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ABSTRACT 

Reinforced concrete (RC) slabs are one of the most commonly occurring structural 

forms. Penetrations (otherwise known as openings or cut-outs) in new as well as 

existing concrete slabs are commonly introduced due to structural and/or functional 

reasons. The introduction of a penetration, if large enough, may cause weakening of the 

slab which will then require the installation of strengthening. Traditional methods of 

strengthening RC slabs with penetrations, such as the addition of extra supports or 

bolted steel plates, can be expensive and cumbersome. Such traditional methods can 

however be replaced by the bonding of high strength, light-weight and durable fibre 

reinforced polymer (FRP) composites. 

In recent years, externally bonded FRPs have become popular as a means to strengthen 

or rehabilitate RC infrastructure, such as the flexural, shear or torsional strengthening as 

well as seismic retrofitting of beams, slabs, columns and connections. The effectiveness 

of the FRP strengthening may however be compromised by premature debonding 

failure of the FRP prior to its ultimate strength being reached. In order to optimise the 

use of FRP composites, such premature debonding failure should be prevented or 

delayed. To date, several different types of anchorage systems have in tum been 

introduced to FRP strengthened RC members, namely embedded metal threads, U-

jackets, near surface mounted rods, and anchors made using FRP. FRP anchors are 

particularly attractive as they are non-corrosive and can be applied to slabs and walls. 
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This dissertation is concerned with the strengthening of existing RC slabs with large 

penetrations with externally bonded FRP composites. FRP anchors are also researched 

and utilised in order to address the debonding issue. A review of the relevant literature 

is firstly given which justifies the need for the research presented herein. The remainder 

of the dissertation is then divided into four main sections, namely (i) pullout strength 

and behaviour of FRP anchor systems, (ii) shear strength and behaviour of FRP anchor 

systems, (iii) unanchored FRP-strengthened RC slabs with penetrations, (iv) FRP-

strengthened RC slabs with penetrations with the addition of FRP anchors. In each of 

these four sections, experimental tests are reported. Overall, the slab strengthening 

schemes were found to be effective and the effectiveness of FRP anchor associated with 

the debonding issue was proved to be positive. Also reported in each of the four 

sections is the development of analytical models which have been derived from fi rst 

principles and calibrated from the various Jest data. The results of parametric studies are 

then reported using the various analytical models and the influence of key geometrical 

and material properties identified. Design recommendations, which can be readily 

incorporated into existing design guidelines, are then given and future research needs 

are finally identified. 
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effective area of concrete in tension 
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cross-sectional area of i 1
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width of concrete 
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ultimate shear strength of unanchored FRP plate in anchored 

FRP-to-concrete joint 

predicted maximum shear strength of FRP Plate 

tested maximum shear strength of FRP Plate 
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thickness of concrete 

thickness of FRP 
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Chapter I : Introduction 

1.1 Motivation for Research 

Reinforced concrete (RC) slabs are a very commonly used structural element. 

Penetrations (otherwise known as openings or cut-outs but herein referred to as 

penetrations) in concrete slabs are commonly required for structural and/or functional 

reasons as shown in Figure 1.1. Such commonly occurring changes may cause the 

weakening of the existing slab and as a result strengthening or rehabilitation of the slab 

may be required. Traditional methods of strengthening RC slabs with penetrations (e.g. 

adding extra supports, section enlargement for example) are expensive and generally 

cumbersome. Such traditional methods can be replaced by bonding high-strength, non-

corrosive fibre reinforced polymer (FRP) composites. 

In recent years, the use of FRP composites has become popular as a means to strengthen 

or rehabilitate RC infrastructure, such as flexural, shear or torsional strengthening as 

well as seismic retrofitting of beams, slabs, columns and connections. With regards to 

flexural strengthening, advantages of FRP composites as an alternative to traditional 

methods such as steel plating are (i) high tensile strength with low self-weight, (ii) 

simple application and easy handling, (iii) short time to reach full mechanical 

performance, and (iv) high chemical resistance. 

The effectiveness of the FRP strengthening may, however, be compromised by 

premature de bonding (also known as delamination but herein referred to as debonding) 

failure of the FRP prior to its ultimate strength being reached. In order to optimise the 

use of FRP composites, such premature debonding failure should be prevented or 
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delayed. To date, several different types of anchorage systems have been introduced to 

FRP strengthened RC members to prevent debonding, namely embedded metal threads, 

U-jackets, near surface mounted rods, and anchors made using FRP (i.e. FRP spike 

anchors or FRP anchors but herein refer to as FRP anchors). Embedded FRP anchors 

are particularly attractive as they are non-corrosive and can be applied to slabs and walls. 

Very limited research has been undertaken on the characterisation of such anchorage 

system. 

The initial motivations for undertaking the research presented in this dissertation may 

therefore be summarised as follow; 

(i) to understand the behaviour and strength of existing RC slabs with large 

penetrations which have been strengthened with externally bonded FRP 

composites, 

(ii) to understand the behaviour and strength of FRP anchors in externally bonded 

FRP strengthening systems and in particular the ability of the anchors to delay 

or even prevent de bonding of the FRP strengthening from the concrete substrate, 

and 

(iii) to investigate the viability of strengthening RC slabs with penetrations with 

anchored FRP composites. 

1.2 Background Information 

1.2.1 FRP-strengthened RC Slabs 
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An abundance of research has been reported for over one and a half decades now on the 

strengthening of RC structural elements with externally bonded FRP composites. As a 

result of such extensive research to date, several guidelines have been published (e.g. fib 

2001, ISIS 2001, JSCE 2001, Concrete Society 2004, ACI 440.2R-08 2008) as well as 

design recommendations by individual researchers (e.g. Teng et al 2002, Taljsten 2003, 

Oehlers and Seracino 2004, Hollaway and Teng 2008). A comprehensive summary of 

some of the more commonly referred to design guidelines and design recommendations 

is given in Hollaway and Teng (2008). 

In Figure 1.2, examples of applications of FRP composites to concrete structure are 

illustrated, such as beams, slabs, walls and columns as well as penetrations in slabs and 

walls (Taljsten 2003). Despite their obvious effectiveness, a serious drawback in the use 

of externally bonded FRPs is in their ability to debond and generally at stresses much 

lower than their tensile strength. Debonding in general occurs very suddenly and in a 

brittle manner as reported by many researchers (e.g. Teng et al 2002, Taljsten 2003, 

Oehlers and Seracino 2004, Hollaway and Teng 2008). In addition, debonding will 

occur m an abundance of strengthened members such as beams, slabs, walls and 

connections. FRP which has been debonded from a strengthened RC beam and slab are 

shown in Figures l .3a and l .3b respectively. In general, failure is at the FRP-to-concrete 

interface in the concrete although not always. Application of anchorage systems to FRP 

composites may improve the bond strength of the strengthening however an efficient 

and quantifiable anchoring system has not been found to date (ACI 440.2R-08 2008). 
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1.2.2 Anchorage 

Anchors have been used to connect components to concrete structures for many years 

now and research on metal anchors is very mature. Anchors, irrespective of their 

material composition, are primarily distinguished by their load-transfer mechanism (i.e. 

mechanical interlock, friction, or chemical bond, or some combination) and method of 

installation (i.e. cast-in-place, drilled in anchors, or pneumatically installed) 

(Eligehausen et al. 2006b ). 

Anchorage of externally bonded FRP strengthening, primarily in a bid to control 

debonding failures, is however a much newer research field. Such systems to have been 

researched over the years include (i) embedded metal threads (e.g. Sharif et al. 1994, 

Shahrooz et al. 2002) (Figure l .4a), (ii) embedded FRP threads (e.g. Galati et al:- 2007), 

(iii) U-jackets (e.g. Smith and Teng 2003, Adhikary et. al 2004) (Figure l.4b ), (iv) near 

surface mounted rods (e.g. Gose and Nanni 2000, Eshwar et al. 2008) (Figure l.4c), and 

(v) FRP anchors (e.g. Lam and Teng 2001 , Oh and Sim 2004, Eshwar et al. 2005 and 

2008, Orton et al. 2008, Hatiem et al. 2008) (Figure l .4d). FRP anchors are particularly 

attractive as they are non-corrosive and can be applied to beams, slabs and walls, unlike 

U-jackets which are essentially limited to beams. FRP anchors are in tum investigated 

in this dissertation. 

1.3 Research Objectives 
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The main objective of this research program, in light of the deficiencies in knowledge as 

identified in the previous sub-section, is to develop an efficient and effective FRP 

strengthening system for RC slabs with penetrations by building upon existing 

knowledge. Such a system must address the debonding issue with the final solution 

being quantifiable. The following specific objectives are therefore established: 

(iv) Understand and quantify the behaviour and strength of FRP-strengthened RC 

slabs with penetrations via experimental testing and analytical modelling, 

(v) Understand and quantify the behaviour and strength of FRP anchors under 

shear forces as well as pullout forces via experimental testing and analytical 

modelling, 

(vi) Understand and quantify the behaviour and strength of anchored FRP-

strengthened RC slabs with penetrations via experimental testing and analytical 

modelling, and 

(vii) Propose clear design procedures for designing strengthening measures for RC 

slabs with large penetrations. 

1.4 Layout of Dissertation 

This dissertation consists of seven chapters and their relationship to each other is 

illustrated diagrammatically in Figure 1.5. It was a conscious decision to make each 

chapter in this dissertation as self contained as possible. While this decision has led to 

repetition of material, it does however make the dissertation easier to read. 
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In Chapter 1, a brief introduction to the research field as well as a definition of the 

problem and justification for undertaking the research presented in this dissertation is 

made. The objectives are clearly spelt out as well as illustrated according to overall 

layout of its contents. 

Chapter 2 presents a literature review on and current knowledge of (i) FRP composites, 

(ii) FRP strengthening of flexural RC members with associated behaviours and failure 

modes, (iii) FRP-strengthened RC slabs with penetrations, and finally (iv) anchorage. 

More detailed reviews of selected material are contained in Chapters 3 to. 6 in which the 

main topics to be developed are discussed in much more detail. 

In Chapter 3, an experimental and analytical investigation of the pullout strength and 

beha\dour of FRP anchors is presented. The detailed construction process of FRP 

anchors and descriptions of tensile as well as pullout test set-up are given. In the 

experimental section, concrete material test results are reported firstly followed by FRP 

coupon tests. It should be noted that the same roll of carbon fibre sheet was used for all 

tests containing FRP in this project so only one set of material tests was undertaken and 

are reported in this Chapter. A summary of test results are presented according to each 

type of anchor. Then, a brief summary of traditional anchor models is provided at the 

beginning of the analytical modelling section. Pullout strength models of FRP anchors 

are then presented according to possible failure modes and parametric studies are also 

reported. Finally, a FRP anchor pullout strength design procedure is presented. 
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In Chapter 4, a series of shear tests on anchored as well as unanchored FRP-to-concrete 

joints are undertaken in order to understand their shear strength and behaviour. Detailed 

test preparations including FRP anchor installation process are reported. Five distinct 

failure modes are identified with detailed descriptions of each failure process. 

Analytical models of the anchored joints with theoretical derivations are then presented 

followed by a parametric study. A design procedure for estimating shear strength of the 

anchored joints is finally given. 

Chapters 5 and 6 present experimental and analytical studies on unanchored and 

anchored FRP-strengthened RC slabs with penetrations respectively. Experimental 

details, test preparations and test procedure are firstly presented followed by material 

test results and slab test results such as failure behaviour, cracking and debonding 

behaviour, as well as load-displacement and load-strain behaviour. In chapter 5, an 

analytical model for predicting debonding load of unanchored FRP-strengthened slabs 

with penetrations is presented and a comparison of its predictions to test results is also 

reported. By utilising the model, parametric studies are presented and important trends 

in geometrical and material properties are identified. Based upon the FRP anchor 

models presented in Chapters 3 and 4, and the slab model of Chapter 5, an analytical 

model for predicting the strength of the anchored slabs is reported in Chapter 6 and its 

predictions are also compared with the test data. At the end of each of Chapters 5 and 6, 

a procedure for designing RC slabs with penetrations using unanchored and anchored 

FRP respectively is finally given. 
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Finally, overall conclusions then specific conclusions and future research needs for 

Chapters 3 to 6, in presented in Chapter 7. A list of references and appendices are then 

present at the end of the dissertation. 
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Figure 1.1 Slab with penetration (Digital Concrete 2009) 

Figure 1.2 Applications of FRP composites (Taljsten 2003) 
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(a) Flexually strengthened beam 

(b) Flexurally strengthened slab 

Figure 1.3 Debonding failure 
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(a) Embedded metal threads (Shahrooz et al. 2002) 

(b) U-jacket (Smith and Teng 2003) 

Continued on following page 
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Chapter 2: Literature review 

2.1 Introduction 

This chapter presents a review of the literature most relevant to this project. The topics 

covered are (i) fibre-reinforced polymer (FRP) composites, (ii) FRP-strengthened RC 

slabs (without penetrations), (iii) FRP-strengthened RC slabs with penetrations, and (iv) 

anchorage. The review is predominantly concerned with experimental investigations as 

well as analytical modelling. Much more detailed reviews of selected aspects of the 

literature are given throughout the thesis in the relevant chapters. 

Initially, a brief history of the application of FRP to civil infrastructure is given followed 

by typical properties of FRPs. Secondly, the behaviour of FRP strengthened slabs with 

and without penetrations is reviewed. In this review, different strengthening schemes are 

given followed by behaviour and failure modes. Of particular importance in this section 

of the literature is the description and classification of debonding failure modes. It is for 

the suppression of debonding that a review of anchors is then given. For the anchor 

review, traditional metallic anchors as well as newer anchorage systems specific to FRP 

strengthening systems are given in which the strength and behaviour under pullout as 

well as shear forces are summarised. 

2.2 Fibre-reinforced Polymer (FRP) Composites 

2.2.1 A Brief History 
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Applications of fibre-reinforced composites have been traced back to the early 1940s 

and since then have been utilised in various industries such as military, aerospace, 

automobile and railway. Fibre composites were attractive as they were light and strong 

and for these reasons they are still attractive. Such attractions ultimately led to higher 

levels of performance with reduced levels of energy consumption; an issue particularly 

important for aircraft (Erhard 2006). 

2.2.2 Applications to Civil Infrastructure 

Applications of FRP composites to civil infrastructure have been more recent. Since the 

early 1980s, civil engineers have become interested in FRP composites as a mean to 

rehabilitate or strengthen existing structures due to their excellent characteristics of high 

strength, low self-weight, high resistance to corrosion and easy handling and installation 

(Meier et al. 1993). The application of FRPs to civil infrastructure, in particular concrete 

but more recently metal and timber structures, has spawned a new generation of 

research since the mid 1990s (Bank 2006, Hollaway and Teng 2008). From herein the 

review pertains to the application of FRP to concrete. 

2.2.3 Types and Properties 

FRP composites consist of two parts, namely, continues fibres and a resm matrix. 

Commonly used fibres are carbon fibres, glass fibres and aramid fibres . For the resin 

matrix, epoxy resins, polyester resins and vinylester resins are generally used. For 

externally bonded strengthening systems, FRP composites are usually classified into 
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following three systems according to their manufacturing process and installation 

procedure; (i) wet layup systems, (ii) prepreg systems and (iii) precured systems. In wet 

layup systems, dry fibres are impregnated with a saturating resin on site then bonded to 

the concrete surface to be repaired or strengthened while precured or partially pre-

impregnated plates (i.e. factory manufactured plates) are used in precure and prepreg 

systems respectively. Prepreg systems usually require additional heating for curing. 

Among these systems, wet layup system is the more versatile for in situ application 

while better quality control is expected for pre-manufactured FRP (Teng et al. 2002, 

ACI 440.2R-08 2008). 

Figure 2.1 shows typical stress-strain responses for carbon FRP (CFRP), glass FRP 

(GFRP) and mild steel (Teng et al. 2002). The superior strength of the FRP composites 

is clearly shown in Figure 2.1 while the elastic modulus can vary considerably. The 

ductility of FRP-strengthened RC members may however be limited by the brittle 

behaviour of FRP. 

2.3 FRP-strengthened RC Slabs 

Compared to the abundance of research on the strengthening of reinforced concrete (RC) 

beams and columns with FRP, significantly less work has been done on the 

strengthening of RC slabs. Figure 2.2 in tum shows a RC slab strengthened in flexure 

with a tension face plate. 

2.3.1 Experimental Observations and Failure Modes 
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A lot of research effort has been devoted to categorising and quantifying the various 

failure modes of FRP flexurally-strengthened RC members. Most of the research has 

been devoted to the strengthening of beams and as a result our knowledge on likely 

failure modes for FRP-strengthened RC slabs has been observed experimentally or 

extrapolated from the work on beams. It is therefore fitting that the failure modes of 

FRP-strengthened RC beams be given here first as shown in Figure 2.3 (Hollaway and 

Teng 2008). A schematic diagram for each of the conventional flexural failure modes 

are given in Figures 2.3a and 2.3b and premature debonding failure modes in Figures 

2.3c to 2.3h respectively. Debonding failure modes, which are of most concern, can be 

categorised into two broad forms, namely (i) debonding initiating at the FRP-to-

concrete interface at the base of flexural or critical diagonal cracks where such 

debonding propagating to the nearer plate end (Figures 2.3c and 2.3d), and (ii)-

debonding initiating at the plate end due to stress concentrations or critical cracks near 

the plate end (Figures 2.3e to 2.3h). Debonding failures in general occur before the. 

more traditional flexural failures of compressive concrete crushing and FRP rupture 

occur and before the tensile strength of the FRP is reached. 

Although there are many similarities between beams and slabs, not all the failure modes 

listed in Figure 2.3 can be observed (or expected) in FRP-strengthened slabs. In a RC 

flexural member without any steel shear reinforcement such as a slab, the flexural crack 

induced debonding, particularly intermediate crack (IC) induced interfacial debonding 

(or simply IC debonding) is a dominant failure mode as debonding failure modes 

dependent on shear failure, such as critical diagonal crack (CDC) debonding, are not 
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expected to occur (Yao et al 2005a). The debonding mode observed most often in tests 

on FRP-strengthened RC slabs, and hence the failure mode of most interest herein and 

throughout this dissertation, is IC debonding (Teng et al 2002 and 2003, Oehlers and 

Seracino 2004, Yao et al. 2005b, Hollaway and Teng 2008) as shown in Figure 2.4. 

2.3.1.1 IC Debonding 

In general, IC debonding occurs in a less sudden manner than other debonding failure 

modes such as concrete cover separation and CDC debonding. Failure is nonetheless 

rapid and to be avoided, or controlled, at all costs. Essentially, debonding initiates at the 

FRP-to-concrete interface in the concrete at the base of a flexural or flexural-shear crack 

due to a concentration of stress (Figure 2.4). As the load increases, the initially stable 

debonding crack becomes unstable when it has propagated a sufficient amount and the 

plate as a whole separates from the concrete substrate (Hollaway and Teng 2008). An 

understanding of the interfacial stress behaviour between the FRP and concrete substrate 

is therefore of most importance. 

Numerous analytical studies have been undertaken to understand the strength of the 

FRP-to-concrete interface and typically FRP-to-concrete joint tests have been 

undertaken (e.g. Chen and Teng 2001, Smith and Teng 2001, Yuan et al. 2001 and 2004, 

Yao et al. 2005a). The idealisation of the IC debonding phenomenon with FRP-to-

concrete joint and various types of FRP-to-concrete joint tests are shown in Figures 2.5 

and 2.6 respectively. Based on the observations and results of FRP-strengthened RC 

beam and slab tests as well as the observations and results of FRP-to-concrete joints 

tests, analytical models have been developed. 
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2.3.2 Analytical Modelling 

The ultimate moment of resistance of FRP-strengthened slabs can be estimated based on 

the recommendations of several design guidelines published by national or international 

institutions (e.g. fib 2001 , ISIS 2001 , JSCE 2001, Concrete Society 2004, ACI 440.2R-

08 2008) and independent researchers (e.g. Teng et al 2002, Taljsten 2003 , Hollaway 

and Teng 2008). Generally, all design guidelines are largely similar in fundamental 

assumptions such as the limit states design philosophy and traditional RC design 

principles such as plane sections remaining plane. There are however also some 

fundamental differences such as the brittle nature of FRPs and premature debonding 

failure (Hollaway and Teng 2008). 

2.3.2.1 Ultimate Moment of Resistance 

In this subsection, an analytical process for estimating the flexural strength of FRP-

strengthened RC beams is summarised. The summary follows largely the work of 

Hollaway and Teng (2008). 

Design follows traditional RC design principles as described in BS 8110 ( 1997). The 

ultimate strain of concrete in compression is taken to be 0.0035 while the stress-strain 

response of the concrete was a modified version of Kong and Evans ' ( 1987) model due 

to the brittle behaviour of FRP-strengthened beam (i.e. FRP rupture or debonding 

failure may occur prior to reaching concrete crushing and therefore the idealised 

rectangular compressive stress block needs to be modified) (Figure 2. 7). 
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The strains and stresses over the depth of a plated section are shown in Figure 2.8 and 

the analysis based on the plane section assumption with zero concrete tensile strength 

below the neutral axis. The maximum stress of each steel bar (as;) and FRP (a ;rp ) is 

limited by the yield and rupture strain of each material respectively. By equilibrium of 

the section, the moment capacity is expressed as follows: 

(2.1) 

where, kc1 , kc2 = mean stress factors of the concrete (not given here), Ye= partial safety 

factor of concrete, be= width of the section (mm), h = depth of the section (mm), n = 

total number of steel Iayers, As; = cross-sectional area of the steel reinforcing bar (mm2
), 

AfrP = cross-sectional area of the FRP (mm2
) , fcu = concrete compressive cube strength 

(MPa), ds;, d.frp and xna = distance (mm) from concrete compression surface to the 

steel bar, FRP and neutral axis respectively. 

2.3.2.2 FRP-to-Concrete Joint Shear Strength Modelling 

A number of analytical models for FRP-to-concrete joints have been presented and such 

models may be divided into two distinct types, namely (i) empirical models which have 

been developed from a regression of test data (e.g. Hiroyuki and Wu 1997, Meada et al. 

1997), and (ii) analytical models based on rigorous theoretical approaches (e.g. Yuan et 

al. 2001 and 2004). 
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Meada et al ( 1997) conducted a series of double shear tests on FRP-to-concrete joints 

with varying bond length and number of FRP sheet. The effective bond length of 

bonded plates was experimentally observed and its relationship with axial stiffness was 

determined statistically (i.e. regression oftest results). A simple shear strength model for 

the joint was finally presented. 

Hiroyuki and Wu ( 1997) also presented a shear strength model based on a series of 

double shear tests. Similar to Meada et al 's ( 1997) approach, the model was derived 

from the relationship between bonded plate length and average shear stress. It should be 

noted that the test set-up is slightly different from conventional double shear tests. The 

FRP was positioned between two concrete blocks which were reinforced with 

reinforcing bars. 

Yuan et al (2001 and 2004) presented an analytical bond strength model on the basis of 

a nonlinear fracture mechanics (NLFM) approach. Yuan et al. (2001) considered various 

types of local bond slip behaviour according to the failure process. Their model 

however could not predict entire debonding process as the authors indicated (Yuan et al 

2004) subsequently. An analytical model in which a simple bilinear local bond-slip was 

adopted was presented by Yuan et al (2004) as an extension of previous work. By the 

use of the simple bilinear local bond slip model, the presented model enabled the 

prediction of the entire debonding process of bonded FRP, as well as stress or strain 

distributions of the bonded plates. A detailed derivation of the model will be presented 

in Chapter 4 of this dissertation. 
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Chen and Teng (2001) conducted an extensive review on bond strength models. Their 

model was developed theoretically (using non-linear fracture mechanics concepts) and 

then calibrated with test results. The model was verified more recently with a large test 

database reported in Yao et al. (2005a). 

2.3.2.3 IC Debonding Models 

Teng et al. (2003) calibrated the Chen and Teng (2001) bond strength model for 

application to modelling IC debonding for beams and slabs. The authors identified the 

problems arising from direct application of bond strength models (such as Chen and 

Teng' 2001 model) to beams and slabs; namely (i) limitation of simplified tests for 

considering complex structural behaviour, e.g. hending deformation, presence of 

flexural reinforcements, formation of multiple cracks and their interactions, and (ii) 

discrepancy of stress formation adjacent to concrete-to-FRP interface between 

simplified joints and beams. 

In order to consider these problems, calibration of Chen and Teng's (2001) bond 

strength model was undertaken by introducing a coefficient adbic . 

(2.2) 

where 
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2 - b j b 11 if /.frp > Le 
/JP = .frp c /3 = 1li L = 
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.frp c 2L jrp e 

e 

in which f'c and be are the concrete cylinder compressive strength (MP a) and width of 

concrete block, respectively, Efrp, lfrp and bpp the elastic modulus (MPa), thickness (mm) 

and width (mm) of FRP respectively, l_rrp the bond length (mm), and L e the effective 

bond length (mm). A value of 0.48 for adbic was suggested for ultimate limit state of 

design, while a value of 0.753 gave a best fit of the experimental data for slabs. 

2.4 FRP-strengthened RC Slabs with Penetrations 

2.4.1 Experimental Observations and Failure Modes 

2.4.1. l One-way Slabs 

The most comprehensive investigations on one-way spanning FRP-strengthened slabs 

with penetrations have been reported by Vasquez and Karbhari (2003), Tan and Zhao 

(2004) and Casadei et al. (2003a). In general, the strengthening schemes of such 

investigations were logical and even intuitive as the FRP provided strong bands either 

side of the penetration in order to replace the internal steel reinforcement that was 

removed upon creation of the penetration. 

Vasquez and Karbhari (2003) tested point loaded one-way simply supported slabs with 

central penetrations (Figure 2.9a). The position of the points of load application varied 
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(denoted by load cases I and 2 in Figure 2.9a) and this had an impact on the behaviour 

of the slabs. All FRP-strengthened slabs failed by debonding of the FRP from the 

concrete substrate with debonding reported to initiate at cracks that propagated from the 

corners of the penetrations due to stress concentrations that intersected the FRP well 

away from the plate end. This mode of debonding is known as IC debonding and was 

described in detail in the previous subsection. A large shear crack was also observed in 

the slab with load case 2 (denoted by C04 in Figure 2.9a). Vasquez and Karbhari (2003) 

also reported the results of a linear elastic FE which revealed stress concentrations at the 

corners of the penetration zones, as expected. The analysis however did extend to 

modelling de bonding of the FRP strengthening. 

