cover and CFRP reinforcement at both side of 

the beam. This separation extends to the shear zone of the beam. This evidence is 

suspected lead to the premature failure of the beam before attain the maximum 

capacity. 

 

Fig.6.11 Horizontal cracks occurred on top of CFRP RC beam at constant moment zone 

 

Constant moment 

zone 

Vertical bending load 

Compression force in 
longitudinal direction (X-axis) 
can make reinforcement 
buckling sideways  

Possible shear 
failure induced by 
tensile stress on 
top of channel   

y 

z 

Reinforcement position 
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Two method were used to evaluate tensile stress in y-direction that can induce 

cracks on adjacent between CFRP reinforcement and concrete. In this evaluation, the 

calculation was based on the applied load 10.7 kN which was considered as maximum 

load. First method was assumed that strain in y-direction in the neutral axis position 

was zero and stress in vertical direction z = 0. Then at location of top of CFRP 

reinforcement, stress in y-direction was calculated based on Generalized Hooke’s Law 

for stresses and strains. Second method, it was assumed that at top of the CFRP 

reinforcement strain in y-direction (y=0) and stress in z-direction (z = 0). Then stress 

in y-direction can be obtained based on Generalized Hooke’s Law for stresses and 

strains. These next two section will present those two methods. 

6.7.1 Failure Mode of Method 1 

To examine premature failure mode of the FRP RC beam, strains and stresses 

along longitudinal beam axis (x-direction) are presented on Fig 6.12. This strains and 

stresses will be used to examine tensile stress in the y-direction that can cause cracks 

occurs at top of CFRP channel reinforcement.  

 

Fig 6.12 Strains and Stress diagram at mid span of CFRP RC Beam at load of 10.7 kN 

Fig.6.12 above shows strain and stress diagram at load of 10.7 kN. The neutral 

axis is 15.87 mm from top of beam. X1 is positioned at the neutral axis and X2 is on 

top of CFRP channel reinforcement. Due to premature failure at location above CFRP 

top channel reinforcement, the evaluation of tensile stress at this location need to be 

done. The evaluation of tensile stress below the neutral axis and just above the top 

CFRP reinforcement can show the crack phenomenon at this location that enable to 

explain this mode of failure. The evaluation is to determine tensile stress on Y-direction 

(beam wide direction) that can produce cracks in horizontal (x-direction) and vertical 

(z-direction).  
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Generalized Hooke’s Law for stresses and strains is used to derive strains and 

stresses on location X1 and X2. 

𝜀𝑥 =
1

𝐸
(𝜎𝑥 − 𝜗𝜎𝑦 − 𝜗𝜎𝑧)                    [6.1] 

𝜀𝑦 =
1

𝐸
(𝜎𝑦 − 𝜗𝜎𝑧 − 𝜗𝜎𝑥)               [6.2] 

𝜀𝑧 =
1

𝐸
(𝜎𝑧 − 𝜗𝜎𝑥 − 𝜗𝜎𝑦)               [6.3] 

At Location X1 (at neutral axis), strain y=0 and z=0 therefore  

Using Eq.[6.2]:   𝜀𝑦 =
1

𝐸
(𝜎𝑦 − 𝜗𝜎𝑧 − 𝜗𝜎𝑥) 

𝜀𝑦 =
1

𝐸
(𝜎𝑦 − 0 − 𝜗𝜎𝑥) =

1

𝐸
(𝜎𝑦 − 𝜗𝜎𝑥) 

𝜀𝑦 = 0 =
1

𝐸
(𝜎𝑦 − 𝜗𝜎𝑥) 

𝜎𝑦 = 𝜗𝜎𝑥 = 0.2 ∗ 0 = 0 

At Location X2 (at top of CFRP reinforcement), using Eq.[6.1] : 

𝜀𝑥 =
1

𝐸
(𝜎𝑥 − 𝜗𝜎𝑦 − 𝜗𝜎𝑧) =

1

𝐸
(𝜎𝑥 − 𝜗𝜎𝑦 − 0) =

1

𝐸
(𝜎𝑥 − 𝜗𝜎𝑦) 

454𝑥10−6𝐸 = (𝜎𝑥 − 𝜗𝜎𝑦) 

𝜗𝜎𝑦 =
𝜎𝑥

454𝑥10−6𝑥23600
=

10.71

454𝑥10−6𝑥23600
 

𝜎𝑦 =
10.71

454𝑥10−6𝑥23600𝑥0.2
= 4.997 ≈ 5 𝑀𝑃𝑎 

Using Eurocode 2, tensile strength is assumed as 𝑓𝑐𝑡 =
𝑓𝑐𝑘

10
=

41.3

10
= 4.13 𝑀𝑃𝑎 (inward) 

Hence above the CFRP channel reinforcement, tensile stress has exceeded 

tensile strength of concrete.  This indicates that cracks occurred at top location of the 

CFRP channel reinforcement and developed upward concrete beam. This crack 

spread horizontally (along x-direction) at the constant moment zone.  

6.7.2 Failure Mode of Method 2 

At Location X2 (at neutral axis), for z=0 therefore 

Using Eq.[6.1]:    

         𝜀𝑥 =
1

𝐸
(𝜎𝑥 − 𝜗𝜎𝑦 − 𝜗𝜎𝑧) =

1

𝐸
(𝜎𝑥 − 𝜗𝜎𝑦 − 0) =

1

𝐸
(𝜎𝑥 − 𝜗𝜎𝑦) 

454𝑥10−6𝐸 = (𝜎𝑥 − 𝜗𝜎𝑦)                                        [6.1] 

Using Eq.[6.2] for strain y=0 and z=0 therefore 

𝜀𝑦 = 0 =
1

𝐸
(𝜎𝑦 − 𝜗𝜎𝑥 − 0) 
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(𝜎𝑦 = 𝜗𝜎𝑥), therefore (𝜎𝑥 =
𝜎𝑦

𝜗
)               [6.2] 

Substitute Eq.[6.2] into Eq.[6.1], 

454𝑥10−6𝐸 = (
𝜎𝑦

𝜗
− 𝜗𝜎𝑦)       

             454𝑥10−6𝐸 = 𝜎𝑦 (
1

𝜗
− 𝜗)       

          
454𝑥10−6𝐸

(
1

𝜗
−𝜗)

= 𝜎𝑦         

𝜎𝑦 =
454𝑥10−6𝑥23600

(
1

0.2
−0.2)

=
10.714

4.8
= 2.23 𝑀𝑃𝑎 (inwards) 

Based on both approximation methods, the predicted tensile stresses in the               

y-direction of the order of 2–4 N/mm2, which is of similar order to the tensile strength 

of concrete. The top edge of the CFRP could also be acting as a crack inducer due to 

a concentration of stress, which would make a crack more likely to initiate due to this 

stress y. Whether this stress y that it is predicted is the cause of the crack in this 

detail analysis, its looks a distinct possibility.  

6.8 Visual investigation on dismantled CFRP RC Beam 

Post bending test, visual analysis of CFRP RC beam was carried out to get 

overview condition of beam which was limited to investigate during the test. This 

investigation aims to look more detail other factors cause premature failure on the 

beam. The method of this investigation was to dismantling concrete cover at bottom, 

two sides and top of the beam by using steel chisel carefully. Because de-bonding on 

the beam was also one of factors that suspected as premature failure of the beam, 

therefore bonding between CFRP reinforcement and concrete below cracks were 

interested to see. In addition to this, longitudinal crack above the CFRP top 

reinforcement at constant moment zone were also important to be observed.  These 

figures below are to show the condition of the beam during dismantling process. 
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Fig. 6.13:  

(a) Concrete cover front side was opened from middle zone (section A-A) till section B-B 
and C-C. 