Tan and Zhao (2004) reported tests on line loaded one-way spanning simply-supported 

slabs with penetrations of different sizes and locations and different FRP strengthening 

arrangements (Figure 2.9b ). The penetration width was found to have a more prominent 

effect on the load-carrying capacity than the penetration length. Several slabs failed by 

IC debonding, similar to Vasquez and Karbhari (2003), but some also failed in shear. 

Failures by IC debonding of the FRP, as well as debonding initiating at the end of the 

FRP (plate end debonding) and shear failure of the slab were reported. The angles of 

cracks originating from the comers of the penetration, where it is believed IC debonding 

initiated, varied as the aspect ratio of the penetration changed. 

Casadei et al. (2003a) reported tests on the strengthening of three continuous one-way 

slabs with penetrations in the positive moment region (slabs SI to S3) and a further 

three slabs with penetrations in the negative moment region adjacent to the continuous 
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support (slabs S4 to S6). Penetrations were formed by saw cutting an existing car-park 

slab. Slabs S 1 to S3 were loaded via four discrete points as shown in Figure 2.9c. 

According to Casadei et al. (2003a), the intention of this loading arrangement was to 

engage the whole width of the slab and simulate a uniformly distributed load around the 

penetration. Slab S2 failed in flexure by concrete crushing followed by IC debonding 

initiating where the FRP intersected diagonal cracking originating from the nearer 

penetration comer, in a similar manner to Vasquez and Karbhari (2003). Slabs S4 and 

S5, in which penetrations were located in the negative moment region and strengthened 

with FRP, failed in shear. 

2.4.1.2 Two-way Slabs 

Tests on the strengthening of two-way spanning slabs with penetrations have also been 

reported to date (e.g. Casadei et al. 2003b, Enochsson et al. 2007). Casadei et al. 

(2003b) reported the test results on FRP-strengthened two-way slabs with penetrations 

subjected to discrete point loads. Enochsson et al. (2007) also reported the results of 

tests on FRP-strengthened two-way spaning slabs with penetrations subjected to a 

uniformly distributed load. The loading was applied to inverted slabs via an airbag 

system of loading. They observed the behaviour of slabs with larger penetrations to 

more closely represent a system of beams than a slab. 

Enochsson et al. (2007) considered two main parameters for FRP-strengthened slabs 

with penetrations, namely, (i) size of penetration and (ii) strengthening schemes as 

shown in Figure 2.10. All FRP-strengthened slabs showed significant strength 
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enhancements and failed by FRP rupture failure. The rupture failure occurred following 

yielding of steel reinforcements at comers of penetrations where diagonal cracks were 

forming and propagating (Figure 2.11 ). 

More recently, Elsayed et al. (2009b) reported a series of tests on two-way spanning RC 

slabs with and without penetrations strengthened with FRP plates attached to the 

concrete with metal nails. While such a fastening system is outside the scope of this 

dissertation the usefulness of the study is recognised. 

2.4.2 Analytical Modelling 

Vasquez and Karbhari (2003) conducted numerical analysis, i.e. finite element (FE) 

analysis. Their FE model however did not consider debonding and needs further 

refinement by at least considering the behaviour of the interface between the FRP and 

concrete substrate. Tan and Zhao (2004) adopted a traditional analytical approach. A 

yield line method of analysis was proposed which correlated reasonably well with 

experimental results. The yield line method highlighted the importance of considering 

the orthotropic properties (i.e. the ultimate moment capacity of the slab may be different 

in each orthogonal direction). The validity of the yield line in the presence of FRP 

strengthening is however questioned given the limited ductility of FRP-strengthened 

sections versus the large section rotations assumed in yield line analysis. 

Practical design methods of existing structures with a penetration made post 

construction are not entirely precise. Guidance on the selection of penetration locations 
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and sizes for both new and existing structures are specified in codes of practice (e.g. 

ACI 318-05 2005, Kamara and Rabbat 2005) with a requirement that the design 

strength of the penetrated slab be able to resist the applied loads and the loss of steel 

reinforcements be limited for beamless slab systems. The penetrations in the area 

common to one column strip and one middle strips of such beamless slab system are 

required not to be interrupting more than 25 % of slab reinforcements for each direction 

of strips (hatched regions in Figure 2.12). Mota and Kamara (2006) present a 

particularly detailed review of forming penetrations in two-ways slabs systems (i.e. flat 

plates, flat slabs, beam-supported slabs). 

2.5 Anchorage 

Metallic anchors have been used for decades. A large body of research exists (e.g. 

Eligehausen et al. 2006b) and selected aspects relevant to this dissertation will be 

discussed in this section. For application to FRP strengthening systems, different types 

of metallic and non-metallic anchors have been tested in recent years. Schematic 

diagrams of various anchorage systems are given in Figure 2.13 . Such anchorage 

systems are (i) embedded metal threads (e.g. Sharif et al. 1994, Shahrooz et al. 2002) 

(Figure 2.13a), (ii) embedded FRP threads (e.g. Galati et al. 2007), (iii) U-jackets (e.g. 

Smith and Teng 2003, Adhikary et. al 2004) (Figure 2.13b ), (iv) near surface mounted 

rods (e.g. Gose and Nanni 2000, Eshwar et al. 2008) (Figure 2.13c), and (v) FRP 

anchors (e.g. Lam and Teng 2001 , Oh and Sim 2004, Esh war et al. 2005 and 2008, 

Orton et al. 2008, Hatiem et al. 2008) (Figure 2. l 3d). FRP anchors are particularly 

attractive as they are non-corrosive and can be applied to wide flat structural elements 
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such as walls and slabs. FRP anchors have been referred to by researchers as FRP spike 

anchors, fibre anchors, CFRP anchors, CF-anchors, fibre bolt and FRP dowels, 

however hereinafter as FRP anchors. 

A mechanically fastened (MF) FRP system has also been developed which was not 

mentioned here (e.g. Lamanna et al. 2004, Bank and Arora 2007, Elsayed et al 2009a 

and 2009b ). In this system, precured FRP plates are attached to the concrete surface 

using metal fasteners instead of using epoxies. MF system requires specially made 

precured FRP plates (i.e. hybrid FRP plates) and shows less brittle behaviour than that 

of bonding failure. As mentioned in previous subsection, MF system is outside the 

scope of the present study. 

A schematic representation of a FRP anchor embedded in a concrete substrate thrnugh a 

FRP plate is shown in Figure 2.14. Anchors are formed from bundles of glass or carbon 

fibres or rolled fibre sheets, and inserted into epoxy filled holes in the concrete substrate 

(herein anchor dowel component) with the free end of the fibres splayed (herein anchor 

fan component) then epoxied onto the surface of the FRP plate to disperse stress 

concentrations around the FRP anchor and plate. Various applications of FRP anchors 

to date have been made to RC beams (e.g. Oh and Sim 2004, Eshwar et al. 2005 and 

2008, Orton et al. 2008), slabs (e.g. Lam and Teng 2001, Piyong et al. 2003, Hatiem et 

al. 2008) and masonry walls (e.g. Burr 2004, Tan and Patoary 2004, Binici et al. 2007, 

Camli and Binici 2007). Research on the strength and behaviour of FRP anchors in 

isolation has however been much more limited and such research has been 

predominantly experimental. Studies to date have reported the pullout strength and 
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behaviour (Ozdemir 2005 and Ozbakkaloglu and Saatcioglu 2009) as well as the shear 

behaviour (e.g. Aiello et al. 2004) ofFRP anchors. 

Depending on the strengthening solution, the FRP anchors can be subjected to pullout 

forces, shear forces, or combinations of the two. Schematic representations of FRP 

anchors in U-jacket shear strengthening are given in Figure 2.15. In all cases of loading, 

the fundamental understanding of the FRP anchors is extremely limited although it is 

reasonable to assume that traditional theory on the behaviour of adhesively bonded 

metal and plastic anchors in concrete is partly transferable. 

In this section, a review on FRP anchor construction is now firstly presented followed 

by a review of behaviour of metallic and FRP anchors. Existing analytical models for 

both types of anchors are finally reviewed and then summarised. Such a review explains 

the fundamental concepts of anchor behaviour and modelling and sets the scene for new 

analytical FRP anchor models presented in Chapters 3 and 4. 

2.5.1 Construction of FRP Anchors 

Very little detailed information is given in the literature on the construction of FRP 

anchors for pullout testing as well as shear testing however the distinction made in this 

review between Impregnated Fibre Anchors and Dry Fibre Anchors recognises the two 

fundamental differences in anchor construction. The diagrammatic summaries given in 

Figures 2.16 and 2.17 are for the construction of FRP anchors used in the present study 

as well as the studies of Eshwar et al (2005 and 2008), Ozdemir (2005), Orton et al 
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(2009) and OzbakkalogJu and Saatcioglu (2009). The common feature of all anchors is 

that they are formed by rolling pre-cut carbon or glass fibre sheets. Commercially 

available anchors are also available although they are not considered in this dissertation. 

2.5.1.1 Impregnated Fibre Anchors 

Anchors made from fibres in which at least half of the length of fibres have been 

impregnated or coated with epoxy and allowed to cure before installation are herein 

referred to as Impregnated Fibre Anchors (Figure 2.16). 

Ozdemir (2005) reported two different types of anchor construction with the first (Type 

1 as shown in Figure 2.17) falling into the category of dry fibre anchor and the second 

falling into the category of impregnated fibre anchor. Ozdemir's (2005) type 2 anchors 

(Figure 2.16) were made from carbon fibre sheets that were initially fully impregnated 

with epoxy and then wrapped around both a deformed steel bar and silicon rod. The 

steel bar facilitated the gripping of the anchor for pullout testing, while the silicon rod 

region was embedded in the concrete again for pullout testing. 

The anchors tested in this dissertation were constructed by rolling epoxy coated carbon 

fibre sheets. In order to ensure the anchors remained as straight as possible, the fibre 

sheet was rolled around a thin metal rod which was pre-cut at mid-length (Figure 2.16). 

A detailed description of the construction procedure is however given in Section 3 .2.2 

of Chapter 3. 
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2.5.1.2 Dry Fibre Anchors 

Anchors made from fibres which have been not been impregnated with epoxy are herein 

referred to as Dry Fibre Anchors (Figure 2.17). 

Ozdemir' s (2005) Type 1 anchors were formed by rolling carbon fibre sheets into a 

cylindrical shape (Figure 2.17). In order to make the insertion of the anchor into epoxy 

filled holes of the concrete structure easier, the end one centimetre of length to be 

inserted was stiffened by qipping in epoxy and being allowed to dry for one day. The 

remaining length of the anchor was subsequently tied with carbon fibre strands to 

maintain the cylindrical shape. In order for the anchor to be gripped during pullout 

testing, a plain steel rod was inserted into the centre of the un-embedded fibre cylinder 

and then bonded to the fibres. Pipe clamps were then secured around the fibres and steel 

rod. 

Ozbakkaloglu and Saatcioglu' s (2009) pre-cut carbon fibre sheets were rolled and then 

folded into two at their mid-height and then inserted into epoxy filled holes. A steel 

barrel was fitted to one end of each anchor to facilitate gripping in the pullout test 

(Figure 2.17). 

Similar to Ozbakkaloglu and Saatcioglu's (2009) anchor construction process, Orton et 

al. 's (2008) carbon fibre sheets were pre-cut and removed cross ties at splaying out 

portion. A steel wire and the pre-cut sheets were folding into two at their mid-height 
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and inserted into epoxy filled holes (Figure 2.17). The steel wire was installed to ensure 

the folded fibres being embedded fully into the anchor holes. 

2.5.2 Pullout Behaviour of Metal and FRP Anchors 

2.5.2.1 Metal Anchors 

Adhesive metal anchors transfer the load from the anchor, through the adhesive, then 

into the concrete along the entire bond surface area (Cook et al. 1998) with typical 

failure modes for adhesive anchors shown schematically in Figure 2.18. At shallow 

embedment depths (he/= 3d to 5d, where d is the anchor diameter), concrete cone 

failure commonly occurs (Figure 2. l 8a) and the slope of the cone surface with respect 

to the top surface of the concrete is approximately 35° (Eligehausen et al. 2006b ). For 

greater embedment depths the failure mode usually changes to a combined failure mode 

of concrete cone and bond failure (Figures 2.18b to 2. l 8d). The bond failure can be 

classified into three types according to the interface of failures; adhesive-to-concrete 

interface (Figure 2.18b ), anchor-to-adhesive interface (Figure 2.18c) and mixed 

interface (failure at the adhesive-to-concrete as well as failure at the anchor-to-adhesive 

interface) (Figure 2. l 8d). For typical adhesive anchors, however, it is not possible to 

clearly distinguish between failure modes at the adhesive to concrete interface failure 

and anchor to adhesive interface failure. According to Cook et al (1998), the thickness 

of adhesive layer does not have a significant influence on the strength of the anchor. 

Finally, anchor rupture can occur with large embedment depth and sufficient bond 

strength (Figure 2.18e). 
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For chemically fastened anchors, the bond strength is mostly derived from chemical 

adhesion. Once the adhesive (chemical) bond is broken, force transfer is provided by 

friction. Such force transfer is strongly affected by transverse pressure, concrete 

shrinkage (for young concrete) and the roughness of the anchor surface. In addition, 

interfacial wear and tear along the sliding plane reduces the confining pressure (fib 

2000). Despite the anchor not being plain (i.e. smooth), the surface roughness cannot be 

assumed to act just as deformations act in deformed reinforcing bars. 

2.5.2.2 FRP Anchors 

FRP anchors are typically drilled-in (post-installed) anchors with a chemical bond load 

transfer mechanism. Examples of adhesive anchors are capsule anchors and injection 

systems and FRP anchors resemble the latter. Considerably more research has been 

undertaken on the pullout strength and behaviour of cast-in place FRP reinforcing bars 

than adhesive (post-installed) FRP reinforcing bars and FRP anchors. 

The aim of research on cast-in place FRP reinforcing bars has been to develop bond-slip 

and bond strength models which can be used for the design of internal reinforcement for 

concrete flexural members (e.g. Okelo and Yuan 2005). Such tests are considered 

outside the scope of this dissertation and therefore bear no relevance due to surface 

deformation on the bars as well as the lack of an adhesive layer causing fundamental 

differences in behaviour with adhesive anchors. 
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In the case of adhesive post-installed FRP reinforcing bars acting as anchors, bond 

failure modes were generally observed (Figures 2.18b-2.18d) as well as anchor rupture 

(Figure 2.18e) with the main variables of concern being (i) surface features (and texture) 

of the FRP bar, (ii) concrete compressive strength, (iii) concrete cover thickness, and 

(iii) embedment depth (e.g. Ahmed et al. 2008). Such experimental results will however 

not be used in this dissertation due to fundamental differences in fabrication quality of 

FRP reinforcing bars to FRP anchors. In addition, it appears that no analytical models to 

date have been proposed for the design of post-installed adhesive FRP reinforcing bar 

anchors. 

Research on the pullout strength and behaviour of FRP anchors has been primarily 

limited to the studies of Ozdemir (2005) and Ozbakkaloglu and Saatcioglu (2009). The 

main parameters varied in these studies were (i) anchor diameter, (ii) anchor 

embedment depth, (iii) anchor fibre content, and (iv) concrete compressive strength. 

Mostly experimental results have been reported although some analytical models have 

been proposed which are largely based upon traditional pullout strength models of 

adhesive metallic anchors with generally mortar or epoxy adhesive. Pullout tests on 

FRP anchors have revealed similar failure modes to the modes presented in Figure 2.18 

for adhesive metallic anchors. Ozdemir (2005) reported anchors failing by rupture of the 

FRP, concrete cone failure, as well as combined concrete cone and bond failure. The 

first series of tests conducted by Ozdemir (2005) mostly failed by FRP rupture while the 

second series tests, with improved anchor construction, reported all three failure modes. 

and Ozbakkaloglu and Saatcioglu's (2009) reported FRP anchor rupture failure as well 

as combined concrete cone and bond failure. FRP anchors therefore posses many 
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similar characteristics to metallic anchors although some fundamental differences (e.g. 

FRP material properties: fib 2001) exist as well. 

2.5.3 Shear Behaviour of Metal and FRP Anchors 

2.5.3.1 Metal Anchors 

As FRP anchors are drilled in anchors with a chemical bond load transfer mechanism 

they bear similarity to traditional adhesive metal anchors in shear. Figure 2.19 presents 

tested shear failure modes on bonded metallic anchors (Eligehausen et al. 2006b ). FRP 

anchors may fail in some or all the modes in Figure 2.19, however the different material 

properties between FRP and metal anchors will yield some important differences in 

behaviour which are best captured by testing. A metal anchor resists the shear force 

essentially by the shear and tensile strength of the anchor steel while mainly the tensile 

and/or bond strength of anchor fan-out component is critical to FRP anchors. 

2.5.3.2 FRP Anchors 

Very limited research has also been conducted on the shear strength and behaviour of 

FRP anchors in concrete (Bizindavyi et al. 2000, Aiello et al. 2004). Bizindavyi et al. 

(2000) conducted tests on both single- and double-lap joint shear specimens with FRP 

anchors with the main test variables being anchor depth and number of anchors. Joints 

which had a greater number of anchors exhibited greater strength and ductility however 

the effect of anchor depth could not be conclusively identified. In general the specimens 
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failed in shear (i.e. interfacial debonding) beneath the bond line (in the concrete) and in 

some cases the plate also partially ruptured. The exact failure mode of the anchors was 

not however described although increases of joint strength of up to 105 % were 

recorded. 

Aiello et al. (2004) utilised a modified RILEM bond test to determine the bond 

behaviour between curved concrete elements with FRP bonded to the interior of the 

member curve and fitted with a single FRP anchor near the loaded end where the bond 

stresses were highest. The presence of tpe_ anchor in ·zero curvature specimens increased 

the ultimate load by about 58%. The bonded plate was able to achieve rupture failure, 

however less increase in capacity was observed for curved beams. 

2.5.4 Pullout Models for Metal and FRP Anchors 

Anchor pullout strength models have been predominantly developed for metallic 

anchors and can be classified as (i) concrete cone models, (ii) bond models, (iii) 

combined concrete cone and bond models, and (iv) anchor rupture models. 

2.5.4.1 Concrete Cone Models 

Concrete cone models are so named because they assume the failure surface to form in 

the shape of a concrete cone or similar shape. The most frequently referred to models 

are (i) concrete cone models (e.g. Cook 1993, CEB 1994) which assume a projected 

circular area on the concrete surface based on a failure cone with a side inclination of 
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45° to the concrete surface, and (ii) concrete capacity design (CCD) models (e.g. CEB 

1994, Fuchs et al. 1995, ACI 349-01 2001, ACI 318(M)-05 2005, Eligehausen et al. 

2006b) which assume a projected square area on the concrete surface with side 

dimensions of 3 times the anchor embedment depth (i.e. 1.5 x embedment depth is the 

distance from the anchor to each side of the square failure area) and a failure surface 

within the concrete of approximately 35° to the concrete surface. 

Table 2.la presents a summary of several commonly referred to concrete cone and CCD 

models for metallic anchors (to date, no models appear to have been proposed for FRP 

anchors). The concrete cone failure model, developed in the middle l 970's, was largely 

based on experimental results of cast-in-place (headed) anchors (e.g. ACI 349-85 1985 

as cited in CEB 1994) while the CCD models developed in the early l 990's were based 

upon theoretical and experimental models on headed anchors in the l 980's by 

Eligehausen and Sawade (1989) and Eligehausen et al. (1992) All models adopt the 

general form given in Equation 2.3 

(2.3) 

where Ne is the concrete cone pullout resistance (N), k an empirical multiplier which 

largely depends on the anchor type (see Table 2.la), f'c the concrete cylinder 

compressive strength (MPa) and the effective embedment depth (mm) hef generally 

refers to the length of the anchor of constant diameter (e.g. do not include the headed 

portion of a headed anchor). The power n is given in Table 2.1 a as either 1.5 or 2. The 

concrete cone model adopts n = 2 which is derived directly from the area of the circular 
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projected failure surface (i.e. the radius of the failure surface is he;). The CCD models 

adopt n = 1.5 which is derived from he/ x her-0
·
5 where he/ is the area of the square 

projected failure surface and her-0
·
5 is a size effect factor (Eligehausen et al. 1992, Cook 

1999). In general, CCD models correlate well for anchors of all tested lengths of 

embedment depths while the concrete cone model can underestimate the pullout 

strength of anchors with small embedment depths (Fuchs et al. 1995). Initially the 

concrete cone model was preferred (e.g. ACI 349-85 1985) however in recent years the 

CCD model is more widely recognised (e.g. ACI 349-01 2001, ACI 318-05 2005). 

2.5.4.2 Bond Models 

Bonded interface resistance models assume the failure surface is adjacent to the surface 

of the embedded portion of the anchor at the anchor-to-concrete interface. The most 

important parameters are the bond stress of the anchor-to-adhesive-to-concrete interface 

(which is usually assumed to be uniform) and the failure surface area. Table 2.1 b 

summarises commonly referred to bond resistance models for adhesive metallic anchors 

(anchors can consist of threaded rods and reinforcing bars) and to date no models appear 

to have been proposed for FRP anchors. Both anchor diameter as well as anchor hole 

diameter can be used for determining the bond resistance, however, the use of anchor 

diameter in design is more favourable as it is the easier of the two to control (Cook et al. 

1998). A uniform bond stress is typically assumed where the stress is evenly distributed 

along the embedded length of the anchor. 

2.5.4.3 Combined Concrete Cone and Bond Models 
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Such models assume a cone failure surface to form near the face of the concrete block 

with which the anchor is cast into with failure in the remaining portion accruing at the 

anchor-to-adhesive interface. The pullout resistance is therefore the addition of the 

concrete cone strength contribution and the bonded interface strength contribution. 

Table 2.1 c presents three models in which the first is for a bonded metallic anchor 

(Cook 1993) and the remaining two for FRP anchors (Ozdemir 2005 and Ozbakkaloglu 

and Saatcioglu 2009). In these three models an accurate estimation of the concrete cone 

depth is crucial, however, Cook (1993) reported the concrete cone resistance component 

provided a minimal contribution to the strength in paiiicular for anchors with deep 

embedment depths. Of particular interest to note in Cook's (1993) model in Table 2. lc 

is the assumption of a non-linearly distributed shear stress for the bond model 

component~ such a distribution is also referred to as an elastic bond stress model (Cook 

1993, Cook et al. 1993) and the elastic bond stress distribution was assumed to be 

described by a hyperbolic tangent function. The maximum bond stress of the elastic 

model has been shown to give a similar prediction to a unif01mly bond stress model 

(Cook 1993). The uniform bond stress model as well as elastic model showed overall 

good correlation with test results with the elastic model correlating well at low stress 

(load) levels and deep embedment depths (Cook 1993, Cook et al 1998). Based on the 

results of numerical analyses (Mc Vay et al. 1996), the uniform bond stress model is 

more appropriate for strength design and in particular adhesive anchors which may fail 

in concrete cone or combined failure modes (Cook et al. 1998). 
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Eligehausen et al (2006b) provides a summary of the development of three analytical 

models over time for adhesive metallic anchors, namely (i) concrete cone model, (ii) 

concrete cone + bond model (i.e. combined model), and (iii) bond model. Comparison 

of these three models with limited adhesive metallic anchor test data by Eligehausen et 

al (2006b) reveals the first model to greatly under- and over-estimate the pullout load 

(depending on the embedment depth), the second model to be predominantly 

conservative and the third model to generally provide a best fit. Hence, the bond model 

appears to be the preferred choice. 

The limited number of FRP anchor analytical models has been developed by Ozdemir 

(2005) and Ozbakkaloglu and Saatcioglu's (2009). These modes, as presented in Table 

2.lc, are based on Cook et al.'s (1993) model and it is obvious an accurate prediction on 

the concrete cone depth (hwne) is crucial. Ozdemir (2005) assumed hcone to be a constant 

50 mm, as observed from his tests, with Ozbakkaloglu and Saatcioglu's (2009) 

measuring hcone from his tests but not providing a general expression. The performance 

of the three models presented in Table 2.1 c for predicting the strength and behaviour of 

new test data is however questionable due to the large variation and uncertainty of the 

concrete cone depth. 

2.5.4.4 Anchor Rupture Models 

Anchor rupture strength is dependent on material properties of anchor material. The 

strength of metal anchors can be calculated simply from the cross-sectional area and the 

tensile strength of the steel. In a similar approach to metal anchors, the shear strength of 
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FRP anchors may be calculated from the anchor fibre content used in anchors and the 

tensile strength of the fibre while the possibility of strength reduction should be 

considered such as poor alignment of fibres (i.e. bending or twisting of fibres during 

anchor construction). 

2.6 Conclusions 

A basic review of the literature most relevant to this dissertation has been presented in 

this chapter. The topics cover (i) introduction to FRP as a material and its uses in civil 

infrastructure, · (ii) unanchored FRP-strengthened RC slabs without penetrations, (iii) 

anchored FRP-strengthened RC slabs without penetrations, and (iv) anchorage. More 

detailed reviews of material of most direct relevance to this dissertation is included 

throughout the thesis in the relevant chapters. On the whole it can be said that the state 

of knowledge on the strengthening of RC slabs with penetrations with unanchored or 

anchored FRP composites is still in its infancy and the research presented in this 

dissertation will therefore be of most interest to not just the academic community but to 

practicing engineers and the writers of design guidelines and standards. 
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Table 2.1 Summary of pullout models 

(a) Concrete cone models 

Reference NC Projected failure area I k Anchor type failute angle 

ACI 349-85 (1985) 
0.33.J/': Ac, Ac = Jthef (he/ + d h) Circle I 45° - cast-in situ anchor (headed) 

0.33.J/': Ac, Ac = Jth,,/ Circle I 45° - post-installed anchor (expansion) 

Eligehausen et al. kh 1.5 ff Not specified I::::; 35° 17 ( 13 b) (1987/ 1988)a ef c cast-in situ anchor (headed) 

Eligehausen et al. kh 1.5 ff Not specified I::::; 35° (1987) a e.f c 15 post-installed anchor (expansion) 

Eligehausen et al. 
0.92h 2 

ef .JI': Circle I 45° post-installed anchor 
( 1984) a (adhesive anchor) 

Eligehausen et al. kh 1.5 ff 14.7 post-installed anchor (expansion & undercut) 

(2006b) ef c Square I ::::; 35° 
16.8 cast-in anchor (headed) 

ACI 349-01 (2001 ), kh 1.5 ff 7b post-installed anchor (expansion & undercut) 

ACI 3 l 8M-05 (2005) <!f c Square I ::::; 35° 
10 b cast-in anchor (headed) 

(b) Bond models 
Reference Nb 'fi, or r,/ (MPa) Comments 

Cook (1993) 6.3-14.6 tested values 
TJrdohef 

CEB (1994) 8 not specified 

Cook et al. (1998) 1'11 'mJhef "'£'c T" ' r.. =20MPa (1- kCo V) for design 

Cook and Konz (2001) r,,rrdhef 
15.4 a tested value 
12 b lower bound (assumed for design) 

Continued on following page 
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Table 2.1 Summary of pullout models (Continued) 

(c) Combined concrete cone and bond models 
Reference Anchor Depth Ne component Nh component 

he/ < hco11e 0.92hef 
2 rr: -

Cook et al. (1993) 
hco11e < h~( < 40.Jd': + h cm:e 

[ 40.{ci; - ( h - h ) 1 0.92h .2 r.r: 0 ef cone I 
t • l 40jd; 

0 ~ 
trrt/0 (he( - hconJ 

h~( > 40.Jd: + h cn11e 
[ fd: ).'(h,, - h,,", )11 md 

t' max 1liJ o -- tanh Jd: where h = 0 

A' do LJ 
cone 1. 84.J/': 

he/ < 50mm 0.33.J/':h~r (d0 +hef )Jr -

Ozdemir (2005) 

hef > 50mm 0.33.J/': 50(d0 + 50)Jr Jrr11 d0 ( h~r - 50) 

Ozbakk:aloglu and he/ > h,. n(.fct) exp hcone (do + hcnne) d 0.66 ( h h y l.83 
Saatcioglu (2009) a ('OllC Q ef' - ronc 

Note : f'c =concrete cylinder compressive strength, (/,, )e:-.p =tested concrete-splitting tensile strength dh = head diameter of headed anchor, 

d
0 
=anchor hole diameter, d =diameter of embedded anchor, h.r =effective embedment depth, h rnnr= concrete cone failure depth, 

a cone= concrete cone failure angle, r = uniform bond stress, r . = design version of r , t'm(l.r = maximum value of elastic bond stress, /..,' = elastic constant, 
II II II 

Ac= projected area of a single anchor, k = calibration factor, 

and 'Pc: modification factor for concrete strength 
a original source in German but material extracted from CEB ( 1994) and Eligehausen et al (2006b) 
b design factor (5% fractile) 1 
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Mild Steel 

2 2.5 3 

Figure 2.1 Typical Stress-strain response of FRP and mild steel (Teng et al. 2002) 

Figure 2.2 FRP-strengthened RC slab 
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Figure 2.3 Failure modes of an FRP-strengthened RC beam (Hollaway and Teng 2008) 
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(a) Cantilever slab (Teng et al. 2003) 

(b) Simply supported beam (Yao et al. 2005b) 

Figure 2.4 IC debonding failures 
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Load 
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FRP 

FRP Force FRP Force 

Figure 2.5 Idealisation of IC debonding in FRP-strengthened RC slabs with FRP-to-
concrete joints 

Plate 

(a) Far-end supported-tloublc>-shear test (b) Near-end supported double-shear test 

I• L ..,j I• L ~ 1 
(c) Far-end supported single-shear test· (d Near .. end supported ingle.;;shear te$t 

(e)Beam test (f) Modified bealn test 

Figure 2.6 Type of FRP-to-concrete joint testing (Yao et al. 2005a) 
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Figure 2. 7 Stress-strain curve of concrete (Kong and Evans 1987) 
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Figure 2.8 Stress and strain over beam depth (Teng et al. 2002) 
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Figure 2.9 FRP-strengthening schemes for one-way slabs with penetrations (tension face strengthening schemes) 
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Figure 2.10 FRP-strengthening schemes for two-way slabs with penetrations (tension 

face strengthening schemes) (Enochsson et al. 2007) 
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Figure 2.11 FRP Rupture failure of two-way slabs with penetrations 

(Enochsson et al. 2007) 
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Figure 2.12 Suggested opening sizes and locations in flat plates 
(Kamara and Rabbat 2005) 
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Figure 2.13 Schematics diagrams of anchor systems 
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Figure 2.15. FRP anchors in U-jacket shear strengthening 
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Anchor Construction 
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Figure 2.16 Construction sequence of impregnated fibre anchors 
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(b) Adhesive-to-concrete 
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( e) Anchor failure 

Figure 2.18 Typical adhesive metal anchor failure modes under pullout forces 
(Cook et al. 1998) 
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Figure 2. 19 Typical adhesive metal anchor failure modes under shear forces 
(Eligehausen et al. 2006b) 
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Chapter 3: Pullout strength and behaviour of FRP anchors 

3.1 Introduction 

This chapter covers the topics of experimental testing and analytical modelling of FRP 

anchors in uncracked concrete under tensile or pullout forces. More specifically the 

following topics are addressed ( 1) construction of FRP anchor, (2) FRP anchor tensile 

strength tests, (3) FRP anchor pullout tests, ( 4) analytical pullout strength model for 

FRP anchors, and (5) parametric studies using the pullout strength model. The tests 

utilise relatively standard testing procedures in which the anchor in inserted into 

concrete block and then pulled out. A lot of the same failure modes for metal anchors, 

as discussed in Chapter 2, are also observed for FRP anchors. Based on the 

experimental observations, analytical models to describe the pullout strength of FRP 

anchors are proposed. These analytical are largely recalibrations of existing analytical 

models originally developed for metal anchors under pullout forces. 

3.2 Experimental Details 

3.2.l Details of Test Specimens 

The epoxy and carbon fibre used in present tests were commercially available materials 

which were manufactured by Mbrace. Mbrace Saturant which is a two-part epoxy 

product (part A and B with mixing ratio of 3 to 1) was used for constructing anchors of 

both tensile strength testing and anchor pullout testing. The same epoxy was also used 

as an adhesive for anchor installation (details given in Section 3.2.2). The material data 

sheets of the epoxy and carbon fibre are given in Appendix A. 
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3 .2.1.1 Tensile Strength Tests 

Tensile strength tests for flat FRP coupons in additional to the FRP anchors were 

undertaken for the purpose of determining tensile strength, elongation at rupture and 

elastic modulus of the two different shapes of fibres. Eighteen identical specimens were 

prepared for the flat FRP coupon tests (Table 3.1) with a schematic diagram and 

pictures of typical test specimens given in Figure 3.la. Each specimen was constructed 

using a wet lay-up procedure with 2 layers of carbon fibre sheet of 0.117 mm nominal 

sheet thickness and 15 mm nominal width (Figures 3.1 a and 3.1 b ). The tests were 

conducted in accordance with ASTM 3039/D3039M (2000). 

A total of nine specimens were prepared and tested for determining the tensile-strength 

of FRP anchors (Table 3 .2). The anchors were constructed from three different widths 

of carbon fibre sheet, namely 60 mm, 110 mm and 130 mm with three tests being done 

for each width. The carbon fibre and epoxy used in anchor tension tests was the same 

material as used for the coupon tests. Detailed constructing process is given in Section 

3.2.2. 

3.2.1.2 Pullout Strength Tests 

The experimental program consisted of 36 pullout tests of specimens with varying 

embedment depth, anchor hole diameter and anchor fibre content. Of the 36 tests, nine 

were metal anchor pullout tests (Table 3.3) and 27 were FRP anchor pullout tests (Table 
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3.4). The FRP anchors were constructed in the same manner as the tensile strength test 

specimens. The metal anchors consisted of threaded metal rods (elastic modulus = 119 

GPa, 0.2% proof stress= 408 MPa) (Table 3.5a) and plain metal rods (elastic modulus = 

203 GPa, 0.2% proof stress= 513 MPa) (Table 3.5b). All metal and FRP anchors were 

embedded into 400 mm (width) x 400 mm (breadth) x 150 mm (depth) concrete blocks 

of 32 MPa nominal target compressive cylinder strength. 

Nine pullout tests using metal anchors were prepared; three tests on plain metal rods 

and six tests on threaded metal rods. The diameter of the metal anchors (nominal 10 mm 

and 12.5 mm for threaded metal rods and plain metal rods respectively) as well as their 

embedment depths (nominal 40 and 60 mm for threaded metal rods and nominal 40 mm 

for plain metal rods) were varied in accordance with Table 3.3. The surface texture of 

the anchors was also varied; plain surface for the plain metal anchor and rough surface 

for the threaded metal anchors. The surface texture of the FRP anchors is expected to lie 

somewhere between the surface texture of the plain and threaded rods and closer to the 

threaded rods. 

Twenty seven FRP anchor pullout tests were performed as summarised in Table 3.4. 

Three different parameters were varied, namely (i) drilled hole diameter (i.e. nominal 12, 

14 and 16 mm diameter), (ii) embedment depth (i.e. nominal 20, 40 and 60 mm depth), 

and (iii) anchor fibre content (i.e. 60, 110 and 130 mm wide sheets). These three 

parameters were varied as they are considered to be influential as observed from 

existing tests on metal anchor available in the open literature (e.g. Eligehausen et al. 

2006b ). It should be noted that the maximum amount of rolled fibre sheet to fit inside a 
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12 mm diameter hole was 130 mm width. Traditional anchor design can be based upon 

the diameter of the anchor or the diameter of the drilled anchor hole. The diameter of 

the FRP anchors constructed in this study were quite variable and as a result the anchor 

hole diameter was specified as the important diameter parameter as it could be more 

easily controlled. Of the limited existing studies on FRP anchors under pullout forces , 

Ozdemir (2005) specified the hole diameter while Ozbakkaloglu and Saatcioglu (2009) 

specified the anchor diameter. Close inspection of Ozbakkaloglu and Saatcioglu (2009) 

anchor design reveals they may have in fact specified the anchor hole diameter and that 

assumption is adopted in this paper. 

3.2.2 Construction of Test Specimens 

3.22. 1 Concrete 

A total of thirty six concrete blocks for the pullout tests were poured in one batch using 

ready-mixed concrete and a set of material test specimens were also prepared with the 

same batch of concrete. All concrete specimens were cured in a moderate controlled 

indoor laboratory environment of average temperature of 22 degrees Celsius and 

relative humidity of 47 %. In order to determine the concrete material properties (i.e. 

compressive strength, elastic modulus, splitting strength and modulus of rupture), 

material test specimens were tested on the second week of a three week pullout test 

program. Detailed concrete material test results are given in the experimental results 

section of this section (Section 3.3) 
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3.2.2.2 FRP Anchor Construction 

All FRP anchors were constructed using the same method as described as follows. The 

anchors were 300 mm in length (Figure 3.2a) and were formed by rolling epoxy coated 

carbon fibres around a 3 mm diameter metal rod followed by winding a 0.4 mm 

diameter copper wire (Figures 3.2b to 3.2e). The metal rod was pre-cut at mid-length in 

order for the FRP to solely carry the tensile load at that location (Figure 3 .2b ). Anchors 

of varying fibre content were formed by using three different widths ( 60 mm, 110 mm 

and 130 mm) of carbon fibre sheets for rolling around the metal rod. The reason for 

rolling around the rod was to ensure the anchors remained as straight as possible. The 

anchors were then wrapped with a thin copper wire in order to further assure uniform 

alignment of fibres during curing however such uniformity proved to be quite illusive, 

especially for anchors so long. The copper wire played no further role in the behaviour 

of the anchor. 

3.2.2.3 FRP Anchor and Plate Installation 

All FRP and metal anchors were inserted into the concrete blocks using the following 

procedure. The three stages of anchor insertion included (i) construction of anchor as 

well as grip for insertion into the tensile testing machine (Figure 3.3a), (ii) drill hole, 

clean and then fill with epoxy (Figures 3.3b and 3.3c), and (iii) insert the FRP anchor or 

metal rod and brace during curing (Figure 3.3d). It should be noted that the first 

installation step was necessary only for the FRP anchor tests. The epoxy used in 

conjunction with the carbon fibres was also used to bond the FRP and metal anchors 
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into the concrete. The epoxy was allowed to set for at least one week under the same 

controlled laboratory environment. 

3.2.3 Test Set-up, Instrumentation and Test Procedure: Tensile Strength Tests 

3.2.3.1 Test Set-up 

For both the FRP coupon and FRP anchor tests, the specimens were monotonically 

loaded in tension to failure. Figures 3.4a and 3.4b show typical test set-ups for FRP 

coupon tests and FRP anchor tests, respectively, in a universal testing machine (REH 50 

Tonne manufactured by Shidamzu). Each test specimen was mounted via mechanical 

grips between the two cross-heads of the universal testing machine. 

3.2.3.2 Instrumentation 

Strain was monitored by both an electrical resistance strain gauge of gauge length 10 

mm and an extensometer of 50 mm gauge length both mounted at mid-height of each 

test specimen (Figure 3.5). 

3.2.3.3 Test Procedure 

The loading rate of the flat FRP coupon tests was approximately 0.02 kN/sec m 

accordance with ASTM D3039/D3039M (2000). 

3.2.4 Test Set-up, Instrumentation and Test Procedure: Pullout Strength Tests 
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3.2.4.1 Test Set-up 

Figure 3.6 shows a plan and sectional drawing of the pullout test set-up. The concrete 

block was clamped by a steel frame which was fixed on the bottom cross-head of a 

universal test machine and then the free end of the anchor was gripped by the top cross-

head (Figure 3.6). The steel frame in no way restrained the formation of free cracks on 

the surface of the concrete block. 

3.2.4.2 Instrumentation 

Two linear variable differential transducers (L VDTs) were positioned to measure the 

movement of the concrete surface immediately adjacent to the anchors during the test 

(Figure 3.7a). A 50 mm gauge length extensometer was mounted at the mid-length of 

all anchors (i.e. the centre region of anchors between the bottom of anchor grip and 

surface of concrete block) to measure strain (Figure 3.7b). The test machine ' s load cell 

was built in to the universal testing machine and the pullout load was based on the 

maximum load sustained before failure and read off from the load-deflection plot of 

each test. 

3.2.4.3 Test Procedure 

The specimen was monotonically loaded at the rate of approximately 0.1 kN/sec in 

tension (approximate average test time of three minutes) with continual recording of 
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load to failure. The loading rate was consistent with the recommendation given m 

ASTM E488 (2003) and ACI 440.3R-04 (2004). For anchors bonded into concrete and 

masonry elements, ASTM E488 (2003) recommends that 25 to 100 % of the ultimate 

anchor capacity be applied per minute with the total test time to be no less than one 

minute and no more than three minutes. For pullout tests on FRP bars embedded in 

concrete, ACI 440.3R-04 (2004) limits the loading rate to no more than 20 kN/min (i.e. 

0.3 kN/sec), or a testing machine head speed not greater than 1.3 mm/min. 

3.3 Experimental Results 

3.3.1 Material Properties 

3 .3 .1.1 Concrete 

The tested material properties of the concrete, which includes concrete cylinder 

compressive strength f'e, elastic modulus Ee, splitting strength /ch and modulus of 

rupture ER, were obtained during the mid-period of the anchor pullout tests (Table 3.6). 

All material properties were tested in accordance with Australian Standards (i .e. AS 

1012.9 1999, AS 1012.17 1997, AS 1012.10 2000 and AS 1012.11 2000) and averaged 

from three test specimens to producefc = 33.6 MPa, Ee= 25.5 GPa,fct = 2.8 MPa and ER 

= 4.6 MPa. 

3.3.1.2 FRP 
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Eighteen FRP coupons were tested and all of them failed by FRP rupture (Figure 3.8a). 

Each tested results were averaged, as summarised in Table 3.7, to produce an elongation 

at rupture Cfrp of 10405 µ£ (standard deviation, SD = 1785 µ£), tensile strength of ffrp 

2735 MPa (SD = 156 MPa), and elastic modulus Efip of 268 GPa (SD = 46 GPa). The 

properties quoted by the manufacturer were 15500 µ£, 3800 MPa and 240 GPa 

(Appendix A) respectively with the percentage of measured to manufacturer's 

properties being 67%, 72% and 112%, respectively. Tested properties will however 

only be considered from herein. 

3.3.2 Tensile Strength ofFRP Anchors 

A summary of all nine anchor tests results, including a comparison with the flat coupon 

test results, is presented in Table 3.8. The ultimate strength of the anchor (Mesi.anchor) in 

Table 3.8 was determined from the maximum load carried immediately before rupture 

failure. All anchors failed by rupture of the FRP at either the middle of the anchor 

length (where the two internal metal rods were joined together by a very thin portion) or 

near the grip joint as shown in Figure 3.8b. The test showed that the strength of FRP 

anchors was up to 3 5 % lower than the FRP coupon test results where the coupon 

tensile strength (Ncoupon,equiv) was calculated based on the amount of fibre used in the 

anchor and the flat coupon FRP strength. As FRP anchors were constructed by a hand-

rolling process, the fibres tended to be bent and twisted and the large variation in 

strength noted in Table 3.8 can be attributed to poor alignment of the fibres. It is 

hypothesised that poor alignment of fibres produced imperfect stress distributions in the 

anchor which can lead to reduced ultimate capacity (i.e. well aligned fibres became 
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more effective and can withstand higher stresses than anchors with poorly aligned 

fibres). Selected stress versus anchor strain results are shown in Figure 3.9 for anchors 

of varying fibre content. Kinks evident in the largely linear plots can be attributed to 

realignment and breakage of the anchor fibres . Conservatively, the tensile strength of 

FRP anchors should be taken as 65% of the flat coupon strength for design for anchors 

made in the same or a like manner. The quality of the anchor should be improved if 

mass produced with improved manufacturing quality although proof of this hypothesis 

is outside the scope of the research undertaken in this dissertation. 

3.3.3 Pullout Failure Modes: General 

Four pullout failure modes were observed, namely, concrete cone failure (CC), 

combined (concrete cone and bond) failure (CB), FRP rupture failure (FR) and bond 

failure (BF) (Figure 2.18 as given in Chapter 2). Most of these failure modes were 

representative of failures in traditional chemical anchors as previously reported in 

literature review chapter (Chapter 2). Tables 3.9 and 3.10 give summaiies of the pullout 

test results for the metal and FRP anchors respectively. The failure loads were quite 

varied for anchors with the same set of variables and especially for the FRP anchors. 

The following description of the test results is therefore more qualitative in nature and 

more tests are required to enable meaningful statistical studies of the results. 

3.3 .4 Pullout Failure Modes and Failure Load of Metal Anchors 

3.3 .4.1 Plain Metal Anchors 
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All specimens experienced bond failure between the smooth metal anchor surface and 

the adhesive interface and there was no noticeable failure in the concrete. The anchors 

slipped out of the concrete block at loads as low as 5.4 kN (7 % of tensile strength of 

anchor) thus demonstrating the importance of anchor surface texture to the pullout 

resistance. 

3.3.4.2 Threaded Metal Anchors 

Both the 40 mm and 60 mm embedment depth threaded metal anchors fai led in a 

combined mode. The top portion of the anchor failed in a concrete cone manner while 

the remaining portion failed at the interface between the anchor-to-adhesive interface in 

the adhesive along the edge of the ribbing of the metal anchor (Figure 3.1 Oa). The high 

stress concentrations produced by the threads on the epoxy surrounding the metal 

anchor, coupled with the relatively low adhesive strength, caused a shearing-off of the 

adhesive between the threads leaving the surface relatively smooth with low frictional 

resistance. The average pullout strengths of the 40 mm and 60 mm embedded anchors 

were 21.8 kN and 33.0 kN respectively (with small scatter) which were reasonably 

consistent with the FRP anchors of the same embedment depth and hole diameter as 

presented in the following subsections. 

3.3.5 Pullout Failure Modes and Failure Loads of FRP anchors 

3.3.5.1 20 mm Embedment Depth 
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All of the FRP anchors with an embedment depth of 20 mm failed upon the formation 

of a concrete cone extending along the whole length of the anchor (Figure 3.1 Ob). The 

angle of the concrete cone with respect to the surface of the concrete varied from 20 to 

35 degrees with the average failure load of the 12 mm, 14 mm and 16 mm drill 

diameters being 6.21 kN, 8.17 kN, 7.43 kN respectively. One would expect the failure 

load to increase with hole diameter however significant variation in the results has left 

the 14 mm diameter hole results with a larger capacity than the 16 mm hole diameter 

hole results. Failure to observe any noticeable trend is a consequence of the scatter of 

results. One point is for certain and that is short embedment depths of up to 20 mm (and 

perhaps greater embedment depths) will generally exhibit concrete cone failure . 

3.3 .5 .2 40 mm Embedment Depth 

For the 40 mm embedment depth FRP anchors, different failure modes were observed 

such as concrete cone fai lure (Figure 3.lOc), combined failure (Figure 3.lOd), FRP 

rupture (Figure 3.lOe), and bond failure (Figure 3.lOf). All 12 mm diameter anchor 

holes experienced combined failure. Such hole diameter allowed a cone to form that did 

not extend to the base of the anchor. Concrete cone failures were observed in 14 mm 

and 16 mm drill holes; the larger diameter forced a cone of larger depth to form 

however a combined failure mode occurred for one of the 14 mm drill holes. For the 

combined failure modes, at least 50% of the surface area of the portion of the anchor 

outside of the concrete cone region experienced bond failure at the adhesive- to-concrete 

interface in the concrete while the remainder experienced bond failure at the adhesive-
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to-concrete interface in the adhesive. Interlaminar bond failure between the FRP sheet 

and epoxy occurred for one of the 16 mm hole diameter anchors at a load well below 

the other results for the same set of test parameters. Such a failure mode was due to poor 

quality control of anchor manufacture and placement. On the whole, the failure mode 

was most consistent for the smaller anchor hole diameters. 

3.3.5.3 60 mm Embedment 

The majority of the 60 mm embedment depth anchors exhibited fa ilure by anchor 

rupture. One 12 mm hole diameter anchor failed in a combined manner (i.e. in the same 

manner as Figure 3.1 Od). In one anchor, the bond between the carbon fibre sheet and 

epoxy fai led however at a load consistent with the tensi le strength of the FRP. Again 

this failure mode can be attributed to poor workmanship despite the fa ilure load being 

high. Such large embedment depth resulted in the anchors being highly stressed and the 

rupture loads were consistent with the tensile test results of 130 mm wide FRP anchors 

reported in Table 3.8. The embedment depth of the anchor must therefore be limited in 

order to ensure the anchors are not too highly stressed upon which they are vulnerable 

to failure by rupture. 

3.3 .6 Load-displacement Response 

Figure 3.11 shows typical load-displacement responses of 20 mm (PF-20-14-3), 40 mm 

(PF-40-12-1 and PTM-40-12-2) and 60 mm (PF-60- 12-1 and PTF-60-12-2) embedment 

depth FRP anchors. All anchors exhibit an initial linear-elastic response until 
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breakdown of the chemical bond. The anchors then failed by concrete cone failure, 

combined failure, or FRP rupture. The shape of the load-deformation curves, in 

particular the post-peak behaviour, were indicative of the strength of the bond being 

lower than the frictional resistance (Eligehausen et al. 2006b) of the anchor-to-wall 

surface. The anchors which failed by FRP rupture (e.g. PF-60-12-1) were quite brittle, 

as indicated by a complete lack of post-peak response. The threaded metal anchors (e.g. 

PTM-40-12-2 and PTM-60-12-2) exhibited a long post-peak response despite the low 

frictional resistance in the sheared-off adhesive at the edges of the anchor threads. For 

anchors of 40 mm embedment depths as shown in Figure 3.11, the FRP anchor result 

(i .e. PF-40-12-1) traced virtually the same response as the threaded metal anchor (i.e. 

PTM-40-12-2)m indicating the likeness of the two systems, although the FRP anchor 

failed with a slightly smaller pullout load and approximately half of the surface 

displacement. 

All three plain metal rod anchors failed at or below a pullout load of 8.4 kN (and surface 

displacement less than 0.021 mm) which was just past the range of chemical bond 

breakdown in Figure 3.11. 

3.3.7 Load-strain Response 

Figure 3.12 shows the load-strain response of one FRP anchor tensile strength test (TF-

110-1) and three FRP anchor pullout tests (PF20-14-3, concrete cone failure; PF-40-12-

3, combined failure; and PF60-14-1 , FRP rupture). The slope of load-strain response of 

all anchors did not appreciably change although each of the three embedded anchors 
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had different fibre contents. The quality of anchors as reported in Section 3.3.2 may be 

able to account for this behaviour however this hypothesis requires further investigation. 

Kinks in each load-strain plot indicate localised fibre straightening and/or failure due to 

poor alignment of fibres in the manufacturing stage of the anchor. 

3.3.8 Parameters Affecting Pullout Strength: Test Database 

In addition to the pullout test results on FRP anchors reported in this chapter (27 data-

points ), pullout test data on FRP anchors which were published by Ozdemir (2005) (23 

data-points) and Ozbakkaloglu and Saatcioglu (2009) (43 data-points) were used for 

investigating pullout behaviour of FRP anchors. In Tables 3 .11 to 3 .14, a total 93 test 

data points are categorised in accordance with the failure modes (i) concrete cone 

failure (CC), (ii) combined cone and bond failure (CB), (iii) rupture of the FRP anchor 

(FR), and (jv) interlaminar bond failure of the anchor (BF). The majority of Ozdemir's 

(2005) first series tests failed by rupture of the FRP anchor however as inadequate 

information on the strength of the FRP was provided, the test results are not included 

herein. Ozbakkaloglu and Saatcioglu (2009) reported 73 tests while only 43 specimens 

(i.e. specimens failed by concrete cone fai lure, 13 data-points and combined failure, 30 

data-points) were selected as insufficient information was provided on the remaining 30 

data points to be used meaningfully. Also, their test specimens which failed by concrete 

splitting and premature anchor rupture failure due to poor anchor installation were not 

included herein as well. All 43 specimens were varied in the anchor hole diameter 

(nominal diameter = 12.7, 15.9 and 19.1 mm), embedment depth (nominal depth= 25, 

50, 75 and 100 mm) and concrete strength (nominal strength = 30 MPa and 50 MPa). 
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Each table of the database contains the specimen identification number (and 

accompanying description), hole or anchor diameter d0 (i.e. nominal and/or measured), 

embedment depth hef (i.e. nominal and/or measured), concrete compressive strength/'c, 

anchor fibre content (i.e. length of fibre sheet), pullout load and failure mode. While not 

explicitly stated in Ozbakkaloglu and Saatcioglu (2009), d0 is assumed to refer to the 

anchor hole diameter. 

All the test data possess several common qualities, namely (i) tested in uncracked 

concrete, (ii) monotonically applied tension load, and (iii) idealised condition for epoxy 

cure (i.e. dry and clean hole, moderate temperature, proper curing of epoxy). Clear 

trends in the test data can be observed as summarised in the following subsections. 

3.3.8.1 Effect of embedment depth 

The pullout load versus embedment depth for all test results (differentiated by research 

group) are given in Figure 3.13a, with the same set of test results differentiated by the 

four failure modes (i.e. CC, CB, FR, BF) given in Figure 3.13b. The pullout load clearly 

increases as the embedment depth is increased. In addition, concrete cone failure 

generally occurs for anchors with small embedment length (irrespective of the hole or 

anchor diameter) and the anchors with generally longer embedment lengths failed by 

FRP rupture or bond failure. 