(b) Top middle zone only shows horizontal cracks  
(c) Inside gap between FRP and concrete can be seen from top 
(d) Bottom side of FRP reinforcement appears partially de-bonding 
(e) De-bonding at bottom side near left support  

Fig.6.13 (a) shows concrete cover front side was opened from middle zone and 

extended to left and right side about 160 mm.  Partial de-bonding were found on the 

top of CFRP reinforcement due to epoxy slip down during concrete cast. It occurred 

on both side of CFRP Reinforcement. Fig.6.13 (b) shows horizontal cracks appear on 

top of beam, initially on the middle zone and extended to left and right side about 160 

mm from this middle zone. Opened sharp U shape CFRP reinforcement produced 

local stress during the test. When load was increased and top of this reinforcement 

experienced tensile stress, it can induce cracks and these cracks go deep up to the 

top of the beam. Fig.6.13(c) shows gap between inside CFRP reinforcement and 

concrete. This gap was opened 0.5 mm with approximately depth 15 mm from top of 

reinforcement. Outside of this constant moment zone the depth of gap was 15 mm 

and stop 160 mm extend to right and left of this zone. Fig.6.13 (d) shows large de-

bonding at the bottom CFRP reinforcement near the left support. This was caused by 

CFRP reinforcement lifted up during concrete cast. As comparison, at right side of the 

beam the concrete was well bonded. Existence of plastic tape induced de-bonding at 

middle of the beam where it was used to cover strain gauge. It made poor bonding 

between FRP and concrete. Fig.6.13 (e) shows enlarged view of local de-bonding at 

left side of the beam.  

Based on this investigation and explanation of dismantled CFRP RC Beam, it can 

be summarised as follows: 

1.   Plastic tape to cover strain gauges seems producing de-bonding between CFRP 

reinforcement channel and concrete at strain gauges attached. It will be removed 

for the next beam test. 

e Partially de-bonding 
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2.   Mostly at the top side of CFRP reinforcement (approximately 30 mm downward) 

epoxy resin was not attached well to concrete. It was due to poor bonding during 

concrete casted process.  

3.  Vertical de-bonding appears inside of CFRP reinforcement channel. This gap 

appears large at the middle zone of the beam and reduces to left and right of the 

beam. This gap is only appearing at the bottom.  

4.  De-bonding at the bottom of reinforcement channel appears clearly. It was 

subjected to process of compacting concrete cover at bottom of the beam was 

done properly and causes reinforcement channel was not attached properly to 

concrete. Bottom right side shows better bond between reinforcement and 

concrete compared with left side and middle zone of the beam.  

5.   Bottom side inside of CFRP reinforcement channel was unable to be investigated 

the bond between reinforcement and concrete. Chipping of concrete inside the 

reinforcement channel was suspected to destroy the bonding and giving not 

accurate investigation ad judgement.  

6.   Aggregate coating with size of 2-5 mm will be used for next beam test to make 

sure perfect bonding between CFRP reinforcement and concrete.  

7.   Rounded shape at the top of CFRP Reinforcement will be used to prevent local 

stresses that could lead to horizontal cracks on the beam top, especially at 

constant moment zone. Open shape channel will be closed with strip CFRP 

reinforcement. This is to ensure side way movement of the top reinforcement due 

to compression forces that make concrete separate from CFRP reinforcement can 

be avoided. Extended study of bonding was conducted to gain understanding 

bond behaviour between CFRP and concrete prior new design of beam with CFRP 

closed box with intermittent top openings (see Chapter 7). 

6.9 Evaluation of Strain-Stress Distribution  

Evaluation of strain and stress distribution on the beam cross section was 

important to understand comprehensive behaviour of the beam. Rosette strain gauges 

was embedded on the middle span of the beam as depicted in Fig 6.2 above. 

Compression and tension force due to flexural load of the beam are calculated by 

using longitudinal strain gauges (x-direction) which available at the middle section of 

the beam (Section A-A).  
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Fig.6.14 shows strain-stress diagrams at middle section of the CFRP RC beam 

under load of 10.7 kN. Longitudinal strains (x) were recorded by strain gauges across 

cross section of beam were tabulated. First, strains data (CL1, CL2, CL3, R1, R3, and 

R4) were tabulated and linked with their position from top of beam. Position is as Y-

axis and strains is as X-axis. Using linear relationship new best fit line curve for strain 

was obtained. Then stress curve was figured, concrete stress was calculated using 

Hognestad equation, and stress curve was calculated by multiplying strains with 

Young Modulus which was 23.6 GPa (see Section 4.5). Then finally stress curve for 

concrete and FRP were obtained across the section. Using this stress diagram the 

compression force (Cc) and tension force (F) were obtained. Internal resistance 

moment (Mn) can be obtained as well by multiplying compression force and tension 

force with distance from the neutral axis. Finally, related point loads (Pint) were 

obtained from relations with nominal moments. These points load were compared with 

external point load (Pext). This procedure was repeated for several load levels and            

the results were summarized in Table 6.2.   

 

 

 

 

 

 

 

 

 

 

Fig.6.14 Calculating forces and moment on cross-section at mid-span based on strain data 
measurement at Load of 10.7 kN 

 

The compression force in concrete was calculated based on linear stress distribution 

above the neutral axis (Neutral axis is 15.859 mm): 

𝐶𝑐 = 0.5𝑥(−30.7)𝑥15.859 ∗ 150 = −36541 𝑁 

The tension forces that sustained by the vertical side of U-channel was 

∑𝐹 = 𝐹1 + 𝐹2 + 𝐹3 
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∑𝐹 = (60 ∗ 10.71𝑥1.7 ∗ 2) + 0.5𝑥(60𝑥1.7𝑥2𝑥(166.32 − 10.71) + 192.25𝑥1.7𝑥80

= 43800 𝑁 

The difference between compression forces and tension forces is 19.86% (∑𝐹 − 𝐶𝑐) 

Vertical point load (Pint) based on this internal equilibrium is  

𝑀 = 𝐶𝑐𝑥0.75𝑥(15.87) + 𝐹1𝑥(50 − 15.87) + 𝐹2𝑥(20 − 15.87 + 0.333𝑥60) + 𝐹3𝑥(80

− 15.87) = 3,073,418 𝑁𝑚𝑚 

𝑃𝑖𝑛𝑡 =
2𝑀𝑥10−6

0.51
= 12.05 𝑘𝑁 

The difference between external load (P=10.7 kN) from direct loading with internal 

load obtained from is 12.60 % 

As shown in Table 6.2, compression forces and tension forces for several load 

levels are different. Results showed that difference compression forces and tension 

forces below 20% and difference between external loads and internals load are below 

20% as well.  These differences are still accepted and reasonable because there are 

some factors that influence the accuracy of calculation such as the difference concrete 

strength between cylinders compression test and concrete beam strength, and 

effectiveness of modulus of elasticity of CFRP channel reinforcement.  

Table 6.2 Comparison Forces and Loads between experiment and theory 

Cc  F Pexp Pint 

36541 43834 10.70 12.05 

19.96% 12.60% 

Cc  F Pexp Pint 

35855 29890 9.10 8.69 

19.95% 4.51% 

Cc  F Pexp Pint 

35584 29662 8.25 7.44 

19.97% 9.82% 

Cc  F Pexp Pint 

7496 7433 1.5 1.77 

0.84% 17.96% 

Note: Pint is vertical forces which calculated back from experiment.  

6.10 Experimental Results of Shear Bond Stress 

Fig.6.15 shows strain gauges R5, R10 and R9 are allocated outside constant 

moment zone for obtaining horizontal shear stress on CFRP-concrete interface. The 

location are 350, 390 and 410 mm from the left support respectively which are 
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subjected to a combination of bending and shear. The bond force is calculated as the 

difference in the tensile force between two sections of the FRP laminate.  

The difference of tensile force is obtained from the strain of section i and the 

relative strain of the proceeding section i-1. The average shear stress of section i, i-1 

has been calculated dividing the difference of tensile force by the surface area of the 

CFRP laminate as shown in Eq.[6.4]. 

𝜏𝑏,𝑖 =
(𝜀𝑓,𝑖 − 𝜀𝑓,𝑖−1)𝑡𝑓𝐸𝑓

∆𝐼𝑏
                                                                [6. 4] 

Where, ∆𝐼𝑏 = interval between gauges = 60 mm 
𝐸𝑓 = elastic modulus of FRP = 23.6 GPa 

𝑡𝑓 = thickness of FRP = 1.7 mm 

𝜀𝑓,𝑖 = strain of FRP of section i 

 

 

Fig 6.15 Location of strain gauges on the CFRP reinforcement of the FRP RC Beam 

Fig. 6.17 shows relationship between horizontal shear stress (shear bond stress) 

and load.  Experimental curve shows that shear bond stress trend is increased when 

load is increased. Although in some points there are reduction in bond stress for 

example between loads of 4 kN to 5.5 kN and between loads of   6.6 kN to 7.1 kN. 
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This is due to differences of strains in position R5 and R9 which is very small as shown 

in Fig.6.16. However the trend of shear bond stress keeps increased up to failure load. 

Maximum shear bond stress experimentally is 0.11 MPa achieved at laod of 11 kN. 

This bond stress is much less compared with theory which is 0.822 MPa. At section 

C-C only two flexural cracks found (See Fig.6.9 (a) on front and back side between 

point 3 and 4), it is less possible de-bonding problem is encountered at inner bottom 

interface between concrete and CFRP reinforcement. Spike curve found in the curve 

(Fig.6.16) shows that loads were held for investigation of cracks matter. After loads 

were continued it still follows the previous curves trend.   

 

Fig 6.16 Loads and horizontal strains (in x-direction) for position R5 and R9. 
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Fig 6.17 Shear bond stresses on interface concrete and FRP at load of 10.7 kN where the 

FRP RC beam failed prematurely 

 

6.11 Prediction of Shear Bond Stress on CFRP RC Beam 

The general method is used to determine shear bond force acting on the 

interface between concrete and FRP reinforcement. The global force equilibrium is 

utilized to calculate the change in the compression forces occurs on the compression 

zone above neutral axes at two points along the beam. With beam assumed to be fully 

crack and concrete in the tension zone is neglected, the change in the compression 

forces is transferred to FRP reinforcement. Therefore the change in tension forces in 

FRP reinforcement at the two points will be the same as the change in compression 

forces.  
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Fig 6.18 Free body diagram of moments and forces acting on beam cross section to derive 

shear bond stress. 

 

The different of the compression forces result in the horizontal shear force is 

shown in Eq.[6.5] 

𝑉ℎ = (𝐶2 − 𝐶1) = ∆𝐶     [6.5] 

 

Where,  

𝑉ℎ = horizontal shear force between points 1 and 2 

𝐶1 = compression force in the concrete compression at point 1 

𝐶2 = compression force in the concrete compression at point 2 

∆𝐶 = the different of the compression force 

The different of the tension forces result in the horizontal shear force is shown in 

Eq.[6.6] 

𝑉ℎ = (𝑇2 − 𝑇1) = ∆𝑇     [6.6] 
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Therefore, 

∆𝑇 = ∆𝐶                                                    [6.7] 

To obtain the horizontal shear stress, the change in tension forces is divided by 

the contact are which the different in the tension forces is transferred: 

𝜏ℎ = (𝑇2 − 𝑇1)/(𝑏𝑓. ∆𝑥)                                             [6.8] 

Where, 

𝜏ℎ = horizontal shear stress of interface between points 1 and 2 

∆𝑥 = length of the interface between points 1 and 2 

𝑏𝑓 = width of FRP reinforcement which contact to concrete  

 

Moment capacity and vertical load obtained using stress-strain compatibility 

and force equilibrium for FRP RC beam by considering tension mode failure gave 

values of 4.6 kN.m and 18 kN respectively. This analysis assumed perfect bonding 

between concrete and FRP reinforcement. Prediction of shear bond stress acting on 

the FRP RC beam due to four points bending was able to be calculated by selecting 

two different location of moment that gave two different horizontal forces acting on the 

bottom FRP reinforcement (see Fig.6.20). There was assumption to be considered in 

this analysis i.e. two sides of FRP reinforcement on the beam were neglected. The 

reason was to ease the analysis because the maximum horizontal force only acting 

on the bottom of FRP. Two sided FRP carry much less horizontal forces that cannot 

occur de-bonding. Three different locations R5, R10, and R9 which are 350 mm, 390, 

and 410 mm from left support respectively selected in analysing bond shear stresses. 

These bond stresses was compared with experimental data.    

. 

 

 

 

 

 

 

 

 
Fig 6.19 Two Location of Moment considering for calculation of horizontal shear stress. 
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Fig 6.20 Beam cross section, strain and stress diagram at location where shear stress to be 
considered. 

 

Using stress-strain compatibility method and force equilibrium, based on these 

two input moment, the compression and tension force acting on the beam can be 

obtained. For M1 and M2, the horizontal tension forces are 31.678 kN and 25.099 kN 

respectively for single applied load of 10.7 kN. The position of M2 where strain gauges 

attached are 100 mm (R9) and 160 mm (R5) respectively from vertical point load at 

constant moment zone. Corresponding horizontal forces which transferred to FRP 

bottom reinforcement are tabled in the Table 6.3 and are used to calculate average 

shear stress. Thus the horizontal shear stress is obtained by dividing change of 

horizontal force against contacting area between FRP and concrete (see Eq.[ 6.5]). 

𝜏ℎ =
∆𝑇

𝑤𝑓.∆𝑥
                                                                                       [6. 5]       

Where Wf = with of FRP contacting with concrete = 80 mm 

x = assumed bond length along with horizontal force acting  

Table 6.3. Average shear bond stress analytically 

No Position R9 R5 

1 Total Vertical 
Load, P 

10.7 kN 

2 P/2 5.35 kN 

3 M1 2.7285 kN.m 

4 Tf1 31.678 kN 

5 M2 2.1935 kNm 1.8725 kNm 

6 Tf2 25.099 kN 21.154 kN 

7 h 
0.822 MPa (Mid-R9)  

8 h 
 0.822 MPa (R9-R5) 

 

Theoretically the average bond stress at location from vertical point load to R5 

(160 mm from it) is uniform. Average shear stress between point load and R9 is 0.822 

MPa. The bond length used for this calculation is 60 mm (see Fig. 6.19). Similarly, the 

average bond stress between R9 and R5 gives value of 0.822 MPa. It can be 
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understood because the moments from strain gauges R5 towards to vertical point load 

(middle zone) is linear and gives the changes of horizontal shear forces at the bottom 

reinforcement increased linearly. 

6.12 Summary for CFRP RC Beam 

The CFRP RC beam was designed and tested under four-point bending and 

showed particular behaviour which can be summarized as follows: 

a) The CFRP RC beam failed well below the failure load design. It was due to both 

de-bonding problem and local stresses at the top of CFRP Reinforcement or one 

of them. 

b) Beam failed at concrete crushing with ultimate strain of 0.0018 which less than 

prediction of 0.0035.   

c) Beam showed good flexural cracks behaviour which distributed well on the 

constant moment zone without large individual cracks.  

d) Maximum bond stress experimentally was smaller than prediction. This indicated 

that de-bonding might not occur at this section (section C-C) especially in inner 

bottom of CFRP channel.    

e) Improvement by re-designing beam included the use of aggregate coating and 

re-shape of top CFRP reinforcement. 
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CHAPTER 7  
RE-DESIGN OF CFRP RC BEAM 

 

7.1 Extended Study of Bonding Behaviour on CFRP RC Beam 

This extended study followed up recommendation of the previous beam test 

results and discussions. It was to investigate CFRP reinforcement and concrete bond 

system in shorter beams rather than standard flexural bond test as mentioned at 

section 2.5.3. This is because the CFRP reinforcement used in this project was single 

continues reinforcement system which completely different compared with CFRP 

plate/strip which mostly used as strengthening system for existing concrete beam, or 

as internal bending reinforcement. This work was done by master student (Sian Louise 

Harry, 2016) as part of my PhD project where I also involved. 

7.1.1 Fabrication 

Three beams were produced, each with a 120 mm width, 120 mm depth and a 

simply supported span of 900 mm. Each beam adopted different reinforcement 

system, however, production process for those reinforcements was in similar 

fabrication process to get consistent material properties. As shown in Fig.7.1, first 

beam was named as plain U-channel section. This U-channel section only used epoxy 

resin on whole its surface to bond the reinforcement to concrete 45 minute before 

concrete casted. Second beam was named as U-channel section with aggregate 

coating. Small aggregate with size of 2 mm – 5 mm was bonded to the whole surface 

of reinforcement using epoxy resin to create rough surface before it was casted with 

fresh concrete. Lastly, third beam was named as anchorage channel section. This 

section consisted of a lipped channel section with intermittent closed loops. As first 

beam, only epoxy resin was used to bond this reinforcement to concrete.  
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Fig.7.1 (a) Plain U-Shaped Channel; (b) U-Shaped Channel with Aggregate Coating; (c) 
Anchorage Channel 

 
Each reinforcement was manufactured using a ±45° biaxial carbon fibre Toray 

T700 with a weight specification of 300 g/m2  purchased from Easy Composites. Four 

layer of this carbon fibre fabric were wrapped in epoxy resin to create CFRP thickness 

of 1.7 mm.  