3.3.8.2 Effect of Hole Diameter 
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A clear relationship is observed between the pullout load when the anchor hole diameter 

is normalised with respect to the embedment depth as shown in Figures 3.14a 

(differentiated by research group) and 3 .l 4b (differentiated by failure modes). 

When dr/hef is low, most of anchors failed in the CB mode while the CC failure mode 

dominated as the ratio was increased (i.e. 28 out of 30 anchors failing in CC mode had 

over 0.4 of dolhef ratio as shown in Figure 3.14b). Bond failure and FRP rupture 

occurred at the low range of dofhef 

3.3 .8.4 Bond Strength 

Assumption of a uniform bond stress r which is evenly distributed along the whole 

length of the embedded anchor is generally accepted (e.g. Cook et al 1998, Eligehausen 

et al 2006b) (Figure 3.15). Tables 3.11to 3. 14 therefore also contain the average bond 

stress ri1 (MPa) at failure as calculated from 'tu = Nu ,resr /(1lli0 hef). 

For both the plain and threaded metal anchors, the bond stress at failure was based on 

both the anchor diameter as well as the anchor hole diameter as given in Table 3.5. The 

distinction between the two is due to the plane of failure occurring at the anchor-to-

anchor interface and not at the adhesive-to-concrete interface as for the FRP anchors. 

The bond stresses calculated in Tables 3.11 to 3. 14 are based on the hole diameter. 
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According to Tables 3.11 to 3.12, the average bond stress for all 30 FRP anchor 

specimens which experienced concrete cone failure and all 46 specimens which 

experienced combined failure are 7.6 MPa (standard deviation, sd. = 1.5 MPa) and 9.6 

MPa (sd. = 2.5 MPa) respectively. The average bond stress of all of these 76 specimens 

is 8.8 MPa (sd. = 2.4 MPa). These averages are below the bond strength of the threaded 

metal anchor test results but above the plain metal road anchor pullout test results. 

3.4 Analytical Modelling 

A detailed literature review of existing analytical models for both metallic and FRP 

anchors was presented in Chapter 2. Such a review explains the fundamental concepts 

of anchor pullout behaviour and modelling and sets the scene for the new analytical 

model described in this section which is intended to predict the pullout load of FRP 

anchors. The analytical model is calibrated from the large test database of FRP anchor 

tests under tensile (pullout) loads as described in Section 3.3.8. Finally, a design version 

of the pullout model is proposed. 

3 .4.1 Experimental Database 

Cosenza et al. ( 1997) speculated that a rational approach to designing internal FRP 

reinforcement for concrete structures must be based on theory largely dependent on the 

physical behaviour of FRP. Analytical models must be calibrated with embedded FRP 

test results and not by merely altering the material properties of analytical models 

developed for embedded steel bars. Variability of the anchor geometry as well as 
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surface texture of FRP bars is likely to explain a lot of the differences between the 

pullout behaviour of metallic anchors to FRP reinforcing bars. These comments can be 

extended to FRP anchors, meaning, the pullout resistance is dependent upon the 

properties of the concrete, FRP anchor, as well as the bond between the concrete and 

anchor. In particular the important parameters are (i) FRP anchor (anchor or hole 

diameter, effective embedded depth) (ii) concrete (compressive strength), and (iii) 

adhesive material (strength of the bonded interface). 

As summarised in Section 3.3.8, test database of FRP anchor pullout test results were 

used for calibrating present analytical models, i.e. (i) concrete cone failure (30 data-

points, Table 3.11) (ii) combined failure (46 data-points, Table 3.12) and (iii) anchor 

rupture (8 data-points, Table 3.13). It should be noted that for analytical model study, 

nine data-points from test database described in Section 3.3.8 were not considered , i.e. 

(i) bond failure test data, (ii) rupture failure test data without tested material test results. 

In the present test results, two specimens failing by bond failure (i.e PF-40-16-3 and PF-

60-12-3 in Tables 3.14) were not included. Seven specimens which failed by anchor 

rupture from Ozdemir (2005) (Tables 3.13) were not also included as tested material 

properties of FRP sheet were not provided. 

3.4.2 Proposed Analytical Model 

An analytical model for predicting the pullout failure mode and strength of FRP anchors 

is presented in this section. The general form of the model is firstly given followed by a 

detailed description of its various components. 
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3.4.2.1 General Form of Analytical Model 

The following analytical model is based upon the assumptions of (i) single anchor 

behaviour (no anchor groupings and multiple anchors do not interfere with each other), 

(ii) monotonically applied tension load, (iii) idealised condition for epoxy cure (i.e. dry 

and clean holes, moderate temperature, proper curing of epoxy), and (iv) uncracked 

concrete (failure surface is in no way affected by cracks in the immediate vicinity of the 

anchor or the edges of the concrete pullout test blocks). Experiments have revealed 

similarities between metallic and FRP anchors so analytical models for the former will 

be used for the latter. The analytical model describing the pullout resistance (Nu) of a 

single FRP anchor is therefore given as: 

NC= a chefl.5 ff (cone failure) 

(combined fai lure) 

(anchor failure) 

(3-1) 

(3-2) 

(3-3) 

(3-4) 

where he1 is the effective embedment depth of the anchor (mm),/'c the concrete cylinder 

compressive strength (MPa), d0 the diameter of the anchor hole (mm), Wjrp and ljrp the 

width (mm) and thickness (mm) respectively of the fibre sheet used in construction of 

the FRP anchor, and fjrp the FRP tensile strength which is derived from flat FRP coupon 

tests (MPa). 
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The key elements for the cone, combined and anchor rupture models are the calibration 

factors denoted by ~· , ru and a;, respectively. In essence, these factors are determined 

from a statistical analysis of the different test data sets compiled in Tables 3.11 to 3.13 

for both best fit (50% exceedence, PE) and design (5% exceedence or 95 percentile 

lower bound) cases with the assumption of a normally distributed data-set, although 

detailed descriptions are provided in the following subsections. All statistical results are 

presented in Table 3.15, with the average expressed as a ratio of test-to-prediction with 

each factor being calibrated independently (i .e. no coupling between Ne, Neb and N,). 

The analytical model proposed in Equation 3-1 is largely based upon existing analytical 

models developed for metallic anchors. The reason for adopting this strategy and not 

regressing the FRP anchor data contained in Tables 3.11 to 3.13 is due to several 

reasons, namely (i) analytical models derived from a plethora of metallic anchor tests 

over the last couple of decades have established clear rational trends in test data these 

producing rational models, (ii) limited tests on FRP anchors have revealed many 

similarities in behaviour to metallic anchors, and (iii) the limited FRP anchor tests data 

contained in Tables 3.11 to 3.13 are not expected to yield statistically meaningful 

regression results for key parameters. Models regressed directly from FRP anchor test 

data may however be attempted in the future when more test data is available. 

3.4.2.2 Calibration of Concrete Cone Model 

Eligehausen's research group proposed the concrete cone model of Equation 3-2 with 

varying values of~ proposed over several years. Most recently, they (Eligehausen et al. 
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2006a) proposed ~ =14.7 for post-installed anchors which includes expansion, undercut, 

adhesive and grout anchors. Such anchors bear close resemblance to FRP anchors and 

are therefore of most relevance here. Table 3 .15a reveals ~ = 14. 7 is overestimating 

pullout strength of FRP anchors (i.e. 96% of exceedence) when assessed with Table 

3.11 test data (30 data-points). The corresponding best fit and design values for <Xe, 

based on the data contained in Table 3.11, are 12.40 and 9.68 (Table 3.1 Sa) with the 

coefficients of variation (CoV) being only 12 %. 

The statistical performance of the concrete cone model with size effect omitted (i.e. 

Ne = ach~r 2 ff form of equation, as reviewed in Section 2.5.4) produces a best fit and 

design value of ac of 2.31 and 1.48, respectively, however with a much higher Co V of 

22 % which in tum justifies using Equation 3-2. 

3.4.2.3 Calibration of Combined (Bond) Model 

Anchors of sufficient length should fail in a combined manner. The analytical approach 

adopted in this paper is to ignore the resistance provided by the concrete cone and 

instead assume all resistance to be provided at the anchor-to-concrete interface. 

Resistance provided by the cone has been shown for metallic anchors to contribute little 

to the pullout strength of the anchor (Cook 1993). In addition, the depth of the cone for 

longer anchors is most difficult to estimate. 

The uniform bond stress at pullout failure, 'tu, of all 46 combined failure test results are 

presented in the final column of Table 3.12 and a noticeable trend can be observed. For 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 86 



Chapter 3: Pullout strength and behaviour of FRP anchors 

compressive strengths less than 20 MPa (i.e. Ozdemir 2005 data), 'tu ranged from 4.6 

MPa to 6.6 MPa and for compressive strength greater than 20 MPa (i.e. Ozbakkaloglu 

and Saatcioglu 2009 and present test data), "Ci; ranged from 8.7 MPa to 14.2 MPa. The 

corresponding ru values for the concrete cone failing specimens presented in Table 3.11 

ranges from 6.5 MPa to l 0 MPa (concrete strength > 20 MPa), while those for the 

anchor rupture failure cases presented in Table 3.13 ranges from 7.5 to 13.l MPa 

(concrete strength > 20 MPa). It is therefore logical that the largest uniform bond 

stresses are achieved in the specimens failing in a predominantly bonded interface 

manner (i .e. specimens failing in combined failure mode). In order to assess the 

suitability and accuracy of a recent analytical model for metallic anchors with FRP 

anchor data, the model of Cook and Konz (2001) is analysed under the "Raw" model 

type for the data sets containing low concrete strength and normal concrete strength 

(Table 3. l 5b ). The model is way overestimating with percentages of exceedence equal 

to 100 %. In addition, a clear trend was shown in the prediction between specimens with 

low concrete strength and normal concrete strength as shown in Figure 3.15b (i.e. 

average ratios of test to predictions were 0.37 and 0.71 respectively). The model is 

therefore re-calibrated to produce the best-fit and design values of 'tu1 (low strength 

concrete, Table 3.l5b) of 5.65 MPa and 4.62 MPa and 'tu2 (normal strength concrete, 

Table 3.l5b) of 10.86 and 9.07 respectively. The Co Vs are an acceptable 11 and 10 % 

respectively. It should be noted that Cook and Konz (2001) reported concrete strength 

to have little effect on the bond stress of adhesive metallic anchors while the type of 

coarse aggregate highly influenced the bond stress. On account of very limited 

information existing on the type of aggregate used in the test reported in Tables 3 .11 to 

3.13, this issue will not be considered and can be left for future researchers. 
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3.4.2.4 Calibration of Anchor Rupture Model 

The calibration factor a,. accounts for the differences in tensile strength between flat 

FRP coupon tensile test coupons to FRP anchors failing by tensile rupture. From the 

FRP anchor test results (Section 3.3.2), it was found that the tensile strength of FRP 

anchors in isolation to range from 65 to 94 % of the tensile strength of flat FRP coupon 

test coupons. As the FRP anchors were handmade, the fibres tended to bend and twist 

and the reduction in strength was attributed to the poor fibre alignment. It was 

hypothesised the anchor quality should be improved though if mass produced with 

improved manufacturing quality. According to Table 3.15c, a,.= 0.65 gives an average 

of 1.11 while the values for best fit and design are 0.72 and 0.59 respectively. All Co Vs 

are an acceptable 11 %. 

3.4.2.5 Overall Performance of Calibrated Model 

Table 3.15d reveals the overall best-fit average of Nu to be 1.01 (CoV = 10% and PE= 

47%) while the corresponding design average= 1.23 (CoV = 11 % and PE= 4%) when 

used to assess all test data contained in Tables 3.11 to 3.13. The predicted load versus 

test data for the best-fit and design cases are subsequently shown in Figures 3.16 and 

3.17. In the determination of Nu, 87% of the failure modes were correctly predicted for 

the best-fit case (i.e. 74 out of 84 tests correctly predicted) and 84 % of cases for the 

design case predictions (71 out of 84 tests correctly predicted). The scatter in the 
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calibration factors prevents the analytical model always correctly predicting the failure 

mode however there can be confidence in prediction of the failure load. 

3.4.2.6 Design Model Recommendation 

Based on the 93 test results reported Tables 3.11 to 13, the design model 

recommendation is given as follows which is based on the statistical results reported in 

Table 3.15: 

JVu =rnin(JVc,f\lcb'JV'r) (3-5) 

N e = 9.7he/
5 if (cone failure) (3-6) 

N eb = 4.6mJohef (Jc' < 20MPa) (combined failure) (3-7) 

N eb = 9. lmJohef (fc' ~ 20MPa) (combined failure) (3-8) 

N r = 0.6wjrpt frpjfrp (anchor failure) (3-9) 

The ranges of test parameters used to calibrate this model are (i) 17 .5 mm :::; hef:::; 100.0 

mm, (ii) 10.4 MPa :::; f'c :::; 60.0 MPa, and (iii) 11.8 mm :::; d0 :::; 20.0 mm. Due to the 

significant difference in mechanical property between different types of FRP, the value 

of a;. may not be valid when anchors are constructed with other types of FRP (e.g. glass 

or aramid FRP)." In addition, the model is confined to the embedded region of the 

anchor and the region adjacent to the concrete surface below the FRP plate. It however 

does not consider the connection between the anchor and the strengthening plate (e.g. 

typically via the anchor fan). In the case where the force in the anchor is developed by 
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transfer of stresses to the anchor via the anchor fan, the bond strength of the FRP fan to 

FRP plate is needed. 

3.4.3 Parametric Study 

Figure 3 .18 provides a three-dimensional representation of the design model (Equations 

3-5 to 3-9). The concrete cylinder compressive strength is assumed to be a typical 

strength (32 MPa), the anchor rupture strength (calculated design strength 200 mm wide 

anchors with 0.117 mm sheet thickness) Nr = 38.4 kN and 'tu = 7.9 MPa (design). 

Several observations can be made from Figure 3.18, namely (i) the anchor pullout 

strength is ultimately limited by the anchor rupture strength, (ii) anchors with large 

anchor hole diameters tend to experience concrete cone failure (e.g. anchors with 24 

mm hole diameter), and (iii) combined failure dominates anchors of smaller diameters. 

More parametric studies can be conducted with the same model by varying the value of 

key parameters. Such further analysis is however a repetition of the theme and is 

therefore not considered. 

3.5 Design Procedure 

Design charts may in the future be developed by manipulating the design model 

presented in Equations 3.5 to 3.9. In the meantime, the present design procedure is 

proposed which can be used for the rational design of FRP anchors under pullout loads 

(Figure 3.19). 

3.6 Conclusions 
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The results of pullout tests on metal and FRP anchors as well as tensile strength tests on 

flat FRP coupons and FRP anchors have been reported in this chapter and a design 

model for FRP anchors under pullout load is also proposed. The tensile strength of FRP 

anchors was found to be as low as 65 % of their flat coupon counterparts and the 

various failure modes exhibited in the pullout tests were consistent with failure modes 

of adhesively bonded metallic anchors reported in the open literature. More tests are 

however required to provide statistically meaningful test results due to significant 

variation in the manufacturing process of the FRP anchor as well as the variation 

produced in testing concrete. The present study has however identified several different 

failure modes which embedded FRP anchors are susceptible to and which have been 

used to build a rational design model. 

A test database of 93 data-points has been assembled based on available test results and 

relationships between embedment depth and anchor/hole diameter to the pullout load 

identified. Based on this data and existing analytical models developed for metal 

anchors under pullout loads (as summarised in Section 3.4.2), an analytical model for 

FRP anchors under pullout was calibrated with the test results then finally a design 

model was proposed. While the proposed model provides the first accurate 

representation of the pullout resistance of FRP anchors, not all the failure modes were 

always correctly predicted (refer to Section 3.4.2.5). More tests on parameters both 

inside and outside of the range of existing test data are required in order to improve the 

accuracy of the model and extend its range of applicability. 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 91 



Chapter 3: Pullout strength and behaviour of FRP anchors 

Finally, a design procedure has been proposed which can be used for the rational design 

of FRP anchors under pullout loads. 
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Table 3.1 FRP coupon tests 

Specimen Width Thickness of No. of layers Curing Time 
Identification (mm) fibre sheet (mm) (days) 

TC-1 ~6a 2 7 
TC-7~12 15 0.117 2 14 
TC-13~18 2 21 

a : TC = !ensile test on FRP foupon; 1- 6 = specimens I to 6 

Table 3.2 FRP anchor tests 

Specimen Identification Width of fibre sheet (mm) Thickness of FRP sheet 
TA-60-1~3 a 60 
TA-110-1~3 110 0.117 
TA-130-1~3 130 

a: TA= !ensile test on FRP ~nchor, 60 =anchor fibre contents 60 mm wide sheet, 1- 3 = specimen 1 to 3 

Table 3.3 Pullout tests - meta1 anchors 

hef 
# he/ do ## do..,.. 

Specimen Identification 
(mm) (mm) (mm) (mm) 

-
PPM-40#-16##-1 a 41.3 15.9 

·-------·-
PPM-40-16-2 40 40.3 16 16.2 
PPM-40-16-3 40.9 15.7 

PTM-40-12-1 b 40.5 12.0 

PTM-40-12-2 40 41.4 12 12.0 
>---

PTM-40-12-3 40.5 11.6 

PTM-60-12-1 58.8 12.0 

PTM-60-12-2 60 57.6 12 11.9 

PTM-60-12-3 57.9 12.0 

a : PPM = pu11out test on J2lain metal anchor, 40 = nominal anchor embedment depth, 16 = nominal 
anchor hole diameter, 1 =specimen (nominal anchor diameter = I 2.5 mm) 

b : PTM = pu11out test on !hreaded metal anchor, 40 = nominal anchor embedment depth, 12 = nominal 
anchor hole diameter, 1 = specimen (nominal anchor diameter= l 0 mm) 
# nominal anchor embedment depth ## nominal anchor hole diameter 
• measured anchor embedment depth •• measured anchor hole diameter 
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Table 3.4 Pullout tests - FRP anchors 

Width of fibre he/ he/ d ## d .. .. 
Specimen Identification 0 0 

sheet (mm) (mm) (mm) (mm) (mm) 
PF-20#-12##-l a 18.3 11.9 

PF-20-12-2 19.4 12 12.1 

PF-20-12-3 17.5 12.1 

PF-20-14-1 20.8 14.2 

PF-20-14-2 60 20 25.l 14 14.2 

PF-20-14-3 25.0 14.1 

PF-20-16-1 21.9 16.0 

PF-20-16-2 23.5 16 16.1 

PF-20-16-3 21.4 15.3 

PF-40-12-1 41.5 12.2 

PF-40-12-2 44.6 12 11.8 

PF-40-12-3 44.8 11.8 

PF-40-14-1 44.8 14.7 

PF-40-14-2 110 40 44.9 14 14.8 

PF-40-1 4-3 44.9 14.7 

PF-40-16-1 41.3 16.3 

PF-40-16-2 41.5 16 16.6 
-----

PF-40-1 6-3 41.3 16.4 

PF-60-12-1 66.3 11.8 
--

PF-60-12-2 65.6 12 11.8 

PF-60-12-3 66.3 11.7 

PF-60-14-1 64.5 14.6 

PF-60-14-2 130 60 65.7 14 14.6 
·-

PF-60-14-3 65.6 14.7 

PF-60-16-1 64.5 16.3 

PF-60-16-2 64.5 16 16.4 

PF-60-16-3 64.5 16.5 

a : PF = pullout test on ERP anchor, 20 = nominal anchor embedment depth, 12 = nominal anchor hole 
diameter, 1 = specimen 
# nominal anchor embedment depth ## nominal anchor hole diameter 
• measured anchor embedment depth .... measured anchor hole diameter 
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Table 3.5 Tested material properties of metal anchors 

a. Threaded metal rods 

Maximum Tensile Strength 0.2 % Proof Stress 
(kN) (MP a) 

TP-1 a 36.0 422 

TP-2 34.8 393 

Average 35.4 408 

a : TP = tensile strength test of !hreaded metal rods for pullout tests, 1 = specimen 
Nominal anchor diameter: I 0 mm 

b. Plain metal rods 

~aximum Tensile Strength 0.2 % Proof Stress 
(kN) (MP a) 

PP-1 76.9 523 
PP-2 74.4 504 
PP-3 76.4 513 

Average 76.0 513 

a : PP = tensile strength test of .Q.lain metal rods for pu1lout tests, I = specimen 
Nominal anchor diameter: 12.5 mm 

Table 3.6 Tested material properties of concrete 
-----------

Cylinder Elastic Splitting 
Strength Modulus Strength 

f'c (MPa) Ee (GPa) fc, (MPa) 

CP- la 33.4 
26.5 
27.0 

2.9 

CP-2 35.2 
24.7 

3.0 
25.l 

CP-3 32.l 
25.4 

2.6 
24.4 

Average 33.6 25.5 2.8 
a CP = f Oncrete material test specimen for pullout tests, I = specimen 
Details of test specimens and raw test data are listened in Appendix B 

Elastic Modulus 
(GPa) 

122 
116 
119 

Elastic Modulus 
(MPa) 

209 
189 
210 
203 

Modulus of 
Rupture 

ER (MPa) 

4.7 

4.6 

3.9 

4.6 
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Table 3.7 FRP coupon test results 

Maximum Maximum Specimen (Rupture) (Rupture) Identification 1 Load 
Ntest,coupon 

Stress 
(MPa) (kN) 

TC-1 a 9.87 2768 
TC-2 8.48 2540 
TC-3 9.36 2726 
TC-4 9.61 2933 
TC-5 9.16 2480 
TC-6 9.39 2565 
TC-7 10.3 2779 
TC-8 9.82 2972 
TC-9 9.69 2732 

TC-10 9.43 2820 
TC-11 9.60 2822 
TC-12 8.88 2564 
TC-13 9.22 2705 
TC-1 4 8.88 2578 
TC-15 10.08 2577 
TC-16 9.62 2787 
TC-17 10.23 2919 
TC-18 10.14 2962 

Average 9.54 2735 
SD 2 0.50 156 

CoV 3 5.2 6 
a : TC = !ensile test on FRP foupon; 1 = specimen 
1 nominal FRP sheet thickness= 0.117 mm 
2 Standard Deviation 
3 Coefficient of Variation(%) 

Maximum 
(Rupture) 

Strain 
(µ£) 

9641 
10719 
13233 
11578 
10421 
10777 
9439 
10593 
7048 
12121 
8274 
12602 
10455 
7589 
9092 
9046 
11840 
12822 
10405 
1785 

17 

Elastic 
Modulus 

(GPa) 

288 
235 
209 
254 
236 
248 
288 
278 
378 
235 
346 
201 
272 
308 
274 
300 
246 
225 
268 
46 

I 17 
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Table 3.8 FRP anchor test results 

Experiment Prediction 

Specimen Maximum (Rupture) Maximum (Rupture) Nresr,ancho/ / 

Identification Load, Nresr,anchor 
I Load, N coupon,equiv 

2 
N coupon,equiv 

2 

(kN) (kN) (%) 

TA-60-1 a 15.6 81% 
TA-60-2 18.1 19.20 94% 
TA-60-3 12.4 65% 

T A-110-1 27.l 77% 
TA-110-2 24.7 35.20 70% 
TA-110-3 29.3 83% 
TA-130-1 32.9 79% 
TA130-2 28.4 41.60 68% 
TA130-3 30.2 73% 
Average 77% 

a : TA= !ensile test on FRP ~nchor, 60 = anchor fibre contents 60 mm wide sheet, l = specimen 
1 tested ultimate tensile strength of FRP anchor 
2 calculated tensile strength or FRP anchor based on FRP coupon test results 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 97 



Chapter 3: Pullout strength and behaviour of FRP anchors 

Table 3.9 Pullout test results: metal anchors 

Specimen 
Surface 

Nu,1est 
I Failure 3-1 3-2 

displacement Tu Tu 

Identification (kN) Mode 2 (MP a) (MPa) (mm) 

PPM-40-16-1 a small c 6.30 BF 3.1 3.9 

PPM-40-16-2 small 5.37 BF 2.6 3.4 

PPM-40-16-3 small 8.40 BF 4.2 5.2 

PTM-40-12-1 b 0.4255 21.54 CB 14.1 16.9 

PTM-40-12-2 0.3680 22.32 CB 14.3 17.2 

PTM-40-12-3 0.1190 21.57 CB 14.6 17.0 

PTM-60-12-1 t 33.36 CB 15.0 18.1 -

PTM-60-12-2 0.2285 32.76 CB 15.2 18.1 

PTM-60-12-3 0.3225 33.00 CB 15.1 18.1 

a : PPM = pullout test on plain metal anchor, 40 = nominal anchor embedment depth, 16 = nominal 
anchor hole diameter, I= specimen (nominal anchor diameter = 12.5 mm) 

b : PTM = pullout test on !hreaded metal anchor, 40 = nominal anchor embedment depth, 12 = nominal 
anchor hole diameter, 1 = specimen (nominal anchor diameter = I 0 mm) 
c Surface displacement very small (within range of noise of L VDT) 
t result not avai lable 
1 test pullout load 
2 CB = combined (cone+bondl_failure, BF = bond failure at anchor to adhesive interface 
3
-
1 ultimate uniform bond stress (based on measured anchor hole diameter) 

3
-
2 ultimate uniform bond stress (based on anchor diameter) 
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Table 3.10 Pullout test results: FRP anchors (present study) 

Specimen 
Surface 

Nu,Iesl 
I Failure Mode 3 

Displacement Tu 

Identification (kN) 2 (MP a) (mm) 

PF-20-12-1 a 0.0190 6.78 cc 9.9 
PF-20-12-2 0.0370 5.80 cc 7.9 
PF-20-12-3 0.3255 6.06 cc 9.1 
PF-20-14-1 0.1625 7.11 cc 7.7 
PF-20-14-2 0.0590 8.94 cc 8.0 
PF-20-14-3 0 .1270 8.48 cc 7.7 
PF-20-16-1 0.1390 7.14 cc 6.5 
PF-20-16-2 0.1165 8.06 cc 6.8 
PF-20-16-3 0.0390 7 .1 1 cc 6.9. 
PF-40-12-1 0.3470 18.99 CB 11.9 
PF-40-12·-2 0.1010 15.82 CB 9.6 
PF-40-12-3 0.2005 21.75 CB 13.2 
PF-40-14-1 t 20.61 cc 10.0 -

PF-40-14-2 -t 18.08 CB 8.7 
PF-40-14-3 0.6915 22.98 FR 11.1 
PF-40-16-1 0.4705 20.31 cc 9.6 
PF-40-16-2 0.3085 18.66 cc 8.6 
PF-40-16-3 0.0195 11.08 BF 5.2 
PF-60-12-1 0.3995 32.25 FR 13.2 
PF-60-12-2 0.8815 34.52 CB 14.2 
PF-60-12-3 0.2845 33.55 BF 13.8 
PF-60-14-1 0 .3900 31.64 FR 10.7 
PF-60-14-2 0.5510 34.40 FR 11.4 
PF-60-14-3 0.8410 31.55 FR 10.4 
PF-60-16-1 0.1995 26.83 FR 7.9 
PF-60-16-2 0.1145 24.82 FR 7.5 
PF-60-1 6-3 0.21 90 30.54 FR 9.1 

a : PF = pullout test on ERP anchor, 20 = nominal anchor embedment depth, 12 = nominal anchor hole 
diameter, 1 = specimen 
"I result not available 
1 test pullout Joad 
2 CC= concrete failure, CB = combined (cone+ bond) failure, FR= fibre rupture failure, BF = bond 
failure 
3 ultimate uniform bond stress 
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Table 3.11 Test database: concrete cone failure 

Specimen Test results 
Identification do· (mm) h e/* (mm) f .ct (MPa) Nu,1est 

1 (kN) Tu 
2 (MPa) 

PF-20#- 12##-1 11.9 18.3 33.6 6.8 9.9 
PF-20-12-2 12.1 19.4 33.6 5.8 7.9 
PF-20-12-3 12.1 17.5 33.6 6.1 9.1 
PF-20-14-1 14.2 20.8 33.6 7.1 7.7 
PF-20-14-2 14.2 25.1 33.6 8.9 8.0 

[1] PF-20-14-3 14. 1 25.0 33.6 8.5 7.7 
PF-20-16-1 16.0 21.9 33.6 7.1 6.5 
PF-20-16-2 16.1 23.5 33.6 8.1 6.8 
PF-20-16-3 15.3 21.4 33.6 7.1 6.9 
PF-40-14-1 14.7 44.8 33.6 20.6 10.0 
PF-40-16-1 16.3 41.3 33.6 20.3 9.6 
PF-40-16-2 16.6 41.5 33.6 18.7 8.6 

w l 20h50#f1 Od20##- 1 20.0## 50.0# 10.4 14.6 4.6 
wl 20h50fl Od20-2 20.0## 50.0# 10.4 15.1 4.8 

[2] w l 20h50f1 Od20-3 20.0## 50.0# 10.4 14.6 4.6 
w l 20h50f16d20- l 20.0## 50.0# 16.4 16.0 5.1 
w120h50f16d20-2 20.0## 50.0# 16.4 15.9 5.1 
HD 12. 7##L25#T 1 12.7 24.0 53.0 8.2 8.6 

-
HD12.7L25T2 12.7 26.0 54.0 9.3 9.0 
HD12.7L25T3 12.7 27.0 56.0 10.2 9.5 
HD12.7L25T4 12.7 ] 8.0 50.0 5.8 8.1 
HD15.9L25Tl 15.9 26.0 57.0 10.5 8.1 
HD15 .9L25T2 15.9 26.0 57.0 10.7 8.2 

[3] HD15.9L25T3 15.9 28.0 60.0 12. l 8.7 
HD19. IL25Tl 19.1 24.0 57.0 10.4 7.2 
HD 19 .1 L25T2 19. l 22.0 60.0 9.5 7.2 
HD19.1L25T3 19.1 28.0 60.0 13.2 7.9 
ND15.9L25Tl 15.9 24.0 27.0 8.4 7.0 
ND15.9L25T2 15.9 26.0 27.0 9.3 7.2 
ND15.9L25T3 15.9 24.0 27.0 9.0 7.5 

# nominal anchor embedment depth, ## nominal anchor hole diameter, • measured anchor embedment 
depth 
**measured anchor hole diameter, t tested concrete compressive strength (assumed to be cylinder) 
1 test pullout load 2 ultimate uniform bond stress 
Ref. [1] present test, [2] = Ozdemir (2005), [3] = Ozbakkaloglu and Saatcioglu (2009) 
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Table 3.12 Test database: combined failure 

Specimen Test results 
Identification do* (mm) he/* (mm) f ct (MPa) Nu.test 1 {kN) r 2 u 
PF-40# -12## -1 12.2 41.5 33.6 19.0 11.9 

PF-40-12-2 11.8 44.6 33.6 15.8 9.6 
[1] PF-40-12-3 11.8 44.8 33.6 21.8 13.2 

PF-40-14-2 14.8 44.9 33.6 18.1 8.7 
PF-60-12-2 11.8 65.6 33.6 34.5 14.2 

w 120h I OO#fl Od20## _ 1 20.0## l 00.0# 10.4 35.5 5.7 
w l 20h 1 OOfl Od20-3 20.0## 100.0# 10.4 30.4 4.8 
w l 20h 1OOfl6d20- l 20.0## 100.0# 16.4 41.7 6.6 
w120hl OOfl 6d20-2 20.0## 100.0# 16.4 35.0 5.6 
w 120h 100f16d20-3 20.0## 100.0# 16.4 35.4 5.6 

[2] w l 20h70fl Od20-l 20.0## 100.0# 10.4 25 .6 5.8 
wl20h70fl0d20-2 20.0## 100.0# 10.4 22.3 5.1 
w120h70f10d20-3 20.0## 100.0# 10.4 20.1 4.6 
w120h70f16d20-1 20.0## 100.0# 16.4 27.9 6.3 
wl20h70f16d20-2 20.0## 100.0# 16.4 26.5 6.0 
wl20h70fl6d20-3 20.0## 100.0# 16.4 26.2 I 6.0 

# nominal anchor embedment depth , ## nominal anchor hole diameter, * measured anchor embedment 
depth ** measured anchor hole diameter, t tested concrete compressive strength (assumed to be cylinder), 
1 test pullout load, 2 ultimate uniform bond stress, 
Ref. [ 1] present test, [2] = Ozdcmir (2005), [3] = Ozbakkaloglu and Saatcioglu (2009) 

Continued on following page 
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Table 3 .12 Test database: combined failure( Continued) 

Specimen Test results 
Identification do· (mm) her·· (mm) f ct (MPa) Nu.test 1 (kN) T 2 u 

HD12.7##L50#Tl 12.7 47.0 56.0 20.6 11.0 
HD12.7L50T2 12.7 51.0 54.0 24.0 11.8 
HD 12. 7L50T3 12.7 46.0 55.0 21.5 11.7 
HD12.7L50T4 12.7 51.0 55.0 25.0 12.3 
HD15.9L50Tl 15.9 50.0 53.0 26.0 10.4 
HD15.9L50T2 15.9 50.0 48.0 26.7 10.7 
HD15.9L50T3 15.9 49.0 49.0 26.0 10.6 
HD15.9L50T4 15.9 48.0 49.0 25.5 10.6 
HD15.9L50T5 15.9 56.0 53 .0 31.2 11.2 
HD15.9L50T6 15.9 51.0 48.0 28.6 11.2 
HD19.1L50Tl 19.1 59.0 52.0 39.3 11.1 
HD19.1L50T2 19.1 50.0 57.0 30.0 10.0 
HD19.1L50T3 19.1 49.0 57.0 28.0 9.5 
ND12.7L50Tl 12.7 48.0 27.0 21.4 11.2 
ND12.7L50T2 12.7 49.0 27.0 22.0 11.3 

[3] 
ND12.7L50T3 12.7 53.0 27.0 24.6 11.6 
HD12.7L75Tl 12.7 78.0 56.0 34.8 11.2 
HD12.7L75T2 12.7 75.0 54.0 33.0 11.0 
HD12.7L75T3 12.7 72.0 50.0 32.3 11.2 
HD15.9L75Tl 15.9 77.0 53.0 40.0 10.4 
HD15.9L75T2 15.9 75.0 52.0 38.5 10.3 
HD15.9L 75T3 15.9 74.0 52 .0 42.0 11.4 
HD15.9L75T4 15.9 78.0 57.0 44.7 11.5 
HD19.1L75Tl 19.l 72.0 48.0 40.2 9.3 
HD19.1L75T2 19.1 74.0 57.0 43 .5 9.8 
HD19.1L75T3 19.1 76.0 52.0 48.0 10.5 
HD19.1L75T4 19.1 75.0 57.0 44.8 10.0 

HD 19.1L1OOT1 19.1 99.0 48.0 58.0 9.8 
HD19.1L100T2 19.1 100.0 50.0 60.8 10.l 
HD19.1LlOOT3 19.1 100.0 57.0 59.4 9.9 

# nominal anchor embedment depth , ## nominal anchor hole diameter, • measured anchor embedment 
depth•• measured anchor hole diameter, t tested concrete compressive strength (assumed to be cylinder), 
1 test pullout load, 2 ultimate uniform bond stress, 
Ref. [I] present test, [2] = Ozdemir (2005), [3] = Ozbakkaloglu and Saatcioglu (2009) 
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Table 3.13 Test database: anchor rupture 

Specimen Test results 
Identification do* (mm) h e/ (mm) f .c t (MPa) Nu.test 

1 (kN) Tu 
2 (MPa) 

PF-40# -14##-3 14.7 44.9 33.6 23.0 11.l 
PF-60-12-1 11.8 66.3 33.6 32.3 13.1 
PF-60-14-1 14.6 64.5 33.6 31.6 10.7 

[l] PF-60-14-2 14.6 65.7 33.6 34.4 11.4 
PF-60-14-3 14.7 65 .6 33.6 31.6 10.4 
PF-60-16-1 16.3 64.5 33.6 26.8 7.9 
PF-60-16-2 16.4 64.5 33.6 24.8 7.5 
PF-60-16-3 16.5 64.5 33.6 30.5 9.1 

w l 20h 1 OO#fl Od20##-2 20.0## 100# 10.4 29.4 4.7 
w l 20h l 50fl Od20- l 20.0## 100# 10.4 29.6 3.1 
wl20hl50fl Od20-2 20.0## 100# 10.4 31.4 3.3 

[2] wl20hl 50fl Od20-3 20.0## 100# 10.4 32.1 3.4 
w l 20h l 50fl 6d20-1 20.0## 100# 16.4 37.0 3.9 
w l 20h l 50fl 6d20-2 20.0## 100# 16.4 34.7 3.7 
wl 20h l 50fl 6d20-3 20.0## 100# 16.4 35.8 3.8 

t1 nominal anchor embedment depth , ti# nominal anchor hole diameter, • measured anchor embedment 
depth 
**measured anchor hole diameter, t tested concrete compressive strength (assumed to be cylinder) 
1 test puJlout load 2 ultimate uni form bond stress 
Ref. [ 1) present test, [2] = Ozdemir (2005), [3] = Ozbakkaloglu and Saatcioglu (2009) 

Table 3 .14 Test database: bond failure 

Specimen Test results 
Identification do • (mm) h ef • (mm) f ,ct (MPa) Nu.test 

1 (kN) Tu 2 (MPa) 
[l] PF-40#-16##-3 16.4 41.3 33.6 11.l 5.2 

PF-60-12-3 11.7 66.3 33.6 33.55 13.8 
t1 nominal anchor embedment depth, ## nominal anchor hole diameter, • measured anchor embedment 
depth 
** measured anchor hole diameter, t tested concrete compressive strength (assumed to be cylinder) 
1 test pullout load 2 ultimate uniform bond stress 
Ref. [ 1] present test 
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Table 3.15 Calibration and performance of FRP anchor analytical models 

a. Concrete cone failure 
Calibration Factors Model Type 

Av ~ Tu/ Tu2 ~-

Raw 14.70 - - - 0.82 
Best-fit 12.04 - - - 1.00 
Design 9.68 - - - 0.24 

b. Combined failure 
Low compressive strength concrete (f' c < 20 MPa) 

Calibration Factors Model Type 
Av ~ Tu/ Tu2 ~ 

Raw - 15.40 - - 0.37 
Best-fit - 5.65 - - 1.00 
Design - 4.62 - - 1.22 

Normal compressive strength concrete (f' c ~ 20 MPa) 

Model Type Calibration Factors 

~ Tu/ Tu} ~ 

Raw - - 15.40 -
Best-fit - - 10.86 -
Design - - 9.07 -

c. Anchor failure 

Model Type Calibration Factors 

~ Tu/ 'l"u2 ~ 

Raw - - -· 0.65 
Best-fit - - - 0.72 ,__. 
Design - - - 0.59 

·--·--·--·---'--
d. Overall Performance 

Calibration Factors Model Type ·--· 

~ Lu/ Lu2 ~ 

Best fit 12.04 5.65 10.86 0.72 
Design 9.68 4.62 9.07 0'.59 

Uc, 'tui, 'tu2 and a..= calibration factors for cone, combined 
and rupture models 
A v=average of test to prediction, SD = standard deviation, 

Av 
0.71 
1.00 
1.20 

Av 
1.11 
1.00 
1.22 

Av 
1.01 
1.23 

Statistics 
SD CoV 

0.10 12 
0.12 12 
0.15 12 

Statistics 
SD CoV 

0.04 11 
0.11 11 
0.13 11 

Statistics 
SD CoV 

0.07 10 
0.10 10 
0.12 10 

Statistics 
SD CoV 

0.12 11 
0.11 11 
0.13 11 

Statistics 
SD CoV 

0.10 10 
0.13 11 

Co V = coefficient variation (% ), and PE = percentage of exceedence (%) 

No. of 
PE tests 
97 
50 30 
5 

No. of 
PE tests 
100 
50 11 
5 

No. of 
PE tests 
100 
50 35 
5 

No. of 
PE tests 
19 
50 8 

·-
5 

No. of 
PE tests 
47 84 4 
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290 
80 130 80 

80 25 

~c 

I I 
2 Layers of FRP · 80mm 2 Layers of FRP 80mm 

2 Layers of FRP : 290mm 1 2 Layers of FRP : 290mm I 2 Layers of FRP : 290mm 

2 Layers of FRP : 80mm 2 Layers of FRP : 80mm 

(a) Schematic Diagram 

(b) Test specimens 

Figure 3. 1 FRP coupon tests 
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(a) Cutting FRP sheet 

( c) Spreading of epoxy onto fibre sheet 

(b) Pre-cut metal rod 

( d) Rolling of the impregnated fibre sheet 
around metal rod 

( e) Winding of copper wire around impregnated fibre sheet 

Figure 3.2 FRP anchor construction 
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(a) Making of anchor grips (b) Drilling hole in concrete block 

( c) Cleaning hole ( d) Bracing anchors for curing 

Figure 3.3 Installation ofFRP anchors 
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(a) FRP coupon test set-up (b) FRP anchor test set-up 

Figure 3.4 Test set-up: tensile strength tests 

(a) FRP coupon test (b) Tensile strength test - FRP anchor 

Figure 3.5 Instrumentation: tensile strength tests 
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<J 

<J Test Specimen 

Bottom cross head 

Plan Section 

Figure 3.6 Test set-up: pullout strength tests 

(a) LVDTs (b) extensometer 

Figure 3. 7 Instrumentation: pullout strength tests 
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] Grip region 

(a) FRP coupon test (b) FRP anchor test 

Figure 3.8 !ypical failure mode: tensile strength tests 
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Figure 3.9 Stress versus strain response of FRP anchors in tension tests 
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(a) Threaded metal anchor: Combined 
failure (concrete cone+ anchor-to-adhesive 

interface failure) 
(PTM-60-12-3) 

( c) FRP anchor: Concrete cone failure: 
(PF-40-16-1) 

( e) FRP anchor: FRP rupture failure 
(PF40-l 4-3) 

(b) FRP anchor: Concrete cone failure: 
(PF-20-16-2) 

(d) FRP anchor: Combined failure 
(concrete cone+ adhesive-to-concrete 

interface failure): (PF-40-12-3) 

P-40-16-3 

( f) FRP anchor: Bond failure in FRP 
(PF-40-16-3) 

Figure 3.10 Observed anchor failure modes: pullout test 
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PF-40-12-1: 
-+--hi<#------+-- Combined failure 
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Figure 3.11 Load versus concrete surface displacement responses 
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Figure 3.12 Load versus FRP anchor strain responses 
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Figure 3.16 Predicted load to test load: best fit model (47 % exceedence) 
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4.1 Introduction 

As identified in the literature review in Section 2.5, FRP anchors are drilled in anchors 

with a chemical bond load transfer mechanism and hence bear similarity to traditional 

adhesive metal anchors in shear. Figure 2.19 of Chapter 2 presents tested shear failure 

modes on bonded metallic anchors (Eligehausen et al. 2006b ). FRP anchors may fail in 

some or all the modes in Figure 2.19 however the different material properties between 

FRP and metal anchors will yield some important differences in behaviour which are 

best captured by testing. 

This chapter reports an experimental and analytical investigation of the shear strength of 

anchored FRP-to-concrete joints. The joint was constructed with carbon fibre sheets 

impregnated by epoxy resin, (i.e. wet layup system as reviewed in Section 2.2-.3). Both 

wet layup FRP plates (also known as FRP sheets, FRP strips, however herein referred 

as FRP plates) and FRP anchors were formed by the same role of carbon fibre sheet. 

Detailed descriptions of the manufacture of the anchors as well as the assembly of the 

FRP strengthening plate and FRP anchor are provided and followed by detailed test 

results and discussions. An analytical investigation is then conducted in which a model 

to predict the bond strength of anchored FRP-to-concrete joints is derived and calibrated 

from the test data. The calibrated model is then used to perform parametric studies in 

which the influence of several key geometric and material properties are identified. A 

design procedure is finally given. 
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4.2 Experimental Details 

A standard single shear test set-up of one loaded end, as classified by Chen and Teng 

(2001) and used by Yao et al. (2005a), amongst many others, was utilised as shown in 

Figure 2.6 (Chapter 2), the three main test variables being (i) method of anchor and 

plate installation, (ii) anchor fibre content and (iii) anchor position (i.e. l ane in Figure 

4.1 ). These three variables were selected as they were considered to be of fundamental 

importance. There are of course many other variables that could have been selected (e.g. 

FRP plate width and thickness, concrete strength, number of anchors etc) however 

treatment of them is left for future research. It is important to note the test set-up 

consisted of one loaded FRP end unlike the idealised double end-loaded single shear 

test set-up shown in Figure 2.6 (Chapter 2). It total, twenty three tests were performed 

as summarised in Table 4.1. Three of the tests were on unanchored control joints and 

the remaining twenty tests on anchored joints. 

4.2. l Details of Test Specimens 

All concrete prisms, used to make the FRP-to-concrete joints, were nominally 200 mm 

wide, 300 mm long and 150 mm deep as given in Figures 4.la and 4.lb. All FRP plates, 

formed from three layers of carbon fibre sheet in a wet layup procedure (0.117 mm 

nominal carbon fibre sheet thickness), were of 50 mm width and 150 mm bonded length. 

An unbonded zone of 40 mm was formed at the loaded free end of the concrete prism in 

order to minimise edge effects of the concrete prism and the formation of a concrete 

wedge at failure (Figure 4.la). Wedge failure however has been shown to not affect the 
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bond strength (Lu et al. 2005) but an unbonded zone was included in the present study. 

Three control tests on unanchored FRP plates were initially conducted. For fourteen of 

the twenty anchored tests (Series 1 and 2), the anchor dowel was positioned 100 mm 

away from the unbonded zone in a low interfacial shear stress region. For the remaining 

6 test specimens, the anchor dowel was inserted at 75 mm (Series 3) then 50 mm (Series 

4) from the unbonded zone in which the interfacial elastic shear stress increases. Figure 

4.2 shows the distribution of interfacial shear stress for unanchored FRP-to-concrete 

joints based on Yuan et al. 's (2004) analytical model with the dimensions given in 

Figure 4.1. The variation of stress for increasing load can be observed as well as the 

stress state at the three different anchor positions. Anchors positioned closer to the 

loaded end of the FRP plate are subjected to higher interfacial shear stresses. The 

theoretical values of the effective bond length, leff, of the nominal tested geometrical 

dimensions and material properties presented in Tables 4.1 and 4.2 is 132 mm and 134 

mm according to Chen and Teng' s (2001) and Lu et al. 's (2005) prediction respectively. 

There, the selected plate length of 150 mm is greater than the effective bond length. 

The first two series described in Table 4.1 differed in the installation sequence of the 

plate and anchor in addition to the anchor fibre content. The third and fourth series 

differed in the position of the anchor while the concrete cylinder compressive strength 

of Series 1 and 2 was less than the strength of Series 3 and 4. Three identical tests were 

conducted for each test configuration with an additional two tests for the second test 

configuration of the first series of tests. For all anchored specimens, the anchor fan 

component was orientated in the direction of load, as shown in Figure 4.1 b, with a fan-

out angle of 60° and anchors were embedded with a uniform depth of 40 mm. The fan-
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out angle of 60° and orientation was adopted for two mam reasons, namely (i) 

geometry; the fan fibre length of 50 mm and the 50 mm wide plate meant the edges of 

the fan coincided with the edges of the plate, and (ii) effectiveness; a fan-out angle of 

360° has mainly been used to date (e.g. Oh and Sim 2004, Eshwar et al. 2008) however 

if the direction of loading is known it is hypothesised a more effective use of the anchor 

fan can be achieved if the fan-out fibres are oriented predominantly in the direction of 

loading (e.g. as adopted by Kobayashi et al. 200 l for FRP anchors subjected to tensile 

load and Orton et al. 2008 for anchors subjected to predominantly shear load). Based on 

pullout test results presented in Chapter 3, the embedment depth of 40 mm for all shear 

tests was adopted for three main reasons, namely (i) geometry; the embedment depth 

was decided to be longer than generally adopted concrete cover thickness (i.e. more 

than 30 mm) (ii) strength; the pullout strength of anchors was higher enough to produce 

post-debonding behaviour, i.e. clamping on the debonded plates which produced a 

noticeable reserve of joint shear strength, and (iii) quality of anchors; in order to 

minimise imperfections originating from the hand-rolling construction (as observed in 

the anchor tensile strength tests). The total length of anchors was decided to be 90 mm 

which consists of a fan-out portion (50 mm) and embedded portion ( 40 mm). 

4.2.2 Construction of Test Specimens 

4.2.2. l Concrete 

Two batches of ready-mixed concrete were used with the first batch for the construction 

of the control, first and second series with the second batch for the third and fourth 
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series. The formwork used to construct the concrete blocks is shown in Figure 4.3. In 

order to determine concrete material properties (i.e. compressive strength, elastic 

modulus, splitting strength and modulus of rupture), material test specimens were also 

cast at the same day of the concrete pour for each batch. The concrete material testing 

for the first batch was undertaken the day following the testing of the first series when 

the concrete was rather mature. The second concrete batch was younger at the time of 

testing so material property tests were undertaken on the second day of a 3 day test 

program for the third and fourth series. Detailed concrete material test results are given 

in material properties section (Section 4.3.1.) 

4.2.2 .2 FRP Anchor Construction 

The construction process of FRP anchors was similar to that of pullout test anchors as 

described in Section 3.2.2 and described here for completeness. Further detailed 

descriptions such as fan components and anchor dowel are also given herein. The 

anchors were formed by the rolling of a prescribed width of carbon fibre sheet of either 

100 mm or 200 mm width as nominated in the last column of Table 4.1. The anchors 

were made from 90 mm long fibre sheets of which the anchor dowel length was 40 mm 

and the anchor fan length was 50 mm. The FRP sheet was initially cut to a prescribed 

width and the fibres impregnated with epoxy across the whole width of the sheet and 25 

mm in height. Part of the anchor dowel component was formed by rolling impregnated 

fibres around a solid 3 mm diameter steel rod (Figure 4.4a). The function of the steel 

rod was solely to keep the anchor dowel straight and it did not contribute to the strength 

of the anchor as the rod was at most 25 mm in length from the free end of the anchor 
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dowel. A 0.4 mm copper wire was then wound around the anchor dowel in order to 

secure the fibres during curing (Figure 4.4b ). The copper wire was left on the anchor 

however it did not contribute to the strength of the anchor and had no further role to 

play once the epoxy had suitably hardened (Figure 4.4c). It was important to ensure the 

remaining fibres were left epoxy free in the anchor manufacturing stage; the remaining 

fibres were impregnated with epoxy only upon installation of the FRP anchor. Upon 

installation of the pre-formed 25 mm dowel component into the concrete substrate, the 

remaining 65 mm of fibres (i.e. 15 mm of dowel component and 50 mm of fan 

component) were curved around the top of the hole (in order to minimise stress 

concentration and potential for breakage) and then spread onto the plate surface. Note 

the schematic section of an installed anchor shown in Figure 4.4d shows the fan fibres 

extending to one side of the anchor hole, thus representing the fibres oriented in the 

direction of load. The nominal anchor dimensions varied on account of the hand rolling 

process but by no more than 10% while anchors of more uniform dimensions and 

properties may be achieved from an automated process. 

4.2.2.3 FRP Anchor and Plate Installation 

Two different methods of plate and anchor installation were considered initially which 

constituted the first and second series of tests identified in Table 4.1 and schematically 

summarised in Figures 4.5 and 4.6. The second method of installation was found to be 

the superior method, and therefore was used for Series 3 and 4 tests. In both installation 

methods the concrete was drilled (Figure 4.7a) and then the surface scoured with a 

pneumatic needle gun (Figure 4. 7b ). Prior to application of the FRP all affected surfaces 
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were then cleaned by spraying with compressed air (Figure 4.7c). For the first method 

of installation (Figures 4.5 and 4.7d) the FRP plate and anchor were installed 

simultaneously however it proved rather difficult to keep the anchor alignment true as 

both components were 'wet' at the same time. For the second method of installation 

(Figure 4.6) this problem was solved however at the expense of a longer installation 

time as the anchors were installed one day in advance of the plate in order for the 

anchors to partially cure (Figure 4.7e). In both installation procedures, the wet plate 

fibres were locally parted in order for the anchor to pass through (Figures 4.7d and 4.7f 

for methods 1 and 2 respectively). As the plate fibres were not cut, the stresses along the 

length of the plate and in the direction of load were free to ' flow ' around the anchor. 

The main reason for not using preformed pultruded plates in this study was due to the 

need to drill the plate and thus cut the fibres. In all cases the FRP was left to cure for a 

minimum of seven days prior to testing. 

Other installation sequences are possible, such as the initial application of the FRP plate 

and then installation of the anchor after plate being cured. The shortcomings in this 

method would be (i) drilling of the anchor hole through the installed plate causing 

breakage of the plate fibres and disruption of the bond between the plate and concrete 

around the hole, (ii) poor bond quality between pre-cured plate surface and post-

installed anchor fan-out components and (iii) the plate fibres held apart pre-anchor 

insertion (i.e. difficult to do with accuracy) for wet layup systems. 