7.1.2 Testing, Results and Discussion 

 Beams were tested under four-point bending as shown in Fig.7.2. Beams were 

tested continuously until failure with stroke rate of 2 mm/min. Two dial gauges were 

attached to mid span of beams at front and back. Deflection of mid span of the beams 

were average of those two dial gauges. Load and displacement curves of the beams 

were shown in Fig.7.3. Two strain gauges were attached to top of the beam and 20 

mm from top respectively. Two strain gauges were attached to bottom of CFRP with 

orientation one +45o and another -45o against longitudinal of beams. Additional two 

strain gauges were attached to the top of lipped CFRP reinforcement at middle of the 

third beam.  
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Fig. 7.2. Four-point bending set-up for three CFRP RC beam test bond. 

 Fig.7.3 shows relationship between load and displacement for three CFRP RC 

beam. Ultimate loads for plain U-channel section, U-channel section with aggregate 

coating and anchorage channel section were 29.88 kN, 46.50 kN, and 30.86 kN 

respectively. U-channel section with aggregate coating showed highest bending 

stiffness compared with other two beams. This aggregate coating has given perfect 

bonding between CFRP channel and concrete. After ultimate load of 46.5 kN 

achieved, the load drops three times to 34 kN, 28 kN and 24kN respectively. The 

deformation at peak load was 9.6 and the maximum deformation was 15.6 mm. 

 Beam with plain U-channel section has slightly higher bending stiffness 

compared with beam with anchorage channel section. This is induced by poor 

compaction during concrete casted. Beam with opened U-channel section gave more 

accessibility in compacting the concrete rather than beam with anchorage channel 

section with intermittent opening top. However, although both beams have load 

dropped after peak at almost the same level, beam with anchorage channel section 

were more ductile. This was because cracks that reached top reinforcement cracks 

has to pass through lipped CFRP and goes deeper in order to propagate (see Fig.7.5 

and Fig.7.6). Fig.7.5 and Fig.7.6, shows longitudinal crack occurs close to middle of 

beam width due to lipped CFRP on top. This was not occurred on beam with opened 
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U-channel section (see Fig.7.7). After cracks reached top channel, it penetrated to 

inner path between vertical U-channel and concrete. Due to large compression force, 

longitudinal cracks on top of the beam occurred adjacent with concrete side cover 

which was 20mm.  De-bonding occurred faster than the beam with anchorage channel 

section. Prediction curve shows that ultimate load for these three beams is 29.6 kN 

which is close to the beam with plain U-channel section and anchorage channel 

section. Prediction of maximum deflection is 10.9 mm.  This curves assumed fully 

cracked section after beam first crack.  

 
Fig.7.3 Load and displacement relationship for three CFRP beams. 

Fig.7.4 shows the load and top concrete strain relationship for three beam. It 

shows that beam with plain U-channel section, U-channel section with aggregate 

coating and anchorage channel section have crushed at ultimate strain of 0.018, 

0.00259, and 0.00296 respectively. All strains were under predicted concrete crushing 

which was 0.0035. This was caused by inclusion of CFRP reinforcement on 

compression block of concrete.  
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Fig.7.4 Load and concrete top strain relationship for three beams 

 

 

Fig.7.5 Top shear crack distance from front surface [40mm] for anchorage channel section 
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Fig.7.6 Top shear crack distance from back surface [32 mm] for anchorage channel section 

 

 

Fig.7.7 Top shear crack distance from front surface [17mm] for plain U-channel section 

7.2 Re-design of CFRP RC Beam 

Previous design of beam with CFRP U-channel reinforcement has been 

described in Chapter 6. The CFRP was bonded with epoxy resin to concrete just 

before concrete was casted. Therefore, bonding between concrete and reinforcement 

became poor. Moreover, top open reinforcement U-channel produced stress a 

concentration that suspected as a trigger for an inducing crack.  

Extension study of bonding behaviour on three CFRP RC beam has been 

discussed on previous section in this chapter as well.  The bond study on CFRP RC 

beams aims to get better understanding about bond between CFRP reinforcement and 

concrete to overcome previous de-bonding problem on concrete beam reinforced with 

CFRP U-channel reinforcement.  

Therefore, the re-designed CFRP beam presented here was based on learning 

detail on previous beam (U-channel reinforcement system) and extension study of 
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bonding behaviour on three beam. The new shape of CFRP reinforcement system 

was depicted in Fig.7.8 and Fig.7.9. The new beam design was described in the 

following sections. 

7.2.1 Experimental Programme 

The experimental part of this research was planned to study especially flexural 

behaviour of beam with CFRP closed box with intermittent top openings. The goal of 

this experiment is to compare flexural behaviour of un-coated CFRP Reinforcement 

and aggregate coated CFRP reinforcement with prediction theory.  

Biaxial ±45o CFRP reinforcement to the longitudinal beam axis was 

manufactured with 4-layer of carbon fabrics and bonded with epoxy resin. Forty 

percent fibres and sixty percent epoxy resin approximately was chosen to result in 1.7 

mm thickness of CFRP. As shown in Fig.7.9 the new reinforcement system (closed 

box with intermittent top openings) has been developed to improve the previous 

reinforcement system. Only top reinforcement has different thickness compared with 

other sides which was 3.4 mm. In addition to this, at the top reinforcement was opened 

at some parts to give an access during concrete casted. Aggregate size of 2-5 mm 

was applied 50% to the whole surface of reinforcement system using epoxy resin with 

approximately thickness of 1 mm. This aggregate coating was cured for 5 days to be 

hard and well bonded to the CFRP surface. This treatment aims to improve and to 

guarantee bonding between concrete and CFRP reinforcement (Bank et al., 2006). 

Fig. 7.8 (b) shows the cross section of new reinforcement with surface roughened by 

aggregate coating.  

  

(a) 
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Fig.7.8 CFRP RC Beam cross section showing aggregate coating. 

Mix design of concrete, British Dept. of Environment (DOE) method 1988 was used 

for this beam with compressive strength of 22.5 MPa (See Appendix 2). Three cubes 

with size of 100 mm and three cylinders with diameter of 100 mm and height of 200 

mm were tested and average compressive strength of 22.78 MPa was confirmed This 

concrete compressive strength was designed lower than previous design which was 

41.3 MPa in order that it can bring down the neutral axis into inside of CFRP 

reinforcement, so that compression force developed above neutral axis can stay 

confined by the CFRP reinforcement. 

 

(b) 
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Fig.7.9 showing cross-section state name for location 

Four strain gauges were embedded to the beam, two at bottom of CFRP 

Reinforcement with gauge length of 6 mm, one on top of concrete beam and one on 

front side of beam (10 mm from top) with gauge length of 60 mm. 

 Design of this new beam was still followed the same concept and approach as 

previous FRP beam design. The difference assumptions were made as follows: 

a) Mode of failure was concrete crushing before FRP rupture. This was based on 

evaluation of the previous beam that vertical CFRP reinforcement contributed 

tension forces significantly to force equilibrium that made failure mode of beam 

change to compression failure in concrete.    

b) Vertical CFRP reinforcement were included in design, except two rounded 

shape at each box corner of reinforcement.  

c) Top side reinforcement was neglected in design due to small stress that 

contributed insignificant to compression force. 

7.2.2 Testing  

The new Beam was tested under four-point bending similarly as previous beam 

as shown in Fig.7.10. Two dial gauges were positioned at the front and back of the 

beam as shown in Fig.7.11 to measure deflection of the beam at mid-span during the 

test. The beam was loaded from the top direction with displacement rate of 2 mm/min 

continuously until beam failed. Then the beam was unloaded to zero load when the 

beam had been failure. The relationship between load and deflection at the mid-span 

of the beam is presented in Fig.7.12.  
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Fig.7.10 Beam reinforced with closed box with intermittent top openings tested under four 
point bending 

(a) 

(b) 
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Fig.7.11 Two dial gauges position were setup at the middle of the beam length. 