The quality control of installing FRP anchors is also a critical issue in both laboratory 

and field applications. Alignment of fibres (e.g. bent, twisting, unevenly placing of 
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fibres) is particularly important however the imperfect alignment is the nature of the 

hand-rolling process. These problems can be overcome or become less significant by 

standardising anchor manufacturing and application processes. Such processes are 

outside the scope of this dissertation 

4.2.3 Test Set-up, Instrumentation and Test Procedure 

4.2.3.1 Test Set-up 

Figures 4.1 a and 4.1 b show plan and elevation views of the single shear test set-up, 

respectively. The concrete block component was horizontally clamped by two steel 

frames which were fixed on the bottom cross-head of a universal test machin& via a stiff 

(25 mm in thickness) bottom steel plate. The vertical movement was also restricted by 
.. ,_ 

the use of a pair of 13 mm diameter thread steel rods which were fixed in the bottom 

plate (Figure 4.1 b ). The steel frame was designed to minimise movement of test 

specimens while not restraining vertical deformation on bonded concrete surface side. 

Figure 4. lc shows a typical shear test in progress. 

4.2 .3 .2 Instrumentation 

Figures 4.8a to 4.8d show the position of the 10 mm gauge length electric strain gauges, 

respectively, for each series of tests. Displacement was measured by linear variable 

differential transformers (LVDTs) where LVDT 1 (Figure 4.8e) measured plate 
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displacement and possible movement of the concrete prism was monitored by L VDTs 2 

and 3. L VDTs mounted perpendicular to the face applied with FRP strengthening were 

included for several of the initial tests (not shown in Figure 4.8e). As no noticeable 

movement was recorded perpendicular to the direction of load, the test set-up was 

deemed satisfactory and the L VDTs omitted from future tests. 

4.2.3.3 Test Procedure 

The shear test set-up was mounted in a universal testing machine and the load applied 

monotonically until failure at an average rate of 6 kN/min with the rate resting within 

the testing speed requirements specified by ASTM D3039/D3039M (2000). 

4.3 Experimental Results. 

4.3.1 Material Properties 

4.3.1.1 Concrete 

The tested material properties of the concrete, which includes concrete cylinder 

compressive strength f'e, elastic modulus Ee, splitting strength /ci, and modulus of 

rupture ER, were obtained in the middle of the shear test period (Table 4.2). All material 

properties were tested in accordance with Australian Standard (i.e. AS 1012.9 1999, AS 

1012.17 1997, AS 1012.10 2000 and AS 1012.11 2000 respectively) and were averaged 

from three test specimens to produce.fc = 28.8 and 33.7 MPa, Ee= 26.6 and 27.3 GPa,.fct 
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= 2.9 and 3.2 MPa and ER 

respective I y. 

4.3.1.2 FRP 

4.0 and 4.5 MPa for the first and second batches 

The carbon fibre sheet and epoxy used in this chapter were the same materials as 

previously tested in the pullout tests described in Chapter 3 (refer to Section 3.3.1). In 

summary, elongation at rupture Efrp = 10405 µ£, tensile strength ffrp = 2735 MPa and 

elastic modulus E1rp = 268 GPa. 

4.3.2 Failure Modes and Failure Loads 

A summary of the failure load (and strain) and failure mode for each specimen is given 

in Table 4.3 while Table 4.4 provides a summary of the strength enhancement of 

different combinations of test specimens to that of the control specimens. Detailed 

descriptions of the behaviour and failure of all test specimens are provided in this 

section in addition to the effect of the key variables of (i) plate and anchor application 

sequence, (ii) anchor fibre content, and (iii) anchor position. 

All three (unanchored) control specimens failed by debonding of the FRP plate in the 

concrete at the FRP-to-concrete interface (Figure 4.9) with debonding initiating at the 

loaded end of the test specimen and adjacent to the unbonded zone. Such a failure mode 

has been observed in numerous experiments to date on FRP-concrete joints (e.g. Yao et 

al. 2005a). All twenty anchored specimens failed by one of five distinct ways. These 
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five modes have been divided into two main categories, namely Modes 1 and 2, which 

describe the failure sequence of the anchor and plate, while the anchor failure mode is 

further defined by sub-classifications A, B and C. 

Mode IA: Simultaneous plate debonding and anchor shear failure 

Mode 1 B: Simultaneous plate debonding and anchor fan de bonding 

Mode 2A: Plate debondingfollowed by anchor shear failure 

Mode 2B: Plate de bonding followed by anchor fan de bonding 

Mode 2C: Plate debondingfollowed by anchor pullout 

All anchored specimens enjoyed an increase in strength over the control specimens 

(refer to Table 4.4) and in no cases was there local failure of the concrete adjacent to the 

anchors (unlike -for metallic anchors as illustrated in Figure 2.19b ). For all unanchored 

and anchored tests, de bonding of the plate occurred at the FRP-to-concrete interface and 

in the concrete. A thin layer of concrete was left attached to all debonded plates. 

4.3.2.1 Mode IA 

For specimens failing in a Mode IA manner, the complete length of plate was observed 

to de bond with the anchors shearing in two near simultaneously. The anchors sheared 

off in the bend region where the fibres curved from being perpendicular to the prism 

surface in the anchor portion to being parallel to the prism and plate face in the fan 

portion. The fibres were either cleanly sheared at the bend (Figure 4.1 Oa) or not (Figure 

4.1 Ob). Failure at the bend was in fact to be expected considering the lack of any real 
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fibre strength in the transverse direction of the anchor. The FRP anchor shear failure 

mode can be represented by the metallic anchor shear failure mode presented in Figure 

2. l 9d. Overall, Mode 1 A was sudden with very little warning of failure. The four 

specimens failing in this mode, which had anchors positioned at 100 mm from the 

unbonded zone, experienced a 32.5 % increase in strength over the average of the 

control joints (refer to Table 4.4). 

4.3.2.2 Mode lB 

Only one specimen failed in this mode in which the plate debonded from the concrete 

substrate and the anchor fan debonded from the top of the plate near simultaneously. 

The debonded plate split along its length from the anchor hole to the unloaded free end 

post fan debonding thus enabiing the plate to separate from the remaining embedded 

FRP anchor (Figures 4.11 a and 4. I 1 b ). This specimen, in which the anchor was placed 

at 50 mm from the unbonded zone, experienced the greatest enhancement of strength of 

80 % over the control specimens (refer to Table 4.4). The large increase in strength 

compared to Mode IA failing specimens is believed to be largely dependent upon the 

anchor position as all specimens in the fourth series showed significant strength 

enhancement regardless of the failure mode. 

4.3.2.3 Mode 2A 

The primary difference between Mode 2A failure and Mode IA failure was the FRP 

plate completely debonding in the former with the anchor carrying load post-plate 
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debonding with considerable displacement. Mode 2A failing specimens exhibited more 

warning of failure than Mode 1 A specimens and Figure 4.12a shows a test in progress 

where the FRP plate has debonded along its whole bonded length however the anchor 

has remained intact. The anchor then eventually failed by cleanly shearing off at the 

bend (Figure 4.12b) in the same manner as Mode IA failing specimens. Seven joints for 

which the anchor was placed at 100 mm from the unbonded zone failed in a Mode 2A 

manner however at an average increase in strength over the control tests of 10.2 % 

(refer to Table 4.4). In addition, specimens located at 50 mm and 75 mm from the 

unbonded zone fail ed at a much larger load in a Mode 2A manner (Table 4.4) and the 

relationship between strength enhancements and anchor positions will be investigated in 

following analytical model section. After debonding of the plate, it is believed a 

significant contribution to the strength of the joint was obtained from friction between 

the debonding plate and the roughened concrete beneath. The anchor effectively kept 

the plate in contact with the concrete block for frictional forces to be generated. This 

phenomenon is believed to have also occurred in specimens failing in Modes 2B and 2C. 

4.3.2.4 Mode 2B 

The specimens failing in Mode 2B behaved the same as that of Mode 2A failing 

specimens pre-anchor failure. After complete debonding of the entire length of bonded 

plate, the anchor then carried load until the anchor fan debonded from the surface of the 

FRP plate (i.e. Figures 4.13a and 4.13b) with the anchor still bonded into the anchor 

hole. As with the Mode 1 B failing specimen, the debonded plate split along its length 

from the anchor hole to the unloaded free end post fan debonding. The two anchored 
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joints failing in Mode 2B only experienced a 4. 7 % increase in strength over the control 

specimens (refer to Table 4.4) for l ane = l 00 mm which is significantly less than the 

failure load of the Mode I A (lane = l 00 mm) specimens. This leads one to appreciate the 

importance of the bond quality between the anchor fan and plate. Three specimens with 

anchors being located at 50 mm and 75 mm from the unbonded zone also failed in a 

Mode 2B manner and at a significantly greater load with the anchors located at I 00 mm. 

The increase in load for the former is consistent with identically placed anchors failing 

in a Mode 2A manner. 

4.3.2.5 Mode 2C 

Only one specimen failed in this mode (i.e. lane = I 00 mm) in which, after complete 

debonding of the bonded plate, the FRP anchor pulled out of the concrete. A 4.9 % 

increase in strength to that of the average of the control specimens (refer to Table 4.4) 

was observed. This failure mode was observed in only the first series of tests and leads 

one to draw the conclusion that poor installation was a contributing factor. Figure 4.14a 

shows the pulled-out anchor to be largely intact although a small amount of fibres in the 

bend region remained attached to the concrete as shown in Figure 4.14b. This pullout 

mode has also been observed in metal anchors as shown in Figure 2. l 9c. 

4.3.3 Load-displacement Responses 

The load-displacement responses for all test specimens (except specimens S 1-200-1, 

S 1-200-4 and S3-200-l in which displacement was not measured) are shown in Figures 
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tests thus confirming the effectiveness of the second method of installation. It is 

hypothesised that anchors of greater shear strength as well as anchor fan debonding 

resistance and of enough pullout resistance should enable a higher post-peak load 

capacity to be reached. Ideally this post-peak load should be at least equal to the 

debonding resistance of an unanchored FRP-to-concrete joint. Equally important is the 

ability of the anchor to sustain deformation under load. Significant displacement 

occurred between the FRP and concrete surface post-peak load for Modes 2A, 2B and 

2C and particularly so for specimens constructed with the second method of installation. 

The large displacement for the specimen failing in a Mode 2C manner (e.g. over 15 mm 

for S 1-200-2) can be explained by the anchor pulling out. The large displacements 

recorded for specimens failing in Modes 2A and 2B may be due to fibre straightening in 

the bend region of the anchor. 

4.3.4 Load-strain Responses 

As identified in Lu et al. (2005), strains measured on thin FRP plates bonded to concrete 

can fluctuate widely due to the heterogeneity of the concrete, the location of concrete 

cracking in relation to the strain gauge and the rough underside of the debonded plate. 

Such large variation was also observed in this study while the behaviour of unanchored 

and anchored joints has been proved to be conducted well according to load-

displacement responses described in Section 4.3.2. Thus, only selected reliable results 

will be shown in this section in which meaningful conclusions can be drawn. 
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In the following two subsections, strain distributions of unanchored as well as anchored 

FRP-to-concrete joints are presented. Figures 4.20a and 4.20b show typical distributions 

of strain on the surface of the FRP and along the length of the FRP for one of the 

control and one of the Mode 2A failing specimens. The responses of surface mounted 

strain gauges SG 1, SG2, SG3 and SG4 (see Figures 4.8a and 4.8b for strain gauge 

locations) are plotted with the strain at the beginning of loaded end of plate (i.e. x = 

150) which was calculated from the applied load with the nominal geometric and tested 

material properties. 

4.3.4.1 Unanchored FRP-to-concrete Joints 

In Figure 4.20a, the strain in the plate increases as the distance x increases for the 

control specimen and the deduced strain becomes smaller than the measured strain at 

about 15 kN. This phenomenon is believed to be due to local de bonding moving the 

effective point of stress transfer from the FRP plate to the concrete prism a small 

distance away from the bonded loaded end of the FRP, on account of stress 

concentration, as hypothesised by Yao et al. (2005a). At x = 50 mm (i.e. the anchor 

position) the plate peak-load strain is less than half that near the plate loaded end 

although this result has been interpolated from the x = 20 mm and x = 90 mm strain 

gauge results. The position at x = 50 mm appears to be at or near the effective bond 

length boundary. 

4.3.4.2 Anchored FRP-to-concrete joints 
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For the Mode 2A failing anchored specimen S2-l 00-2 (Figure 4.20b ), the strain in the 

plate decreases as distance x increases. The effective point of stress transfer has shifted 

further along the length of the plate at the higher load range, unlike the control specimen, 

most probably on account of the anchor. The FRP strain is rather constant between 

loaded plate end (i.e. x = 150 mm) and x = 60 mm at post-peak. This constant strain 

profile would likely occur right up to the anchor position; physically the whole plate has 

debonded from the concrete prism and the post-peak load resistance is due to the anchor 

and friction between the debonded plate and adjacent rough concrete substrate. More 

strain gauges positioned along the length of the plate would however be needed to 

verify this hypothesis. The low strain reading for the x = 90 mm gauge pre-peak load is 

due to the gauge being placed on the fan-out fibres and not directly on the plate. As the 

reliability of this gauge result is questionable, recourse can be made to the control 

specimen to explainJhe contribution of the anchor to the joint strength. Inspection of the 

level of strain at x = 50 mm for the control specimen result in Figure 4.20a (assuming a 

linear variation of strain between the gauges located at x = 20 mm and 90 mm; a 

reasonable assumption at low load levels, e.g. Yao et al. 2005a) suggests the plate at this 

position is activated at a low load level; i.e. elastic strain (at low load levels) and 

softened interfacial concrete at higher load levels prior to interfacial debonding. An 

anchor located at this position would then likely be activated at around 15 kN thus 

accounting for the enhanced peak strains and load carrying capacity evident in Figure 

4.20b. As the anchor is located near the effective bond length limit the enhancement in 

strength is minimal. 

4.3.5 Parameters Affecting the Joint Shear Strength 
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4.3.5.1 Plate and Anchor Application Sequence 

The average failure load of specimens assembled using the first FRP installation method 

(i.e. Series 1 for lane = 100 mm), as described in Figure 4.5, experienced an average 

increase in strength of 14.1 % over that of the control tests (Table 4.4). Specimens 

prepared with the second method of installation (i.e. Series 2 for lane = 100 mm), as 

described in Figure 4.6, was 17.2 % higher than the control tests (Table 4.4). As the 

second method installation ga~e ~ higher average load and resulted in less scattered 

failed modes it was deemed to be the better method of application and hence used in the 

third and fourth series tests. 

4.3.5.2 Anchor Fibre Content 

According to the results presented in Table 4.4 for lane = l 00 mm, anchors made from 

200 mm width of fibre produced a slightly larger average failure load than anchors 

made from 100 mm width of fibre. Anchors made from 200 mm wide fibre sheets were 

therefore used for the third and fourth series tests. 

4.3.5.3 Anchor Position 

Both Table 4.4 and Figure 4.21 show that the failure load decreases the further the 

anchor is positioned away from the loaded end of the plate. The average increase in 

strength over the control specimens for lane = 50, 75 and 100 mm, for anchors made 
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from 200 mm wide sheets of fibre, are 68.7 %, 56.3 % and 17.2 % respectively. This 

trend is logical considering the interfacial shear stress peaks near the unhanded zone 

end of the plate and reduces along the length of the plate as shown in Figure 4.2. It is 

clear from Figure 4.21 , in which the failure load of the anchored specimens has been 

normalised with the average of the 3 control unanchored tests, that Mode 2B failing 

specimens provide a lower bound to the joint strength followed by Mode 2A failing 

specimens. While joint strength enhancement is important, it is also important to assess 

the reserve of strength offered by the anchors post-plate failure . Only specimens failing 

by complete debonding of the plate followed by anchor failure (i. e. Mode 2A, 2B and 

2C fai ling specimens) enjoyed a post-plate debonding reserve of strength. 

4.4 Analytical Modelling 

There has been substantial research activity on the development of analytical models to 

predict the strength (also referred to as bond strength) of (unanchored) FRP-to-concrete 

joints. Selected relevant literature has been reviewed in the Literature Review Chapter 

(Section 2.5.3). In general, existing bond strength models can be divided into two 

distinct types, namely (i) empirical models which have been developed from a 

regression of test data (e.g. Hiroyuki and Wu 1997, Meada et al. 1997), and (ii) 

analytical models based on rigorous theoretical approaches and adoption of fracture 

mechanics to describe the failure criterion (e.g. Yuan et al. 2001 and 2004). In both of 

these two different modelling techniques, the interfacial behaviour in FRP-to-concrete 

joints is regarded as a key parameter which influences the shear strength of the joint. 
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The behaviour of the anchored FRP-to-concrete joints reported in the experimental 

section of this chapter is most complex. As a result, simplifications, assumptions and 

speculations in behaviour need to be made in order to model the system and achieve a 

closed form analytical solution as well as a relatively simple bond strength model that is 

robust and can be used in design. As a result, several analytical models are derived in 

this section of the chapter of varying complexity for prediction of the shear strength of 

anchored FRP-to-concrete joints. The modelling approach is based on the same 

principles identified in type (ii) as described in the previous paragraph. It is important to 

note here that the analytical model is based upon certain fundamental assumptions, 

namely, (i) perfect composite action assumed between anchor fan and plates, (ii) 

strength contribution of anchors to the joint at debonding failure was only considered by 

the enhancement of fracture energy in debonding failure interface (i.e. failure modes 

and post-debonding behaviour was not considered); the specific geometrical and 

material properties of the anchor is therefore not considered in the model, (iii) a single 

anchor was only considered, and (iv) the analytical model is for the prediction of the 

peak strength of the joint and this strength was found to be independent on the failure 

mode of the anchor; the failure mode of the anchor is therefore not include in the 

analytical model. As a result, the fundamental derivation of the bond strength model of 

unanchored FRP-to-concrete joints is firstly presented. The fundamental derivation of 

several different bond strength models of varying assumptions and complexity for 

anchored FRP-to-concrete joints is then presented. Ultimately, a model suitable for 

design is proposed. 
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4.4.1 Fundamental Derivation for Unanchored FRP-to-Concrete Joints 

Figure 4.22 shows a schematic representation of an unanchored FRP-to-concrete joint. 

The width and thickness of the concrete and FRP are assumed to be constant along their 

length with the width and thickness of concrete prism and FRP plate being denoted by 

be tc and bfrp tfrP respectively. The length of the bonded FRP is denoted by lliP. The 

elastic modulus of concrete and FRP are in tum denoted by Ee and E frp respectively. 

Figure 4.23 shows a differential segment on the joint as well as the deformation 

occurring in the adhesive layer (Figure 4.23a) and the stresses in the concrete and FRP 

(Figure 4.23b ). Note that the concrete and FRP can also be referred to as adherends. 

Yuan et al (2001 and 2004) presented a comprehensive solution for describing the 

subsequent behaviour based on the fo1lowing key assumptions. 

Concrete and FRP plate are homogeneous and linear elastic, 

Concrete and FRP plate are subject to only axial deformation with bending and 

shear deformation ignored, 

Normal stresses uniformly distributed across the cross section, and 

Epoxy (adhesive) subject to shear deformation 

Equilibrium of the differential element in Figure 4.23 gives 

(4-1) 
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d(Jc - - rbfrp 
dx bctc 

(4-2) 

where (Jc and (J frp are the axial stress in the concrete prism and FRP plates respectively 

and r is the shear stress in the adhesive layer as shown in Figure 4.23b. These stresses 

can in tum be expressed as follows, 

-E due (4-3) (Jc - c 
dx 

du (J =E __ P (4-4) 
frp frp d 

x 

r = /(5) (4-5) 

Equation 4-5 is a function of local bond-slip behaviour of the joint and typical 

relationships are shown in Figure 4.24. In unanchored FRP-to-concrete joint models, 

interfacial shear strength is the governing parameter in which debonding failure is 

described and quantified. This shear streng1h is in turn based on the bond-slip behaviour 

of the joint with the area under the curve (i.e. the fracture energy) being a most 

important quantity (e.g. Yuan et al 200 I and 2004, Teng et al. 2002, Lu et al. 2005). In 

the past, differently shaped bond-slip models have been proposed however the most 

convenient ones are either linear (thicker line) or bi-linear (thinner line) relationships as 

given in Figure 4.24 (e.g. Chen and Teng 2001 ,Yuan et al. 2001and2004) wherer1 , is 

the maximum shear stress but herein referred to as local bond strength and 81 is the 

maximum slip. The linear model provides considerably simple closed-form equations to 
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be formulated although it could not address post peak behaviour (initiation and 

propagation of debonding cracks to failure). Such a model is best used for prediction of 

the maximum shear strength of bonded plates. 

The interfacial bond slip 8 is a relative displacement between the concrete and FRP as 

shown in Figure 4.23a and can be expressed as follows, 

8=u1rp-uc (4-6) 

Substitution of Equations 4-1 to 4-5 into the second derivative of Equation 4-6 leads to 

(4-7) 

The fracture energy of the joint G1, which is the area under the bond-slip curve, is given 

as: 

(4-8) 

Substitution of Equation 4-8 into Equation 4-7, followed by suitable rearranging, leads 

to 

d 2 s: 2G 
_u =-! ;ff(§) 
dx 2 2 

J: I 
(4-9) 
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where 

(4-10) 

Equation 4-9 is the governing differential equation, as previously derived by Yuan et al. 

2001 and 2004) and can be determined by specifying local bond slip behaviour i.e. 

r (Equation 4-5). A general equation for local slip behaviour over the bonded length is 

given as follows 

<5 =A cosh(A.x) + Bsinh(A.x) 

r 2 

r = - 1-[A cosh(/!x) + Bsinh(/!x)] 
2G1 

2 

a = ' 1 [A sinh(A.x) + B cosh(A.x) ] 
frp 2G .At 

f frp 

(4-11) 

(4-12) 

(4-13) 

The unknown constants A and B in Equations 4-11 to 4-13 can be solved by utilising 

the following boundary conditions, 

1. Zero FRP plate axial stress at the unloaded plate end (a frp = 0 at x = 0 ) 

2. FRP axial stress at loaded end being same as the applied load and a frp = _P __ at 
bJr/ frp 
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By setting r = r / at x = I frp , the maximum axial load of the bonded plate ~, is 

bfrp '1 
~ =-/t-tanh(/t/frp) ( 4-14) 

Equation 4-14 is a simple equation for calculating debonding strength of unanchored 

FRP-to-concrete joints. 

4.4.2 Fundamental Derivation for Anchored FRP-to-Concrete Joints 

Fjgure 4.25 shows a schematic representation of an anchored FRP-to-concrete joint 

which has the same notation and assumptions as the unanchored plate. The only 

difference is the presence of the anchor and the definition of its position from the loaded 

end of the bond plate Uanc) and the unloaded end Uuanc). The portion of the plate defined 

as lunac can be assumed to behave in the same manner as an unanchored FRP-to-concrete 

joint in which the loaded end is assumed to be at the anchor position. The bond slip 

curves given in Figure 4.24 can also be used in this region. The remaining region of the 

anchored joint, /011c, can also be treated in the same manner as an unanchored joint with 

the strength enhancement offered by the presence of the anchor being reflected in a 

higher fracture energy. Three modified bond-slip curves, to reflect the elevated fracture 

energy caused by a change in the position of the anchor, are given in Figure 4.26. 
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Under the assumption that the fundamental shape of the local bond slip behaviour of 

anchored plates is similar to that of unanchored plates, the local-bond slip behaviour is 

modified by the introduction of two parameters, namely; local bond strength ( rp) and 

failure slip (Jp) of anchored plates. The increase of Gp can be represented by increasing 

local bond strength ( rp) only (Case 1, Figure 4.26a) or both local bond strength ( rp) and 

failure slip (Jp) either by the same ratio (Case 2, Figure 4.26b) or by different ratios 

(Case 3, Figure 4.26c ). 

The fundamental relationships of <5, rand a for the unanchored region Uunac) and the 

anchored region Uanc) can be extracted from the results for the unanchored joints case in 

Equations 4-11 to 4-13 to produce 

1. Unanchored region 

where 

<5i = Acosb(A,x) + Bsinh(A,x) 

2 

r 1 = ~[Acosh(A,x) + Bsinh(A,x)] 
2G11 

2 

a 1 = 711 [Asinh(A, x) +Bcosh(A, x)] 
2G 11Ai t frp 

(4-15) 

( 4-16) 

(4-17) 

(4-18) 

in which 81 , r 1 and a 1 are the local slip, shear stress in adhesive layer and axial stress 

ofFRP plates in the unanchored region respectively. 
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2. Anchored region 

where 

J2 = Ccosh(~x)+Dsinh(~x) 

2 

r 2 = !L?_[Ccosh(~x) + Dsinh(~x)] 
2G12 

2 

a 2 = r 12 [c cosh(J2x) + Dsinh(~x) ] 
2G 12 ,,t 2t Jrp 

( 4-19) 

( 4-20) 

( 4-21) 

(4-22) 

in which J 2 , r 2 and a 2 are local slip, shear stress in the adhesive layer and axial 

stress of FRP plates in the anchored region respectively. 

The unknown constants A, B, C and D can be solved by uti lising the following 

boundary conditions, 

1. Zero FRP plate axial stress at the unloaded plate end ( <51 = 0 at x = 0 ) 

2. FRP plate axial stress equal (and continuous) at the anchor position (a, = <52 at 

X = / anc ) 

3. Local slip and shear stress equal (and continuous) at the anchor position ( 5i = J2 and 
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4. FRP axial stress at the loaded end equal to applied stress ( cr2 = _P_ at x = l frp ) 

bJr/ frp 

From the boundary condition 1, the unknown constant B is easily solved and the 

constant A can be obtained with the boundary condition 2. The rest constants (i.e. C and 

D) then can be solved with the boundary conditions 2 and 3. When the load reaches the 

peak, shear stress in anchored region r 2 at x = l frp will be the same as ultimate local 

bond strength r 12 and FRP axial stress will also be the peak stress as shown in the 

boundary condition 4. With these two conditions the equation for predicting debonding 

strength of anchored plates can be found. Three different solutions of these equations 

are given as follows and based on the three hon-slip relationships given in Figure 4.26. 

4.4.2.1 Case 1 

Based on the bond-slip relationship given in Figure 4.26a, Gf2 is calculated as follows, 

( 4-23) 

where 

( 4-24). 