7.2.3 Load and Deflection Relationship 

Fig.7.12 shows the relationship between load and deflection at the mid-span of 

real beam compared with the theoretical prediction. First crack could be seen at load 

of 2.9 kN with deflection of 0.42 mm. After first crack occurred, stiffness of the beam 

is reduced up to ultimate load of 14.11 kN with deflection of 23.465 mm. The different 

of ultimate load between experiment and prediction is 4.7%. Then load reduced to 

10.642 kN and maintained at this load level with increasing maximum deflection of 

36.865 mm. At this point concrete on the top of the beam was crushed. 

On the other hand, based on prediction theory using strain-stress compatibility 

and force equilibrium, first crack of the beam occurs at load of 3.9 kN with deflection 

of 0.42 mm. Then after this crack the stiffness of the beam relies on the stiffness of 

the CFRP reinforcement and the stiffness of the beam reduces. The beam was 

predicted to fail at maximum load of 13.443 kN. As shown in Fig. 7.12, beam behaves 

in the same manner between experiment and prediction before first crack occurred. 

However, after first crack stiffness of the experimental beam shows higher than 

prediction. For the fully cracked assumption, the predicted stiffness of the beam is 

much lower than experiment. Because it is assumed that fully cracked, there is no 

contribution from concrete in tension whereas in reality between cracks the concrete 
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in tension contributes to the stiffness. Then prediction is improved using Branson’s 

effective moment of inertia - Ieff of partially cracked concrete section beam which 

interpolates between two limits defined by the un-cracked and fully cracked sections.  

(Branson, 1963) proposed the following interpolated coefficient (C). 

𝐼𝑒𝑓𝑓 = 𝐶𝐼𝑔 + (1 − 𝐶)𝐼𝑐𝑟  when 𝑀𝑎𝑝𝑝 > 𝑀𝑐𝑟             [7.1] 

𝐶 = (
𝑀𝑐𝑟

𝑀𝑎𝑝𝑝
)
3

                 [7.2] 

Where Mcr and Mapp are the moments at first cracking and the given applied 

moment respectively. Ig is the second moment of area of the gross concrete section, 

neglecting the steel, and Icr is that of the cracked transformed section. Ig in Eq. [7.1] 

was recommended for simplicity calculation. The curve produced using this Branson 

formula bit better than first fully cracked assumption. This can be understood because 

this formula is applied for the case of steel reinforcement which has different bond 

characteristic compared with closed CFRP reinforcement system. With continuous 

reinforcement system both horizontal and vertical the CFRP RC beam was much 

stronger compared with prediction using Branson formula. Therefore, modification was 

made by changing interpolation coefficient (C) to the power two.  

𝐶 = (
𝑀𝑐𝑟

𝑀𝑎𝑝𝑝
)
2

                  [7.3] 

Then new modification curve was produced in Fig.7.13 using the new 

interpolation coefficient. The prediction curve shows better prediction compared with 

experiment. Two curves, experiment and prediction match each other. Prediction has 

less ultimate load than experiment. Ultimate load for prediction is 12.66 kN whereas 

ultimate load for experiment is 14.11 kN. This difference was 11.45%. In prediction 

calculation the maximum strain at concrete crushing used was 0.0028 which was the 

same as ultimate strain of concrete when beam actually failed.  

Fig.7.12 shows that prediction curve using modification of changing interpolation 

coefficient (C) with the power two has stiffer stiffness than prediction curve using 

original Branson formula with interpolation coefficient (C) to the power three. Maximum 

deflection obtained from modification of Branson formula is 14.25 mm whereas 

deflection from original Branson formula is 20.57 mm. Both prediction analysis has the 

same load capacity Pu=12.66 kN and ultimate strain fu = 0.0095. Modification of 

interpolation coefficient (C) from Branson’s effective moment of inertia is proposed to 
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consider of vertical CFRP reinforcement system to modify original Branson Effective 

Moment of Inertia formula which generally used for steel reinforcement bars. 

Fig. 7.12 Load and mid span deflection relationship of CFRP RC beam 

As shown in Fig.7.12, imaginary steel RC beam was designed with the same load or moment 

capacity of new CFRP beam. With the same assumption of failure concrete strain of 0.0035 

both beams, had similar deflection which was 20.7 mm, although steel RC beam was much 

stiffer. Load and deflection relationship of both beam was predicted from original Branson 

formula for their stiffness.  Contrary, if assumption of failure concrete strain of CFRP beam 

changed to 0.0028 as the experiment, the load capacity reduced from 13.443 kN to 12.66 kN 

as shown in Fig.7.13. But the deflection was still the same.  

P =2.94 kN 

=0.41 mm 

P =13.443 kN 

=20.72 mm 

Pexp =14.110 kN 

=23.465 mm 

Pexp =10.642 kN 

=36.865 mm 

exp=15.43 mm 

Fully cracked 

P =13.489 kN 

=20.73 mm 
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Fig. 7.13 Modification Load and mid span deflection relationship of CFRP RC beam 

7.2.4 Load and Strain Relationship 

Fig.7.15 shows load and strain relationship at middle section of the beam. 

Experimentally at ultimate load, strain on the bottom of CFRP (f) reached 0.0108 

whereas prediction reached 0.0095. Both prediction and experiment reached concrete 

failure at strain of 0.0028.  

Fig.7.15 right curve shows relationship between load and strain on the bottom of 

CFRP whereas left curve shows relationship between load and strain on top of 

concrete beam. Right curve shows linear behaviour up to load of 3.5 kN. At this stage, 

the beam was considered not cracked yet. Left curve also shows linear behaviour up 

to this load. Then after first crack occurred on concrete at this point, beam stiffness 

reduced and showed nonlinear behaviour up to maximum load of 14.11 kN. Strain on 

bottom CFRP shows 0.0108. Concrete strain curve also shows nonlinear behaviour 

up to ultimate load of 14.11 kN.  Strain on top concrete was 0.0026. Load is a bit flat 
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at this level with slightly increased strain on the concrete up to 0.0028. Top concrete 

beam at the middle was crushed (Fig. 7.20) 

Then after concrete crushed, load was dropped to 10.65 kN as seen on both 

curves. Strain on concrete dropped suddenly to 0.0016 and strain on CFRP was 

0.0138. Load on the beam was tried to increase but it was still flat. As results strains 

were increased on CFRP but decreased on concrete. Strain on the CFRP was 

considered as rupture at strain of 0.002 as shown in Fig.7.15 (right curve). Finally, 

beam was unloaded up to zero. 

Fig.7.14 shows neutral axis changing for some steps load. When the load quite 

small P= 1 kN the neutral axis is 48.813 mm. At this stage, concrete was still un-

cracked therefore the neutral axis was approximately almost half of beam height. 

When the loads increased, the neutral axis decreased. At load of 14 kN or closed 

enough to ultimate load, the neutral axis was 16.647 mm. This actual neutral axis is 

less than predicted one which was 19.11 mm at ultimate load of 12.66 kN  

 

Fig. 7.14 changing of neutral axis for increased load from 1 kN to 14 kN. 
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Fig. 7.15 Load and strain relationship of CFRP RC beam at middle beam section 

 

 

 

Load, N 

Concrete 
crushed 

 

Beam still 
loaded  

 c=0.0016 
 

f=0.0138 
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7.2.5 Cracks investigation 

Fig.7.16 shows crack distributions on the new CFRP RC beam under flexural 

test. Vertical cracks distribute almost along the beam as shown in Fig.7.16 (a) and (b). 

Then at constant moment zone (between point loads), these vertical cracks progress 

to top of beam. Longitudinal cracks appear to connect these vertical cracks as loads 

are increased.  

Cracks at bottom of CFRP reinforcement (Fig.7.16 (c)) shows that cracks are 

propagated through fabric reinforcement and it allows to diminish local crack occurred. 

Cracks also occurs at top of the CFRP RC beam. Opened cracks (top left) occurs at 

the middle of the beam. Cracks started at this location and flow horizontally to the 

loading path, which is 125 mm right and left of mid beam (see Fig.7.16 (d)). 

 

 

Fig.7.16 Sketch of crack pattern of beam with CFRP closed box with intermittent opening top 

(a) 

(b) 

(c) 

(d) 
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Fig. 7.17 Vertical cracks at the constant moment zone and concrete crushed and split on the 
top beam. 

 
Fig.7.17 shows cracks from front side at constant moment zone. Flexural vertical 

cracks emerge from bottom of the beam up to concrete compression block 

(approximately 19 mm from top beam), split the beam across the beam backside, and 

made concrete at the top crushing. Horizontal cracks were created and spread 

between vertical cracks through vertical CFRP reinforcement. However, no de-

bonding problems were found after this part was dismantled (See Fig. 7.18). 

 

Fig. 7.18 CFRP RC beam dismantled at location of constant moment zone. 

Horizontal Horizontal 

Top 

beam 

Front 

side beam 
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Fig. 7.19 Crack width is measured approximately 1.5 mm at bottom of mid-span of the beam. 
 

 

Fig. 7.20 Concrete crushed at top of beam at mid-span and longitudinal cracks appeared 
afterward 

 
Fig. 7.20 shows top of the constant moment zone (span=250 mm). Top Concrete 

of the beam was damaged due to concrete crushing. Afterward longitudinal cracks 

spread out from this middle line towards to loading line (125mm left and right). No 

indication was found of de-bonding between concrete and CFRP. 

250
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Fig. 7.21 Bottom side of beam after dismantled. 
 

Fig.7.21 shows bottom side of dismantled new CFRP RC beam, which has 

good bonding between concrete and FRP reinforcement. Concrete is still stuck 

between aggregate coatings after dismantled. This condition is different compared 

with previous beam, which was only bonded with epoxy resin to concrete (See Fig. 

6.13). From previous beam after dismantled less concrete remained stick to the CFRP 

bottom reinforcement. This is because this beam is only bonded with epoxy resin just 

before concrete casted. No surface treatment was done to this beam. As comparison 

between Fig. 6.9 (a) and Fig 7.17, crack pattern of new CFRP RC beam at front and 

backsides was more distributed compared with previous beam. Aggregate coating 

created strong bond between CFRP and concrete to guarantee full composite action 

on the beam and to prevent premature failure due to de-bonding.  
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7.2.6 Summary 

Based on results and discussions presented above, it can be summarised as 

follows: 

1) Ultimate load obtained from experiment 11.4 % higher than prediction one. 

This calculation based on ultimate concrete strain of 0.0028 assumed in 

prediction the same as experiment.  

2) Concrete was failed at strain of 0.0028, which is less than predicted one of 

0.0035. This ultimate strain failed to reach due to concrete split across beam 

width. This is presumable because very high neutral axis in the design. 

Balance between compression force and tension force when approaching the 

ultimate load cannot be longer maintained due to small area of compression. 

This is due to high of neutral axis. When vertical cracks on front side and 

backside of beam were connected across the beam width and compression 

force increased spilt of concrete occurred at the beam top below the ultimate 

concrete strain 0.0035. 

3) Beam reinforced with CFRP closed box with intermittent top opening had 

higher failure strain (0.0028) compared with previous beam reinforced with 

CFRP U-channel which was 0.0018. Anchorage top reinforcement gave 

better confinement effect on concrete in compression zone compared with 

opened U-channel system. 

4) Experimental beam has maximum deflection of 23.465 mm. It is higher than 

predicted one which was 14.25 mm. This prediction of deflection obtained 

from modifying interpolation coefficient (C) of Branson’s effective moment of 

inertia to the power two. This is to accommodate vertical CFRP reinforcement 

system, which has stiffer system. The original Branson formula might not 

consider this system. 

5) Aggregate coating has significant contribution for bonding system of new 

CFRP RC beam compared with CFRP Beam with only using epoxy resin for 

bonding FRP to concrete. New beam did not fail in de-bonding whereas 

previous beam failed in de-bonding.  

6) Single biaxial ±45o CFRP reinforcement system for concrete beams showed 

ductile behaviour. Even when concrete crushing at first, beam did not 
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collapse. This FRP reinforcement system can keep the beam from total 

collapse or falling down.  

7) Modification of ultimate concrete strain need to be determined and adjusted 

when designing concrete beam with continuous biaxial FRP reinforcement 

system, especially when neutral axis is quite high.  
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CHAPTER 8  
CONCLUSIONS AND FUTURE WORKS 

 

8.1 Conclusions 

Based on results and discussions presented from experiment and theory, it can 

be concluded that:  

1. Bond influenced the behaviour of the CFRP RC beam, especially beam that 

treated with aggregate coating had much better improvement in stiffness of the 

beam before reached the ultimate capacity. 

2. Aggregate coating (covering 50% of reinforcement area) improved initial 

stiffness and stiffer where the anchorage reinforcement improve ductility and 

drop after ultimate load was less. 

3. A combined aggregate coating and anchorage system improved strength as 

well as ductility. 

4. Concrete strain for final beam (beam reinforced with CFRP box with intermittent 

top opening) compared with previous beam (beam with CFRP U-channel) at 

failure was improved from 0.0018 to 0.0028 but it is still less than 0.0035. 

5. Careful design approach need to consider material behaviour. 

6. Approved test specimens were designed to obtain required mechanical 

property for design 

7. Improved strength with sufficient  ductility can be achieved by using a single 

biaxial CFRP fabric reinforcement system 

8. A single biaxial CFRP reinforcement system offers flexibility for optimising beam 

design. 

9. Experimentally ultimate load and actual deflection were 11.4% ((14.11-

12.66/12.66x100%) and 64.7% higher than predicted one respectively for beam 

with CFRP box with intermittent top opening.  

10. Experimentally the CFRP beam failed with higher neutral axis 16.647 mm 

compared with prediction of 19.11 mm. Therefore the experiment showed 

higher load capacity. 

11. Inclusion of CFRP reinforcement on concrete compression zone created 

horizontal cracks at top of beams. At beam with combined aggregate coating 
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and anchorage reinforcement system the propagation of cracks were more 

many. 

8.2 Future Works 

It has been conducted some experiment to understand overall behaviour of 

concrete beam member reinforced internally with continuous CFRP reinforcement. 

Although reinforcement used as combined flexural and shear, however, this study is 

limited for studying flexural behaviour. Several recommendations can be addressed 

to future works for researchers, engineers and people who interested to use FRP 

fabrics as internal reinforcement for concrete structures. 

1) It is recommended to use continuous biaxial FRP reinforcement for concrete 

beam up to neutral axis. Open U channel is recommended with aggregate 

coating to whole surface of reinforcement to ensure good bonding 

performance. 

2) Further study need to be carried out for recommendation no 1 where shear 

reinforcement not continued and anchored to compression zone of concrete 

beam. 

3) As an alternative solution, for shear reinforcement can be used U-strip 

together with small U-channel shape. 

4) Combination mixed 0o and ±45o fibres orientation against longitudinal 

concrete beam can be used for internal reinforcement to improve stiffness 

and load capacity for concrete beam design. 

5) A detailed numerical / theory study for optimal design of CFRP geometry 

6) Propose a confinement system in compression  in order to increase failure 

strain of the compression zone 
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APPENDIX 1: Resin Calculation for CFRP Reinforcement on beam 
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APPENDIX 2: Concrete Mix Design for beams 
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APPENDIX 3: Toray T700S Data Sheet 
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APPENDIX 4: Compressive Strength of Concrete Cylinders 
 

Table 1. Compressive test of concrete cylinder for Steel RC Beam 

Sample  Maximum load, kN Compressive 
Strength, MPa 

1 347 44.18 

2 341 43.42 

3 330 42.02 

AVERAGE (f’c) 43.21 

 

Table 2. Compressive test of concrete cylinder for Beam with CFRP U-Channel 
Reinforcement 

Sample  Maximum load, kN Compressive 
Strength, MPa 

1 325 41.38 

2 329 41.89 

3 319 40.62 

AVERAGE (f’c) 41.30 

 

Table 3. Compressive test of concrete cylinder and Cubes for Beam with CFRP Box 
with Intermittent top Opening Reinforcement. 