Substituting Equations 4-23 and 4-24 into Equations 4-15 to 4-17 and 4-19 to 4-21, the 

unknown constants A, B, C and D can be solved. Enforcing boundary condition 4 and 

setting r 2 = r /2 at x = l ftp leads to the following equation for the plate debonding 

strength. 
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p = b.frp ' .ri ( F, coth(Ailuanc) tanh(~lanc) + 1 ) 
u Ai coth(Ailuanc) + (1 I Jk: )tanh(~l011J 

(4-25) 

where 

( 4-26) 

4.4.2.2 Case 2 

Based on the bond-slip relationship given in Figure 4.26b, G12 is calculated as follows, 

(4-27) 

where 

(4-28). 

Substituting Equations 4-27 and 4-28 into Equations 4-15 to 4-17 and 4-1 9 to 4-21 , the 

unknown constants A, B, C and D can be solved. Enforcing boundary condition 4 and 

stetting r2 = r 12 at x = l .frp leads to the following equation for plate debonding strength. 

P = bftp'1 1 tanh( 2 I )k 
u Ai /~ frp 1 (4-29) 

where 

(4-30) 
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4.4.2.3 Case 3 

Based on the bond-slip relationship given in Figure 4.26c, Gp is calculated as follows, 

( 4-31) 

where 

( 4-32). 

Substituting Equations 4-31 and 4-32 into Equations 4-15 to 4-17 and 4-19 to 4-21, 

unknown constants A, B, C and D will be solved. With the boundary condition 4 and 

stetting r 2 = r/2 at x = l ftp leads to the equation for plate debonding strength. 

where 

b frp 1: f l ( .[k:ik; coth(Ailuanc) tanh(A-ilanc ) + l J 
P,. =-Ai- (l / k2 )coth(Aif

11
anc) + ~l /(k1k2 ) ta.nh(Ai!anJ 

4.4.2.4 General Solution 

(4-33) 

(4-34) 

A simplified general form of these three different analytical models can be expressed as 

follows 
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( 4-35) 

where K = strength enhancement factor and ~i .con = maximum shear strength of an 

unanchored FRP-to-concrete joint. 

The relationships between strength enhancement factor, K , and either fracture energy 

factors (i.e. k1 or k1 and k2 for the cases 1 and 2 or case 3, respectively as shown in 

Figure 4.26) or anchor position (expressed as relative anchor position in lane I l frp) is a 

key parameter to develop the analytical model. Such relationships can be determined by 

comparison with test results as described in the following section. 

4.4.3 Comparison with Test Results 

In this section, compansons between the three different analytical models and test 

results are presented. By comparing with test results, assumptions of each local bond 

slip model is verified. The interfacial fracture energy parameters such as failure slip ( '51 

and '511 for unanchored and anchored joints, respectively) and local bond strength ( r1 

and r11 for unanchored and anchored joints, respectively) can be obtained from test 

results. The former was obtained from the load versus deflection responses (Figures 

4.15 to 4.19) (refer to Equation 4-36) and the latter was calculated by simplifying 
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Equation 4-14 (axial stiffness of concrete is much bigger than that of the plate, i.e. 

relatively infinity, and it results in tanh(..11P) = 1.0) (Equation 4-37). 

<Sr = ufrp or <5(2 = u frp ( 4-36) 

p 2 p2 
(4-37) rr = u 2 or 7r2 = u2 

£ frplfrpb frpUfrp E Ir/ frp b frp u frp 

where ufrp is the displacement of the loaded plate end when the load reaches the peak. 

It should be noted that selected test results were taken such as the second series test 

specimens with the anchor application Method 2 (i.e. S2-200-1 to 3) and the third and 

fourth series test specimens. Two data points in the third and fourth series test 

specimens (S3-200-1 and S4-200-2) were excluded as displacement readings were not 

reliable. 

4.4.3.1 Relationship between Shear Strength and Failure Slip 

Table 4.5 shows a summary of tested local bond-slip parameters. The bond-slip 

parameters of unanchored joints are average three specimens values of 0. 72 mm for 

<SI and 2.29 MPa for rr (Table 4.5a). In anchored specimens, an averaged value of each 

parameter are varying according to anchor position, the lane , (i.e. <5r 2 = 1.00 mm, 1.09 

mm and 1.28 mm and r12 = 4.35 MPa, 7.38 MPa and 8.60 MPa for lane =100 mm, 75 

mm and 50 mm respectively). As reviewed in the test results section, anchored joints 

with smaller lane recorded higher shear strength (refer to Table 4.4). In Table 4.5b, a 
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clear trend shows that the local bond strength and slip of anchored specimens ( r 12 ) 

increases as l ane decreases while this trend is not agreed with Case 1 which assumed a 

constant failure slip as shown in Figure 4.2-6a ( <511 = <512 ). 

Figure 4.27 shows the relationship between shear strength enhancement and relative 

failure slip of anchored joints. The relative failure slip ( <512 I <5/l) represents fracture 

energy parameters k1 or k2 , i.e. <512 I <511 = k, (Equation 4-28) and <5r2 I <511 = k2 

(Equation 4-32) for Case 2 and Case 3, respectively. According to the assumed bond-

slip behaviour (Figure 4.26), if the joints behaved according to the assumption of Case 2 

model, the strength enhancement ( ~' I ~i.con) would be increased by the same rate of 

relative failure slip ( <512 I <511 = k1 ) (Equation 4-29) however the test results did not 

correlate well wjth this assumption. 

By comparing with test data, the assumptions which were made in Cases 1 and 2 (i.e. 

the local slip behaviour with respect to the shear strength increase) were found to be 

invalid as described above. Thus, the Case 3 model which has two variable factors ( k1 

and k2 ) shall be considered for further investigation hereinafter. 

4.4.3.2 Relationship between Shear Strength and Anchor Position 

Table 4.6 shows a summary of calculating K for each test data using Case 3 model. The 

calculation of each joint was undertaken by the use of Equations 4-33 and 4-34 and 

averaged test parameters of unanchored as well as anchored joints are listed in Table 4.5. 
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Figure 4.28 shows the relationship between calculated K and relative anchor position 

(lane I l.trP ). When the anchor is located closer to loaded end, i.e. small value of lane I l1;p, 

K becomes higher while the minimal strength enhancement is shown to the anchor 

away from loaded end. This trend can be expressed by a simple exponential function of 

lane I l frp by regression (Figure 4.28) as follows, 

(4-38) 

4.4.4 Analytical Model for Anchored FRP-to-Concrete Joints 

The present analytical model was developed based on unanchored FRP-to-concrete 

joints using theoretical derivations and then, finally, calibrated with limited test data. 

While the model was mainly focused on the relationship between the relative anchor 

position and shear strength which were to be believed the most influential parameter, 

possible effects from other parameter are recognised such as types of fibre for plates and 

anchors, adhesive types, group anchor applications. More research on parameters which 

tested and identified in present paper are required in order to extend the range of 

applicability of the model. In following subsections, simplified empirical model are 

presented for predicting the shear strength of anchored FRP-to-concrete joints. 

4.4.4.1 Rigorous Model 

Based on the general solution (Equation 4-35), substitution of Equations 4-18 and 4-38 

into the general equation leads to 
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(4-39) 

Equation 4-39 was simplified by assuming infinite axial stiffness of concrete (Yuan et al. 

2004) (i.e. EcbJc = 00 in Equation 4-18). 

Table 4.7 shows test predictions using Equations 4-38 and 4-39. In comparing with 

Table 4.6, predictions using the regressed K (i.e. best fit model) are correlated well with 

test results. With statistical determinations the best fit model was re-calibrated to 

produce the design model by modifying the function of K (i .e. Equation 4-40) as 

follows. 

K = 0.45 + 2.0 e - l.75(/0 11cl l_rrp ) ( 4-40) 

The predictions of best fit and design model are given in Table 4. 7. The results of both 

models are an AV= 1.00 and 1.15, SD= 0.08 and 0.09 and CoV = 8.17 % and 7.76 % 

with percentages of exceedence (PE) equal to 52 % and 5 % (Figure 4.29) 

4.4.4.2 Simplified Model 

To make the model more user friendly, the value of G f' is recommended to be obtained 

from conventional properties such as concrete material properties. Lu et al. (2005) 

presented a simple equation for estimating G f l from concrete strength and geometry of 
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bonded plates (i.e. tensile strength of concrete and plate-to-concrete ratio respectively) 

as follows and such an expression will be utilised herein, 

G f = 0.308 /3~ ~fer .com ( 4-41) 

where 

fer. com = 0.395 ( 1.32J;)0.5S ( 4-42) 

(4-43) 

According to the prediction of G / from Equation 4-41, it resulted in an approximately 

8.4 % underestimation compared with that from test results while the variation was still 

within data scatter of test results (22 % Co V) 

Substituting Equations 4-41 and 4-42 into Equation 4-39 gives a following simplified 

equation. 

(4-44) 

where 

(best-fit model) ( 4-45) 

K = 0.51+2.0 e - 1.75(/anc I IP) (design model) ( 4-46) 
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The predictions of best fit and design model are given in Table 4.8. The results of both 

models are an AV = 1.00 and 1.14, SD= 0.08 and 0.08 and CoV = 7.64 % and 7.34 % 

with PE= 50 % and 5 % (Figure 4.30). 

The equations of strength enhancement factor ( K) show some differences between the 

rigorous and simplified model (Equations 4-38 and 4-40 and Equations 4-45 and 4-46 

respectively) while the predicted results (i.e. test-to-prediction ratio) of these models 

shows less than 0.01 in SD and 1 % in CoV differences. 

4.4.5 Parametric Study 

Figure 4.31 provides results of parametric studies conducted using the simplified model. 

Three parameters which may affect shear strength enhancement were considered 

namely (i) concrete compressive strength (Figure 4.31 a), (ii) number of FRP layers 

(Figure 4.31 b ), and (iii) ratio of FRP-to-concrete width (Figure 4.3 lc ). The relative 

shear strengths of anchored joints with each of variable parameters were plotted with 

respect to anchor positions (I anc I l.frp ). Each parameter was varied within conventional 

ranges of normal compressive strength concrete (20 MPa to 50 MPa, in 10 MP a 

increments), I to 5 layers ofFRP (each step of 1 layer) and FRP-to-concrete width ratio 

of 0.25 to 1.0 (0.25 increments). In order to compare between parameters, a minimum 

joint strength is set by following values in each parameter, namely f'c = 20 MPa, 1 layer 

of FRP and 0.25 FRP-to-concrete width ratio. The strength increase ratio (denoted as R 

in Figure 4.31) represents the relative strength increase for each step of three parameters 

with respect to the minimum joint strength. 
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Mainly two observations can be made from Figure 4.31 based on the assumed 

parameters, namely (i) shear strength increases as anchor positioned closer to loaded 

plate end (smaller value of lane I/ frp) irrespective of other parameters, and (ii) concrete 

compressive strength is the least influential parameter on the shear strength while both 

numbers of FRP layer and ratio FRP-to-concrete width are relatively very sensitive. 

4.5 Design Procedure 

Figure 4.32 presents a flowchart of a design procedure for anchored FRP-to-concrete 

joints. The design strength depends on critical parameters which are assumed at the 

commencing step, namely anchor position as well as bond length, thickness and width 

of FRP plate. 

Design charts may in the future be developed by manipulating the design model 

presented in Equations 4-44 and 4-46. In the meantime, the present design procedure is 

proposed which can be used for the rational design of FRP-to-concrete joints (Figure 

4.32). 

4.6 Conclusions 

The fundamental behaviour and shear strength of FRP anchors in FRP-to-concrete joint 

assemblies have been reported in this chapter. Five distinct failure modes were observed 
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from tests and plate displacements and strain results critically discussed followed by 

investigating three parameters which affect shear strength of FRP-to-concrete joints. 

A rigorous analytical model for anchored FRP-to-concrete joints was presented which 

was derived from theoretical studies and calibrated with test results. Based on the 

rigorous model, a user-friendly simplified model was also developed. Finally a design 

procedure has been proposed which can be used for the rational design of anchored 

FRP-concrete joints. More research is however required to further confirm some 

assertions made in the derivations and consider parameters falling outside the ambit of 

the present study. 

Finally, a design procedure has been proposed which can be used for the systematic and 

rational design of shear strength of anchored FRP-to-concrete joints. 
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Table 4.1 Shear test 

Concrete FRP plate FRP Anchor 

Specimen ID Width x Depth Bond Width Embedm- Fan-out Anchor 
x Length Length ent depth angle Position 

(mm) (mm) (mm) (mm) (degrees) (mm) 3 

Control C-1 ~3a - - - - -

First s 1-100-1~3 b 

Series 1 
Sl-200-1 ~5 

-- 100 
Second S2- 100-1 ~3 200 x 150 x 
Series2 

S2-200-1 ~3 300 150 50 40 60 
Third 

S3-200-1 ~3 75 Series2 

Fourth 
S4-200-1 ~3 50 Series2 

a C-1 ~3: C =control, 1 ~3 =specimens I , 2 and 3 
b S 1 - 1 00- 1 ~3: S 1 = fi rst series shear test, I 00 = FRP sheet width, 1~3 = specimens 1 to 3 
1 Installation method l (refer to Figure 4 .5) 
2 Installation method 2 (refer to Figure 4.6) 
3 distance between anchor and loaded end of shear test Uanc c in Figure 4.2b) 
4 width of carbon fibre sheet rolled to form an anchor 

FRP sheet 
width 
(mm) 4 

-

100 

200 

100 

200 

200 

200 
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Table 4.2 Tested material properties of concrete 

Cylinder Elastic Splitting 
Specimen ID strength modulus strength 

f'c (MPa) Ee (GPa) fc, (MPa) 

26.9 
Control 

CS 1-1 a 28.1 2.8 
26.9 

+ 25.0 
First CSl-2 31.1 2.9 
and 26.4 

Second CSl-3 27.3 
27.2 

3.1 
sen es 27.2 

Average 28.8 26.6 2.9 

CS2-l 32.4 
27.7 

3.1 
27.7 

Third 27.8 
and CS2-2 33.5 3.5 

Fourth 26.7 

series CS2-3 35.2 
27.0 

3.0 
27.0 

Average 33.7 27.3 3.2 
a CS 1-1 : CS 1 = ~oncrete material tests for ~hear tests in lst batch, 1 = specimens I 
Details of test specimens and raw test data are listened in Appendix B 

Modulus of 
rupture 

ER (MPa) 

4.0 

3.8 

4.4 

4.0 

4.6 

4.5 

4.3 

4.5 
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Table 4.3 Shear test results 

Peak load Displacement of Peak strain of FRP 
Specimen ID (kN) FRP plate at plate at peak load 

peak load (mm) Cw:) 
C-l a 22.11 1.61 5296 

Control C-2 18.24 1.72 5348 
C-3 18.48 1.36 2886 
s 1-100-1 b 22.35 2.17 6235 
Sl-100-2 17.43 2.06 832 
Sl-100-3 26.46 2.87 11644** 
Sl -200-1 27.42 * 7948 First -

sen es Sl-200-2 20.58 2.16 7015 
Sl-200-3 18.69 1.75 4403 
Sl-200-4 26.28 * 7132 -

Sl-200-5 19.80 2.71 7555 
S2-100-l 23.79 2.42 5117 
S2-100-2 23.82 2.30 7817 

Second S2-100-3 20.49 1.97 6909 
sen es S2-200-l 21.45 2.22 11786 

S2-200-2 23.64 2.34 8213 
S2-200-3 24.66 2.20 11891 

·-,__ ______ - . S3-200-1 29.13 * - -
Third S3-200-2 31.08 2.16 16196 sen es - · 

S3-200-3 31.77 3.32 14621 
S4-200-l 35.37 2.72 5166 

Fourth r--·------
S4-200-2 31.56 3.68 5686 sen es 
S4-200-3 32.31 2.71 7197 

a C-1: C = control, I = specimens 1 
b S 1-100-1 : S 1 = first series shear test, 100 = FRP sheet width, 1 = specimen I 
• failure of measuring instruments 
•• peak strain within one standard deviation of tested FRP elongation at rupture 
t CW= concrete wedge failure 

Failure mode 

De bonding 
De bonding 
De bonding 
Mode 2A 
Mode 2B 
Mode IA 
Mode IA 
Mode 2C 
Mode2A 
Mode lA 
Mode 2A 
Mode IA 
Mode 2A 
Mode 2A 
Mode 2A 
Mode 2B 
Mode 2A 
Mode 2B 
Mode 2B+cwt 
Mode 2A 
Mode lB 
Mode 2B 
Mode 2A+cwt 
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Table 4.4 Comparison of strength enhancement of anchored specimens to control 
specimens 

Grouping No. of Average peak load (kN) 
specimens (% increase over control) 

Control 3 19.61 
Mode IA lane= 100 mm 4 25.99 (32.5%) 
Mode IB lane= 50 mm I 35.37 (80.4%) 
Mode 2A lane= 100 mm 7 21.61 (10.2%) 

lane= 75 mm I 31.77 (62.0%) 
lane= 50 mm I 32.31 (64.8%) 

Mode 2B lane= 100 mm 2 20.54 (4.7%) 
lane= 75 mm 2 30.11 (53.5%) 
lane= 50 mm I 31.56 (60.9%) 

Mode 2C lane= 100 mm I 20.58 (4.9%) 
First series lane= 100 mm 8 22.38 (14.1%) 
Second series lane= 100 mm 6 22.98 (17.2%) 
Third series lane= 75 mm 3 30.66 (56.3%) 
Fourth series lane= 50 mm 3 33.08 (68.7%) 
FRP width I 00 mm lane= 100 mm 6 22.39 (14.2%) 
FRP width 200 mm lane= 100 mm 8 22.82 (16.4%) 
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Table 4.5 Tested local bond-slip parameters 

(a) Unanchored specimens 

Test results Calculated parameters 

Pu.test L1 * J;· # 
Tj 

(kN) (mm) (mm) (kN/mm2
) 

C-1 a 22.11 1.61 0.76 2.72 
C-2 18.24 1.43 0.73 1.93 
C-3 18.48 1.36 0.65 2.22 

Average 19.61 1.47 0.72 2.29 
a C-1: C = control, I= specimen I 
* displacement of unanchored plates measured 180 mm away from loaded end 
** failure slip calculated from !'!,. by subtracting elastic deformation 
# local bond strength calculated by Equation 4-37 
##parameter calculated by Equation 4-10 

(b) Anchored specimens 

}._## 

0.006171 
0.005313 
0.006035 
0.005840 

Test results Calculated parameters 

Pu.test l ane 6. 
. !J12 •• # 

Tj2 

(kN) (mm) (mm) (mm) (kN/mm2
) 

S2-200-l a 21.45 100 1.78 0.87 4.13 
S2-200-2 23.64 100 1.87 0.97 4.53 
S2-200-3 24.66 100 2.09 1.15 4.38 
Average 23 .25 100 1.91 1.00 4.35 
S3-200-2 31.08 75 2.16 0.97 7.68 
S3-200-3 31.77 75 2.42 1.20 6.92 

-----·--· 

Average 31.43 75 2.29 1.09 7.30 
S4-200-l 35.37 50 2.72 1.37 8.80 
S4-200-3 32.31 50 2.43 1.19 8.40 
Average 33.84 50 2.58 1.28 8.60 

a S2-200- l : S2 = second series shear test, 200 = FRP sheet width, 1 = specimen 1 
• displacement of anchored plates measured 180 mm away from loaded end 

' ## 
A2 

0.0071 
0.0071 
0.0064 

0.0069 
0.0092 
0.0078 

0.0085 
0.0083 
0.0087 

0.0085 

•• failure slip of anchored plates calculated from !'!,. by subtracting elastic deformation 
#local bond strength of anchored plates calculated by Equation 4-37 
## parameter calculated by Equation 4-34 
t averaged failure slip of unanchored specimens 

!J12I ~r1 t 

1.21 
1.35 
1.60 
1.38 

1.35 
1.67 
1.51 

1.90 
1.65 
1.78 
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Table 4.6. Parameters of anchored joints using Case 3 model 

Test Calculated parameters results 
Pu.res! k/ k1* ** K 

(kN) 
S2-200-l a 21.45 1.80 1.21 1.09 
S2-200-2 23.64 1.98 1.35 1.09 
S2-200-3 24.66 1.91 1.60 1.20 

S3-200-2 31.08 3.35 1.36 1.26 
S3-200-3 31.77 3.02 1.68 1.58 

S4-200-l 35.37 3.84 1.91 1.62 
S4-200-3 32.31 3.66 1.67 1.80 

a S2-200-l: S2 = second series shear test, 200 = FRP sheet width, 1 = specimen I 
* fracture energy modifying factor 
**strength enhancement factor 

Pu.pre. 

(kN) 

21.45 
23.64 
24.66 

31.07 
31.76 

35.36 
32.30 

Pu.res/ 

Pu.pre. 

1.00 
1.00 
1.00 

1.00 
1.00 

1.00 
1.00 
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Table 4.7 Test prediction: rigorous model 

Test Analysis 
results Best fit model Design model 

Pu.test 
. 

Pu.pre Pu.tes/ 
. 

Pu.pre. Pu.tes/ K K 

(kN) (kN) Pu.pre (kN) Pu.pre 

S2-200-1 a 21.45 1.25 24.67 0.87 1.07 21.04 1.02 
S2-200-2 23.64 1.25 24.67 0.96 1.07 21.04 1.12 
S2-200-3 24.66 1.25 24.67 1.00 1.07 21.04 1.17 
S3-200-2 31.08 1.46 28.82 1.08 1.28 25.17 1.23 
S3-200-3 31.77 1.46 28.82 1.10 1.28 25.17 1.26 
S4-200-1 35 .37 1.75 34.38 1.03 1.57 30.71 1.15 
S4-200-3 32.31 1.75 34.38 0.94 1.57 30.71 1.05 
Average 1.00 1.15 

SD 0.08 0.09 
CoV (%) 8.17 7.76 
PE(%) 52 5 

·------
a S2-200-1 : S2 = second series shear test, 200 = FRP sheet width, 1 = specimen 1 
• strength enhancement factor 

Table 4.8 Test predictions: simplified model 
-----·--...---·- ·-·- ·- .-·-·-·-·-·- ·- -- -- -----·--·-·-----·--·--·-

Test Analysis 
>----· ---,----------------results Best fit model Design model 

P u.test 
. 

P u.pre. P u.tes/ 
* P u.pre P u.tes/ K K 

(kN) (kN) P u.pre (kN) Pu.pre 

52-200-1 a 21.45 1.31 24.41 0.88 1.13 21.07 1.02 
S2-200-2 23 .64 1.31 24.41 0.97 1.13 21 .07 1.1 2 

--- --- ----·-~---- ----~----~· 

S2-200-3 24.66 1.31 24.41 1.01 1.13 21.07 1.17 
S3-200-2 31.08 1.52 28.95 1.07 1.34 25 .54 1.22 

·-~· 

S3-200-3 31.77 1.52 28.95 1.10 1.34 25.54 1.24 
S4-200-1 35.37 1.80 34.32 1.03 1.63 30.91 1.14 

------- - ---- ----- ~--------
S4-200-3 32.31 1.80 34.32 0.94 1.63 30.91 1.05 
Average 1.00 1.14 

---- ----
SD 0.08 0.08 

-----·-
CoV (%) 7.64 7.34 
PE(%) 50 5 

a 52-200-1: S2 = second series shear test, 200 = FRP sheet width, I = specimen I 
• strength enhancement factor 
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Unbonded Zone 

Fan-out Angle 

FRP Plate -~~ 

Concrete Prism -+-----..---

(a) Plan view of test specimen 

500 
I 130 100 150 120 I 

I ~ P I 
FRP Plate 

Concrete Prism 
FRP Anchor 

Holding Down Bolt 

(b) Elevation of test set-up 

( c) Test in progress 

Figure 4.1 Test set-up and test specimen (all dimensions in mm) 
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Figure 4.2 Typical strain distribution of unanchored bonded plates with 150 mm bond 

length 

Figure 4.3 Concrete block fom1work 
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(a) Anchor construction - impregnation of (b) Anchor construction - winding with 

fibres copper wire 

I lillJ I 
Lill 

<J 

( c) Constructed anchors ( d) Schematic of installed anchor 

Figure 4.4 FRP anchor details (all dimensions in mm) 
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(a) Drill anchor hole 

" . 
" 

( e) Insert pre-
manufactured FRP 

anchor 
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~ " . . 

(b) Prepare surface 

. 1 
(f) Fan out dry anchor 

fibres 

(c) Apply primer and 
epoxy 

.. 1 . 
(g) Impregnate fan 
fibres with epoxy 

· l · 
" . 

( d) Place desired 
number of fibre 

sheets 

(note: the order of steps 'a' and 'b' may be reversed) 

~
. 

4 " 
4 

·" .. 
(a) Drill anchor hole 

" . 
(e) Spread primer and 

epoxy onto prism 
surface 

Figure 4.5 Anchor installation: Method 1 

~ 
<1 ~ ' • 

(b) Prepare surface 

+ <1 • • 

( f) Place desired 
number of fibre sheets 

(c) Fill hole with 
primer and epoxy 

·1 · 
<1 • 

(g) Fan out dry anchor 
fibres 

(note: the order steps 'a' and 'b' may be reversed) 

Figure 4.6 Anchor installation: Method 2 

" . 
( d) Insert pre-

manufactured FRP 
anchor then wait one 

day 

· 1.-. 
" . 