Cube Specimen Load (kN)  

Cylinder 
Specimen Load (kN) 

1 230  1 201 

2 277  2 166 

3 295  3 171 

Average 267.3  Average Load  179.3 

cube Strength (Mpa) 26.7  

Cylinder Strength, 
(f’c) (Mpa) 22.8 

Cylinder Strength, 
(f’c)  (Mpa) 22.7    

     
(f’c) (average)   = 22.78 MPa    
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APPENDIX 5: Tensile Test of Reinforcing Bars 
 

Table 1. Tensile Test result of reinforcing bars diameter of 10 mm 

SAMPLE YIELD STRENGTH, fy 
(MPa) 

ULTIMATE STRENGTH, 
fu (MPa) 

1 442 517 

2 443 517 

3 443 520 

AVERAGE 443 518 
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APPENDIX 6: Design of Beam with CFRP U-Channel 
 

Using Matlab Script programme, design of beam reinforced with CFRP 

reinforcement was effectively obtained. Summary result of this beam design was 

presented in Table 5.1, Section 5.2. 

 

Input: 

c=5; (Initial value for neutral axis) 
tf=1.7; (Thickness of the FRP) 
b=150; (Beam width) 
h=100; (Beam height) 
bf=80;  (bottom width of FRP) 
ff=401.5;  (strength of FRP) 
Ef=23617;  (Young’s modulus of FRP) 
fco=41.3;  (Concrete strength) 
cover=10; (Concrete cover at bottom) 
efu=0.017; (ultimate strain of FRP) 
 

Results: 

c_new = 12.88mm (Neutral Axis) 
alfa= 0.68415 
gamma= 0.37857 
gamma_c= 4.876mm (Centre of compression force from top beam) 
strain on FRP, eps_f= 0.017 (FRP failed first) 
Maximum elongation of FRP, efu = 0.017 
thickness of FRP, tf = 1.7 
Max strain in top concrete, ecu = 0.0028709 (concrete strain at top beam) 
Stress in FRP, ff = 401.489 MPa 
Number of FRP composite, nf = 1 
Af= 136mm2 
depth of FRP, df = 89.15mm 
Tf= 54602.504N 
Cc= 54547.0782N 
Mn= 4.601KNm  (Moment capacity of the beam) 
P= 18.0431KN (Failure Load) 
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APPENDIX 7: Design of Beam with CFRP Box with Intermittent top 
opening 

 

Using Matlab Script programme, design of beam reinforced with CFRP 

reinforcement was effectively obtained.  

 

Input: 

c=10; (Initial value for neutral axis) 
tf=1.7; (Thickness of the FRP) 
b=150; (Beam width) 
h=100; (Beam height) 
bf=80;  (bottom width of FRP) 
ff=401.5;  (strength of FRP) 
Ef=23617;  (Young’s modulus of FRP) 
fco=22.78;  (Concrete strength) 
cover=15; (Concrete cover at bottom) 
efu=0.017; (ultimate strain of FRP) 
 

Results: 

c_new = 19.11mm (Neutral Axis) 
alfa= 0.74578 
gamma= 0.40503  
gamma_c= 7.7442mm (Centre of compression force from top beam) 
strain on FRP, eps_f= 0.0095297 (FRP not fail) 
Maximum elongation of FRP, efu = 0.017 
thickness of FRP, tf = 1.7 
Max strain in top concrete, ecu = 0.0028 (concrete crush first at assumed value) 
Stress in FRP, ff = 225.0622 MPa 
depth of FRP, df = 89.15mm 
Tf= 48779.884N 
Cc= 48698.3493N 
Mn= 3.2284KNm (Moment capacity of the beam) 
P= 12.6605KN (Failure Load) 
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APPENDIX 8: Prediction of load-deflection for beam with CFRP Box 
with Intermittent top opening 

 

Input: 
Maximum moment, Ma in Nmm = 3228400  
initial neutral axis, c = 10 
Given location on curve , y = 8 
 
Results: 
UNCRACKED SECTION OF RC BEAM  
Ratio Modulus, n = 1.0461 
Moment of Inertia Transformed section, Itr(Uncracked)= 12694055.68mm^4 
P = 2.946 kN  (First crack load) 
k = 2.6191e-006 mm^-1 (curvature) 
Mcr = 751275.0118 Nmm 
Deflection = 0.41448 mm 
==========================  
CRACKED SECTION OF RC BEAM  
c_new = 19.11mm (Neutral Axis) 
Itr(Cracked) = 951186.1698 mm^4 
Ie = 1099168.2237 mm^4 
My = 3228400 Nm (failure moment) 
P2 = 12.6596 kN (failure load) 
k2 = 0.00012998 mm^-1 
Deflection2 = 20.5697 mm (at mid-span) 
 

 

Fig.1 Load-displacement prediction for given one maximum moment 

Fig 1. Only shows prediction of load-displacement relationship for one moment 

condition. However Fig.7.13 in Section 7.2.3 shows prediction curve which adopting 

Branson’s effective moment of inertia for several loads level which gives better 

prediction curve.  
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APPENDIX 9: Design of Steel RC Beam  

The aim of presenting design of steel RC beam is to provide comparison 

behaviour of this beam against beam with CFRP U-channel reinforcement. The 

behaviour of steel RC beam is well known and understood. Basically this beam is 

designed under reinforced where steel yield firstly under strain far away from ultimate 

concrete strain. The load deflection curve of steel RC beam appears as three linear 

curves as shown in Fig.1. 

 
Fig.1 Typical of load-deflection curves of steel RC beams under four point bending 
(M.D.Kotsovos & M.N.Pavlovic, 1999) 

Design of steel RC beam in this study is based on an ultimate limit state (Fig.4). 

Ultimate limit state involves failure of a structural element or collapse of a structure. 

This section described design philosophy of concrete member based on stress-strain 

compatibility and force equilibrium method along with standard Eurocode 2 (BS 

EN1992-1-1, 2004). 

A steel RC beam was designed by using basic stress-strain compatibility and 

forces equilibrium considerations. The classical Hognestad curve (Park & Paulay, 

1975) was used to model stress-strain relationship in concrete in compression. The 

different assumption with CFRP beam was the Stress-strain curve for the reinforcing 

steel which presented in the Fig.3 Maximum concrete strain for this model is taken 

0.0035 (BS EN1992-1-1, 2004). A similar procedure as the CFRP RC beam design 

was used for this beam. 
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Fig.2 Steel RC beam design with steel reinforcement bars arrangement 

 

 

 Fig.3 (a) Idealised stress-strain curve for concrete in uniaxial-compression; (b) Idealised 
stress-strain curve for steel (Park & Paulay, 1975). 

Table 1 shows summary results for steel RC beam design. The mode failure of 

the beam was steel yield first and followed by the concrete crush at ultimate strain 

0.0035.  

Table 1. RC beam design results using stress-strain compatibility method. 

Variables Values units 

Neutral Axis, x (mm) 15.46 mm 

Strain in steel, s 0.011 - 

Strain in Concrete top beam, EC 0.0035 - 

Stress in reinforcing  bar, fyk 443 Mpa 

Tension Force, Fyk (kN) 69.5 kN 

Nominal Moment, Mn (kN.m) 4.22 kN.m 

Vertical Failure Load, P (kN) 16.5 kN 

𝑓𝑐 = 𝑓𝑐
′  1 −

0.15

0.0035 − 𝜀0
(𝜀𝑐 − 𝜀0)  

0.0035 
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 Eurocode 2 for comparison. 

Eurocode 2 was conducted in the steel RC beam design as comparison with 

results from the previous method. In addition to this shear beam design is also 

provided with EC2 because it is not available in the previous method. 

 Flexural Analysis of Single Reinforcement of Steel RC Beam 

Ultimate limit state is usually taken for designing of reinforced concrete structure 

included Eurocode 2 code (BS EN1992-1-1, 2004). Simplified rectangular stress block 

which can be used for the design at the ultimate limit state is presented in this analysis. 

Fig.4 shows cross section beam under flexural load. At ultimate state strain on the top 

of beam will reach ultimate value and strain in steel reinforcement has reached several 

times higher than yield strain of steel. It means that steel reinforcement has been 

achieved first before concrete crush. Concrete compression stress block in which 

simplification of parabolic concrete curve is utilized to balance the tension force on 

steel reinforcement. Finally the resistance moment capacity due to flexural load is 

obtained from multiplying either these horizontal forces with their lever arm. 

 

 

 

 

 

 

Fig.4 Single reinforced rectangular section in bending at the ultimate limit state 

 

The flow chart depicted on Fig.5 below shows several steps to analyse single 

reinforcement at rectangular concrete beam member. By giving some parameters 

design such as beam width b = 150 mm, beam depth h = 100 mm, concrete strength 

fck = 40 MPa, Area of steel reinforcement As = 157 mm2, and yield strength of steel 

reinforcement fyk = 443 MPa the analysis will determine neutral axis x, horizontal 

compression force Fck, tensile force Fyk and nominal moment resistance Mn of the 

beam. 

 

b 

h 

EC=0.0035 

Neutral 
axis 

x 

section 

As 

s 

s=0.8x 

Fyk 

Fck s/2 

z=ls.d 

strain 

Stress block 

0.85fCk/c 
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Fig.5 Flow chart analysis of single reinforced concrete rectangular beam at ultimate limit state 
comply with EC2. 

 

This Table 2 shows the summary results of beam calculation based on the flow chart 

showed on Fig.5. Design was run under Matlab scipt programme. 

Table 5.3 RC beam design results using Eurocode 2 

Variables Values units 

Neutral Axis, x (mm) 17 mm 

Strain in steel, s 0.011 - 

Strain in Concrete top beam, EC 0.0035 - 

Stress in reinforcing  bar, fyk 443 Mpa 

Tension Force, Fyk (kN) 69.5 kN 

Nominal Moment, Mn (kN.m) 4.32 kN.m 

Vertical Failure Load, P (kN) 16.96 kN 

 

 

 

START 

Given b,h,fyk,fck,As 

Taken Es=200Gpa 

 

𝐹𝑐𝑘 = 𝐹𝑦𝑘; find x & s 

Change dimensions 

𝐹𝑐𝑘 ; 𝐹𝑦𝑘 ;  𝑀𝑛 = 𝐹𝑐𝑘 𝑜𝑟 𝐹𝑦𝑘(𝑑 −
𝑠

2
) 

FINISH 

𝑥 ≤
𝑑

1 +
𝜀𝑦
𝜀𝑐𝑢
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 Shear Analysis of Steel RC Beam 

When the shear forces are small the concrete section on its own may have 

sufficient shear capacity (𝑉𝑅𝑑,𝑐) to resist the ultimate shear force (𝑉𝐸𝑑) resulting from 

worst combination of actions on the structure. The design equation in Eurocode 2 for 

predicting the shear capacity of the reinforced concrete beams without web 

reinforcement is: 

𝑉𝑅𝑑,𝑐 = (
0.18

𝛾𝑐
𝑘(100𝜌1𝑓𝑐𝑘)

1/3 + 0.15𝜎𝑐𝑝) 𝑏𝑑 ≥ (0.035𝑘3/2𝑓𝑐𝑘
1/2)𝑏𝑑             [1] 

Where 𝛾𝑐= partial safety factor for concrete,𝑘 = 1 + √
200

𝑑
≤ 2, 𝜌1 =

𝐴𝑠1

𝑏𝑑
≤

0.02 which is longitudinal steel ratio and 𝜎𝑐𝑝=axial stress in case of pre-stressed 

members and 𝑓𝑐𝑘=the characteristic cylinder strength.  

However when ultimate shear force (𝑉𝐸𝑑) is bigger than concrete shear capacity 

(𝑉𝑅𝑑,𝑐) in this case (𝑉𝐸𝑑 > 𝑉𝑅𝑑,𝑐) , all shear will be resisted by the provision of links with 

no direct contribution from the shear capacity of the concrete itself. The force in the 

vertical link member (𝑉𝑤𝑑) must equal the shear force (𝑉𝐸𝑑), that is 

𝑉𝑤𝑑 = 𝑉𝐸𝑑 = 𝑓𝑦𝑤𝑑𝐴𝑠𝑤                   [2] 

𝑉𝑤𝑑 =
𝑓𝑦𝑘𝐴𝑠𝑤

𝛾𝑠
 ,                      [3] 

where 𝛾𝑠=partial safety factor for steel which is 1.15 for design, but for this 

experiment it is taken 1.0 

By using Eq.[1] and [3] the shear capacity of this steel RC beam was 31.3 kN            

( kNVVV wdcRsn 1.313.218.9,  )  which is higher than external shear force 8.48 kN 

( kN
Vu 48.8

2

96.16

2
 ). This means beam will not fail in shear. Complete calculation can 

be seen in the appendix. 
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APPENDIX 10: Horizontal Shear Stress (bond stress) in Beam with 
CFRP U-Channel 

 

According to Section 6.11, the prediction of shear bond stress that has been 

explained clearly. Using strain-stress compatibility and force equilibrium, the horizontal 

forces at position R5 and R9 were summarised in Table 1. Therefore the shear bond 

stresses can be obtained using Eq.[6.5] in the section 6.11. 

𝜏ℎ =
∆𝑇

𝑤𝑓.∆𝑥
                                                                                       [6. 5]       

Where Wf = with of FRP contacting with concrete = 80 mm 

x = assumed bond length along with horizontal force acting=60 mm  

Table 1. Relationship between load and bond stress, 

load (P) 

Moment 
at   Position   Position   

Shear 
bond 

sec A-A 
Hor. 

Force R5 
Hor. 

Force R9 
Hor. 

Force stress 

N N.mm Tf (N)   Tf (N)   Tf (N) Mpa 

     
10,700  

      
2,782,500  

           
31,678  

       
1,909,558  

         
21,609  

       
2,236,911  

           
25,632  0.822 

      
9,100  

      
2,346,029  

           
26,972  

       
1,610,020  

         
17,928  

       
1,886,023  

           
21,320  0.707 

      
8,599  

      
2,193,500  

           
25,099  

       
1,505,343  

         
16,642  

       
1,763,402  

           
19,813  0.661 

      
8,100  

      
2,086,500  

           
23,783  

       
1,431,911  

         
15,740  

       
1,677,382  

           
18,756  0.628 

      
7,340  

      
1,872,500  

           
21,154  

       
1,285,049  

         
13,935  

       
1,505,343  

           
16,642  0.564 

      
5,880  

      
1,500,000  

        
16,577  

       
1,029,412  

      
10,794  

       
1,205,882  

        
12,972  0.454 

      
4,703  

      
1,200,000  

        
12,890  

          
823,529  

        
8,263  

          
964,706  

          
9,999  0.362 

      
3,919  

      
1,000,000  

        
10,433  

          
686,275  

        
6,577  

          
803,922  

          
8,022  0.301 

      
1,565  

         
400,000  

          
3,059  274510.0 

        
1,518  321569.0 

          
2,096  0.120 

0 0 0 0 0 0 0 0 
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Fig.1 Relationship between load and shear bond stress at location R5-R9 theoretically 
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APPENDIX 11: Fabrication of Steel RC Beam  

 
Fig.1 Assemble steel reinforcement cage for a steel RC beam 

 

 
Fig.2 Attach strain gauges on flexural and shear reinforcement 

 

 
Fig.3 Put steel reinforcement cage on a wood framework 
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Fig.4 Conduct slump test and take three samples cylinder for compression test 

 
 

 
Fig.5 Dismantle sides of wood formwork after three days for curing process 

 
 

 
Fig.6 Use wet clothes for curing beam process 
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APPENDIX 12: Testing of Beam with CFRP U-Channel Reinforcement 

 

Fig.1 Testing setup of CFRP RC Beam 

 

Fig.2 Crack Pattern at load of 9.67 kN on right side of the beam 
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Fig.3 Crack Pattern at load of 9.67 kN on left side of the beam 

 

Fig.4 Crack Pattern at load of 10.28 kN on right side of the CFRP RC beam 
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Fig.5 Crack Pattern at load of 10.28 kN on left side of the CFRP RC beam 

 

Fig.6 Crack Pattern at load of 10.28 kN on back side of the CFRP RC beam 
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APPENDIX 13: Testing of Steel RC Beam  

 

Fig.1 Testing setup of Steel RC Beam 

 

 

Fig.2 Steel RC Beam at failure load, P=17 kN 
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Fig.3 Crack opening at mid span of beam at ultimate load, Pu=22 kN 

 

 

Fig.4 Crack pattern at mid span of beam at load reduced from Pu=22kN to P=18 kN, 
just before Beam failure at P=17 kN 
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