(h) Impregnate fan 
fibres with epoxy 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 172 



Chapter 4 : Shear strength and behaviour of anchored FRP-to-concrete joints 

(a) Drill anchor hole 

( c) Clean block with high pressure air 

(b) Preparation of surface with needle gun 

( d) Inserting anchor through FRP plate 

(Method l : step 5) 

( e) Install anchor (Method 2) ( f) Place fibre sheet over pre-installed 

anchor (Method 2: step 6) 

Figure 4. 7 Plate and anchor applications sequences 
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20 70 25 25 20 30 

Zone Zone 

~ SG4 SGJ SG2 SGI 
FRP Plate ~ SG4 = = = = = 

(a) Control (b) First and second series 

15 25 35 15 25 25 35 

} SG6 SGS SG4 
[:=:J [:=:J [:=:J 

1-
( c) Third series ( d) Fourth series 

.________L LVDT3 

( e) L VDT locations 

Figure 4.8 Instrumentation (all dimensions in mm) 
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(a) Concrete prism (Specimen C-3) 

(b) FRP plate (Specimen C-3) 

Figure 4.9 Debonding- Typical control specimen failure 
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(a) Specimen Sl-200-1 

(b) Specimen S 1-200-4 

Figure 4.10 Mode 1 A: Simultaneous plate debonding and anchor shear failure 
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(a) Concrete prism and intact anchor fan (Specimen S4-200-l) 

(b) FRP plate (Specimen S4-200-1) 

Figure 4.11 Mode I B: Simultaneous plate debonding and anchor fan debonding 
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(a) Post plate debonding (Specimen Sl-200-5) 

(b) Post anchor failure (Specimen S3-200-3) 

Figure 4.12 Mode 2A: Plate debonding followed by anchor shear failure 
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(a) Concrete prism and intact anchor fan (Specimen S2-200-2) 

(b) FRP plate (Specimen S2-200-2) 

Figure 4.13 Mode 2B: Plate debonding followed by anchor fan debonding 
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(a) FRP plate (Specimen Sl-200-2) 

(b) Concrete prism (Specimen S 1-200-2) 

Figure 4.14 Mode 2C: Plate debonding followed by anchor pullout 
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Figure 4.15 Load-displacement responses: Control specimens 
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S 1-100-3 (Mode lA) 
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(b) FRP width= 200 mm 

Figure 4.16 Load-displacement responses: First series 
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(b) FRP width= 200 mm 

Figure 4. 17 Load-displacement responses: Second series 
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Figure 4.18 Load-displacement responses: Third series 
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Figure 4.19 Load-displacement responses: Fourth series 
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(a) Case 1 

(b) Case 2 

(c) Case 3 

Figure 4.26 Modified local bond-slip models 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 189 



Chapter 4 : Shear strength and behaviour of anchored FRP-to-concrete joints 

2.0 

1.8 

i:: 1.6 0 
(_) 

;::l e; 
~ 1.4 

1.2 

1.0 
1.0 1.2 1.4 1.6 1.8 2.0 

Figure 4.27 Relationship between shear strength enhancement and relative slip at 

fai lure 

2.5 

2.0 I 

1.5 
~ 

1.0 

0.5 

0.0 
0.0 0.2 0.4 0.6 0.8 1.0 

l anc ff fip 

Figure 4.28 Relationship between K and I anc I I frp 

SJ. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 190 



Chapter 4: Shear strength and behaviour of anchored FRP-to-concrete joints 

50 

40 

z 30 
c 

() 

~ 
p:; 20 

10 ----------------1 
0 

0 10 20 30 40 50 

Pu.test (kN) 

(a) Best fit Model (PE= 52 %) 

50 

40 

z 30 c .., • ..... 
~ 

20 -;:; 
p... 

_ tt._ ______________ _ 

10 

0 
0 10 20 30 40 50 

Pu.test (k.N) 

(b) Design Model (PE = 5 % ) 

Figure 4.29 Test predictions: rigorous model 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 191 



Chapter 4: Shear strength and behaviour of anchored FRP-to-concrele joints 

50 

40 

~ 30 
CJ 

'°:. 

p.. 20 

10 

0 
0 10 20 30 40 50 

Pu.test (kN) 

(a) Best fit Model (PE = 50 %) 

50 

40 

z 30 
~ -._.., 

"' .... 
~ 20 ;:J 

p.. 

10 

0 
0 10 20 30 40 50 

Pu.test (kN ) 

(b) Design Model (PE = 5 %) 

Figure 4.30 Test predictions: simplified model 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 192 



...c 
bo c 
Cl) 

~ 
Cl) 

> ·.;:::: 
('3 

~ 
0::: 

3.0 

2.5 

2.0 

1.5 

1.0 

Chapter 4: Shear strength and behaviour of anchored FRP-to-concrete joints 

--- fc = 50MPa 
-+---•....,._. ____________ _____, --.- fc = 40MPa 

-fc = 30MPa 
-+-- fc = 20MPa 

R = 1.13 
6::-~~• R = LI 0 

+---~---------~----'----=• R = 1.03 

0.0 0.2 0.4 0.6 0.8 1.0 

l anclf p 

(a) Concrete Compressive Strength 

5. 0 ~---· 

--*- 4 layers ofFRP 

t 4.0 -+---~----------------! _..,._ 3 layers ofFRP 
::::: - 2 layers ofFRP 
~ ~ 

3
_
0 

-+-- l layers ofFRP 
·.;:::: 

('3 

~ 
0::: 

0.0 0.2 0.4 0.6 0.8 

I anclf p 

(b) Number ofFRP Layers 

LO 

R = 2.00 
R = 1.73 
R = 1. 41 

6.0 ------------ --·---., 
.--'------, 

--*- bp/bc = 1.00 
"t1 5.0 +----=_____..,c--------------1 --.- bp/bc = 0.75 

::::: - bp/bc = 0.50 
~ 4.0 -+-- bp/bc = 0.25 
Cl) 

> "-H 
~ 3.0 +-----~---~-.::.......~-----1 
0::: 

R = 2.39 
2.0 +---~=c----------""",,____=-------1 R = 2. 14 

R = 1.69 
1.0 +---~------~---<.,.!.---==~ 

0.0 0.2 0.4 0.6 0.8 1.0 

f anclf p 

(c) Ratio of FRP-to-concrete Width 

Figure 4.31 Parametric study 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 193 



Chapter 4 : Shear strength and behaviour of anchored FRP-to-concrete joints 

Start 

Assume 
l ane / f frp, bfrp, tfrp 

Pu 

No 
Pu > Pn 

END 

Figure 4.32 Design procedure 

S.J . Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 194 



Chapter 5 

UNANCHORED 
FRP-STRENGTHENED RC SLABS 

WITH/WITHOUT PENETRATIONS 



Chapter 5: Unanchored FRP-strengthened RC slabs with/without penetrations 

CONTENTS 

5.1 Introduction 197 

5.2 Experimental Details 197 

5.2.1 Details of Test Specimens 197 

5.2.2 Construction of Test Specimens 198 

5.2.2.1 Concrete 198 

5.2.2.2 Steel Reinforcement 199 

5.2.2.3 FRP Strengthening 200 

5.2.3 Test Set-up, Instrumentation and Test Procedure 201 

5.2.3.1 Test Set-up 201 

5.2.3 .2 Instrumentation 202 

5.2.3.3 Test Procedure 202 

5.3 Experimental Results 203 

5.3.1 Material Properties 203 

5.3.1.1 Concrete 203 

5.3.1.2 Steel Reinforcement 204 

5.3.1.3 FRP 204 

5.3.2 Failure Modes and Failure Loads 204 

5.3.2.1 Control Slabs 205 

5.3.2.2 FRP Strengthened Slabs 205 

5.3.3 Cracking Behaviour 206 

5.3.4 Debonding Behaviour 207 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 195 



Chapter 5: Unanchored FRP-strengthened RC slabs with/without penetrations 

5.3.5 Load-displacement Responses 208 

5.3.6 Load-strain Responses 209 

5.4 Analytical Modelling 210 

5.4.1 Critical Crack Line Analysis 211 

5.4.1.1 Ultimate Moment of Resistance along a CCL 211 

5.4.1.2 Width of Slab for Ultimate Moment of Resistance 

Calculation 213 

5.4.1.3 Applied Moment along a CCL 214 

5.4.2 Comparison of Prediction and Test Results 214 

5.4.3 Parametric Study 216 

5.5 Design Procedure 216 

5.6 Conclusions 217 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 196 



Chapter 5: Una nchored FRP-strengthened RC slabs with/wi thout penetrations 

5.1 Introduction 

This chapter presents the details and results of the experimental testing and analytical 

modelling of unanchored FRP-strengthened RC slabs with and without penetrations. 

The experimental component is firstly presented followed by an analytical model and a 

comparison of its predictions to the experimental results. Finally, by utilising the 

analytical model, parametric studies are presented followed by a design procedure. This 

series of tests is intended to examine the structural behaviour of slabs with penetrations 

which have been strengthened with FRP. Of particular importance, the cracking 

behaviour and its affects on the debonding process is investigated in detail. The 

analytical study is aimed to produce an analytical model for the prediction of debonding 

in the strengthened slabs with penetrations. The work presented in this chapter then 

forms the basis of the research presented in the following Chapter 6 

5.2 Experimental Details 

5.2.1 Details of Test Specimens 

The experimental program for this component of the dissertation consisted of testing six 

simply-supported one-way spanning RC slabs in accordance with the schedule given in 

Table 5.l. All slabs were prismatic, rectangular in cross-section, and nominally 3400 

mm long, 160 mm deep with a clear span (distance between supports) of 3200 mm. 

Four slabs of 2500 mm width were constructed with a penetration of 900 mm width and 

1200 mm length (slab Type 1 in Figure 5.1). Two of these slabs were unstrengthened 
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control slabs (i.e. Slabs S 1 and S3) while the remaining two were strengthened with the 

same arrangement of FRP (i.e. Slabs S2 and S4 as shown in Figure S.3). The main 

difference between Slabs S 1 and S2, and S3 and S4 was the position of application of 

load (i.e. load types 1 and 2 respectively as shown in Figure S. l ), however this issue of 

load application will be more carefully discussed in Section S.3 .S. The remaining two 

slabs (Slab Type 2 in Figure 5.2) were 800 mm in width and did not contain 

penetrations. The width of the two slabs (i.e. Slabs SS and S6) corresponded to that of 

the strong bands in the slabs with penetrations. Slab SS was an unstrengthened control 

slab while slab S6 was strengthened identically with that of the strong band in Slabs S2 

and S4. The reason for testing Slabs SS and S6 was that the effect of the opening on the 

behaviour of Slabs S 1 to S4 could be compared to a slab without a penetration which 

has been more widely investigated (e.g. Teng et al. 2002) and whose behaviour is better 

understood. 

5.2.2 Construction of Test Specimens 

S.2.2.1 Concrete 

The six slab specimens in this chapter were constructed (Figure S.4) from three different 

concrete batches. The concrete was batched externally to the university and trucked in 

(Figure S.S). A standard mix design compressive cylinder strength of 32MPa was used. 

Each concrete batch enabled the casting of a set of control and strengthened slabs, i.e. 

the first batch constructed Slabs SI and S2, the second batch constructed Slabs S3 and 

S4 and the third batch constructed Slabs SS and S6. In order to determine concrete 
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material properties (i.e. compressive strength, elastic modulus, splitting strength and 

modulus of rupture), material test specimens were also casted at the same day of the 

concrete pour for each batch and tested within one day of each slab testing. Detailed 

concrete material test results are given in the material properties section (Section 5.3.1.) 

5.2.2.2 Steel Reinforcement 

All slabs were reinforced with Australian Class N deformed steel reinforcement 

(AS/NZS 4671 2001 ). The standard specified properties of such steel are; yield strength 

= 500 MPa, ultimate yield strength of 650MPa, and elongation (i.e. extension at 

fracture) of 5 %. The 12 mm diameter steel in the longitudinal direction (i.e. spanning 

perpendicular to the support lines and positioned closest to the slab face) was spaced at 

200 mm centres while the transverse steel, of equal diameter as the longitudinal steel 

and positioned beneath it, was spaced at 400 mm centres (note that the slabs were 

constructed in an inverted position hence the transverse reinforcement was laid before 

the longitudinal reinforcement) (Figures 5.1, 5.2 and 5.4). The ultimate moment 

capacity of the unstrengthened slab in the transverse direction was approximately half 

the capacity of the unstrengthened slab in the longitudinal direction (note the 

longitudinal and transverse layers of reinforcement have slightly different effective 

depths). The clear cover from the longitudinal tensile steel to the nearest concrete 

surface was 20 mm (26 mm from centre of steel to concrete face), and the reinforcement 

was designed and detailed to satisfy the Australian standard for the design of concrete 

structures (AS 3600 2001 ). The span to effective depth ratio for each slab was 24, where 
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the effective depth is the distance from the compressive face of the slab to the centre of 

the outer layer of longitudinal tension steel. 

5.2.2.3 FRP Strengthening 

Slabs S2, S4 and S6 were strengthened with two layers of carbon FRP (CFRP) 

composites formed in a wet layup procedure, from fibre sheets each of 0.117 mm 

nominal thickness and 175 mm width, and positioned as shown in Figure 5.3. To 

maximise the strength of the bond between the FRP and concrete, the top few 

millimeters of the concrete substrate was removed and aggregate exposed by needle-

gunning prior to application of the FRP (Figure 5.6). The concrete surface may be 

prepared with other techniques (e.g. grit blasting, grinding). While comparing shear test 

results with well established shear strength models (e.g. Chen and Teng 2001, Yuan et 

al 2004, Yao et al 2005a) the tested shear strength of unanchored joints prepared by the 

needle-gunning method showed good correlation with predictions. The concrete surface 

preparation technique in the current study, therefore, was confined to the needle-

gunning method. 

The amount of FRP strengthening in Slabs S2 and S4 was calculated to give an equal 

moment section capacity based on the amount of lost steel reinforcement in the 

penetration region. IC debonding was considered in this calculation and the procedure 

for undertaking this analysis was fully described in the literature review (Section 2.3.2). 

The shear strength of the slab was calculated using existing strength theory (e.g. AS 
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3600 200 I) and the strength was found to be adequate in all places to enable the slab to 

fail in a flexural manner. 

5.2.3 Test Set-up, Instrumentation and Test Procedure 

5.2.3. l Test Set-up 

Slabs were moved in the test frame, after the FRP was applied, according to the set-up 

design shown in Figure 5.7a. Figures 5.7b and 5.7c show the FRP-strengthened slabs 

with and without penetrations respectively prior to testing. All slabs were tested in 

inverted positions where the tension face was directed upwards and loaded by actuators. 

The actuators reacted off the laboratory strong floor with the FRP strengthening 

naturally applied to the top face. A typical schematic diagram of a line-support and line-

load are given in Figure 5.8a. A 800 mm length of 10 mm diameter steel roller was 

positioned between I 0 mm thickness steel plates which were connected to either the 

concrete surface or the spreader beam thus ensuring no membrane restraint. Figures 

5.8b and 5.8c are detailed views of the test set-up at a reaction and load application 

point during the test. 

Two different types of loading were investigated, namely Load Type 1 (Slabs S 1, S2, S5 

and S6) and Load Type 2 (Slabs S3 and S4). For Load Type 1, line loads were 

positioned across the width of the strong band as indicated in Figures 5.1 and 5.2 as 

well as Figure 5.9. An actuator was placed beneath each of the four line loads. For Load 

Type 2, a single line load was located just past the end of each penetration, in the 
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penetration band (Figures 5.1 and 5.9). An actuator was placed beneath each end of each 

of the two line loads. The penetration was located between the load lines in the constant 

moment region. 

5.2.3.2 Instrumentation 

A load cell was inserted between each actuator and its spreader beam in order to 

measure the applied load. All load cell readings were within 5 % of each other and thus 

virtually identical load was being simulated to each line load. All other types and 

locations of instrumentation (i.e. linear variable differential transformers, LVDTs, and 

electrical resistance strain gauges) are shown in Figures 5 .10 and 5 .11. Vertical 

deflection was measured with LVDTs which were positioned between the reaction floor 

and the underneath (compression face) of the slab (denoted as LV in Figures 5.10-and 

5. l 1 ). Strain gauge positions are also shown in Figures 5.10 and 5.11. Strain gauges of 5 

mm gauge length were attached to the steel reinforcing bars (denoted as SS in Figures 

5.10 and 5.11) and strain gauges of 10 mm gauge length were attached to the FRP 

(denoted as Fin Figures 5.10 and 5.11). Strain gauges of 60 mm gauge length were 

attached to the concrete compressive surface at mid-span (denoted as SC in Figures 5.10 

and 5.11). Figure 5.12 shows strain gauges on reinforcing bars prior to concrete casting. 

5.2.3.3 Test Procedure 

Each slab was loaded monotonically at approximately 70 N/sec by hydraulically 

powered actuators. The load was paused at regular intervals in order to mark the 
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progression of cracking with respect to position and load level. To ensure each slab was 

in a stable state prior to crack marking, two minutes was allowed to elapse with the load 

paused. In addition to observing cracking, the condition of the FRP was also assessed at 

each pause in load. A simple in situ FRP-to-concrete bond quality test, which involved 

tapping the FRP with a metallic object, was undertaken to check for FRP debonding. A 

hollow tapping sound indicated a breakdown of bond between the FRP and concrete. 

The interface between the FRP and concrete was also inspected by examining the edges 

of the FRP. The load was not paused after approximately 75% of the predicted capacity 

of the slab for safety reasons but continually applied to failure (the slab was predicted to 

fail by IC debonding and calculations were made based on the theory presented in the 

literature review Section 2.3.2). It should be noted that each of the 6 slabs are loaded 

with four actuators and the average load of the four shall be used for reporting the load 

hereinafter. 

5.3 Experimental Results 

5 .3 .1 Material Properties 

5.3.1.1 Concrete 

The material properties of the concrete for each of the six slabs are given in Table 5.2 in 

which the cylinder compressive strength (f'c), elastic modulus (Ee), splitting strength 

ifcr), and modulus of rupture (ER) are given. All material properties were tested in 

accordance with Australian Standard (i.e. AS 1012.9 1999, AS 1012.17 1997, AS 
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1012.10 2000 and AS 1012.11 2000 respectively) and averaged from three test 

specimens. The material tests were determined within one day of testing each slab. 

5. 3 .1.2 Steel Reinforcement 

The tested properties of the Class N reinforcing steel is given in Table 5.3 which are 

based on an average of five specimens and tested in accordance with AS 1391 ( 1991 ). 

The results as well as their design characteristic values in brackets (from AS/NZS467 l 

2001), are yield stress /sy = 557 MPa (500 MPa), ultimate stress fsu = 648 MPa (540 

MPa), elongation Esu = 9.6% (5%), ratio of ultimate to yield stressfs/[sy = 1.16 (1.08), 

and elastic modulus Es= 201 GPa (200 GPa). 

5.3.1.3 FRP 

The same CFRP as used in Chapters 3 and 4 of this disertation for the anchor tests is 

also used for the slab tests in this chapter. The tested properties were reported in 

Sections 3.3.1 and 4.3.1 and are repeated here for completeness. The material properties 

averaged from eighteen coupon tests produced an elongation at rupture £Jrp of 10405 µ£, 

tensile strength.,ifrp of 2735 MPa and elastic modulus Ejrp of268 GPa. 

5.3.2 Failure Modes and Failure Loads 

Selected results are presented in Table 5.4 and are elaborated upon in this section. 
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5.3.2.1 Control Slabs 

The three control slabs (Slabs S 1, S3 and S5) were loaded until the deflection increased 

without a substantial increase of load. At this stage the tension steel reinforcement had 

yielded and cracking had stabilised. The test was stopped when the mid-span deflection 

was approximately I 00 mm due to the maximum stroke of the actuator being reached. 

The strain in the compressive concrete, at the mid-span of the slab was below the 

crushing strain (SI = 1884 µ£, S3 = 2277 µ£, S5 = 997 µ£) and the tension steel had 

yielded (Table 5.4). Further loading would have eventually produced a ductile concrete 

compressive failure. 

5.3.2.2 FRP Strengthened Slabs 

The three strengthened slabs (S2, S4 and S6) failed by IC debonding. After debonding, 

the behaviour of the slabs approximately resorted to that of plain unstrengthened slabs 

and the application of load stopped when the mid-span deflection reached 

approximately I 00 mm. The mid-span concrete compressive strain when the test was 

stopped was below crushing (Slab S2 = 2066 µ£, Slab S4 = 1324 µ£, Slab S6 = 1773 µc) 

(Table 5.4). Upon debonding, the difference in load cell readings became significant due 

to stiffuess imbalances in the slabs from debonded FRP. The results post debonding are 

not entirely reliable however this fact is not significant as the behaviour of the slabs post 

debonding is expected to resort to their unstrengthened counterparts. 

The maximum average load (i.e. the averaged load of one actuator) of control Slabs S 1, 
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S3 and SS was 50.6 kN, 45.6 kN and 49.3 kN. The FRP-strengthened Slabs S2, S4 and 

S6 debonded at an average load of 76.4, 70.5 and 80.8 kN (note that each of the 6 slabs 

are loaded with four actuators). The slight differences are due to different types of 

loading and concrete strength for the control and FRP-strengthened slabs. 

5 .3 .3 Cracking Behaviour 

The cracking patterns at around 50 % of load level and final for all slabs are given in 

Figures 5.13 to 5.18. First cracking (i.e. flexural cracking) in each slab was detected in 

the mid-span region (i.e. constant moment region), parallel to the line loading. Diagonal 

cracking also originated from each comer of the penetration (Figures 5.13a, 5.14a, 5.15a 

and 5.16a). As the load was increased, additional flexural cracks formed closer to the 

loading positions and then into the shear span region. The diagonal -cracks also 

propagated towards the closest slab comer. An increase in load also saw existing cracks 

become wider, especially the main diagonal crack from each comer of the penetration. 

The position of the load lines influenced the path of the diagonal cracks originating 

from the comers of the penetration. For load type l (Slabs S l and S2) the diagonal 

cracks were inhibited from propagating to the nearest adjacent comer of the slabs and 

were forced to propagate parallel with the line loading (Figures 5.13b and 5.14b). The 

diagonal cracks were however free to extend to the adjacent slab comers for load type 2 

(Slabs S3 and S4) as they were not restrained by the line loading (Figures. 5.1 Sb and 

5.16b ). No significant differences in crack patterns were observed between each control 

slab and the corresponding strengthened slab. Debonding in Slabs S2 and S4 appears to 
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have initiated where the FRP intersected the diagonal crack based on visual inspection 

during the test and viewing video. 

Cracking and failure in the two slabs without penetrations (Slabs SS and S6) occurred as 

expected (Figures. 5.17 and 5.18). Flexural cracking, parallel with the line loading, 

initially occurred in the mid-span constant moment region (Figures 5.17a and 5. l 8a). As 

the load increased, cracks formed closer to the load points and then into the shear span 

(Figures 5.17b and 5.18b ). Debonding appears to have initiated at one of the load lines. 

Debonding then propagated to the nearer plate end in a classic IC debonding mode. 

In FRP-strengthened slabs, debonding occurred in the concrete at the FRP-to-concrete 

interface (Figure 5.19), thus indicating a good bond between the FRP and concrete. 

5.3.4 Debonding Behaviour 

Figure 5.20 shows the sequence of FRP debonding in Slab S2, while Figures 5.21 and 

5.22 show the sequence of FRP debonding in Slabs S4 and S6 respectively. In addition 

to showing the order of debonding, Figures 5.20 to 5.22 also shows the extent of 

debonding in each strip. The first portion of strip to debond in each slab is indicated as 

CD and subsequent debonding zones are numbered sequentially. Selected photographs of 

FRP strips in the process of debonding which extracted from digital video taken during 

the test, are also shown in Figures 5.20 to 5.22. 

In Slab S2, a large portion of the strip adjacent to the penetration debonded first (i.e. 
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debond CD). As the load was applied directly to each strong band, the strip adjacent to CD 

then debonded (i.e. debond @). The two remaining strips on the opposite side of the 

penetration then debonded. Upon debonding of CD, the load carrying capacity of the slab 

was compromised as indicated by a drop in the load in Figure 5.20. Each strong band of 

slab either side of the penetration essentially acted independently, reinforcing the 

concept of the slab acting as a system of independent beams either side of the 

penetration. Slab S6 acted in a similar manner to Slab S2 as both were loaded on the 

strong-band and lost their load carrying capacity upon debonding of the first strip (i.e. 

debond CD in Figures. 5.20 and 5.22). 

The debonding sequence of Slab S4 was somewhat different to Slabs S2 and S6. 

Debonding points CD and @ were localised to the plate end so they did not have an 

impact on the load-deflection response (de bond point CD is not even shown on Figure 

5.21). Once a large portion of a strip adjacent to the penetration debonded (debond 

region Q) in Figure 5.21) the load dropped off slightly but increased again until a second 

strip significantly de bonded (de bond ® ). The slab as a whole then lost its ability to 

resist load. By not loading the strong band directly, more cracks were allowed to 

propagate nearer to the end of the FRP which caused localised debonding. IC debonding 

of the FRP was observed to initiate where the diagonal crack intersected the FRP, well 

before the peak load. In fact, the FRP could be seen 'unzipping' from the diagonal crack 

vicinity as the load was increased. 

5.3.5 Load-displacement Responses 
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The load versus mid-span deflection response for all six slabs is shown in Figure 5.23. 

The load is averaged from all four load cells while LVDT results from one side of the 

slab are given (i.e. LV4 or LV5 in Figures 5.10 and 5.11). The mid-span deflections 

either side of the penetrations were found to be virtually identical, as to be expected due 

to the uniform application of load. For ease of comparison, separate load versus 

deflection responses of slabs 

Sl-S2, S3-S4 and S5-S6 are given in Figures 5.24, 5.25 and 5.26 respectively. LVDT's 

positioned at each support recorded minimal movement. 

Addition of the FRP resulted in a loss of ductility, as expected, however a reasonable 

amount of deflection occurred prior to debonding. In each case, the load carrying 

capacity of the strengthened slab approximately resorted to that of the corresponding 

unstrengthened control slab upon debonding. 

Inspection of the results of LVDTs positioned along the load lines (i.e. LV1-LV3 and 

LV6-LV8 in Figure 5.10), as summarised in Figure 5.27a for different load levels, 

indicates virtually no transverse bending for Slab S2. The same behaviour was also 

observed in Slab S 1. In both these slabs the strong band was directly loaded therefore 

the slab was acting more closely to a system of beams rather than a slab. Transverse 

bending was however observed for Slabs S3 and S4 (i.e. LV1-LV3 and LV6-LV8 in 

Figure 5.10) shown in Figure 5.27b for Slab S4. For these two tests, the strong band 

strips were engaged via bi-directional action from the penetration strip load lines. 

5.3.6 Load-strain Responses 
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The distribution of strain along each FRP strip is given in Figures 5.28 to 5.30 for Slabs 

S2, S4 and S6 respectively. The load level corresponds to the load prior to loss of load 

carrying capacity of the system. With reference to Figures 5.20 to 5.22, this corresponds 

to debond CD in S2 (Figure 5.28), debond ® in S6 (Figure 5.29) and debond CD in S6 

(Figure 5.30). 

5.4 Analytical ModeJiing 

This section presents a lower-bound analytical model to provide an alternative form of 

practical analysis of FRP-strengthened slabs with penetrations. In addition, it considers 

the FRP effect. This model captures all the effects which are deemed important and 

which have been observed in the experimental investigation. Other modelling 

techniques which consider theory such as fracture mechanics or plasticity theory are not 

chosen. The development of models based on such theory is considered outside the 

scope of the thesis. 

In the model, debonding is assumed to initiate at the intersection of the FRP strengthening 

with a critical crack (otherwise known as a critical crack line or simply CCL). This is a 

realistic assumption of debonding initiation as it is based on observations from the test 

specimens. The ultimate moment of resistance of the slab about the CCL (Mun), where 

the CCL is oriented at angle a to the slab transverse reinforcement, is calculated by 

transformation of the ultimate moment of resistance of the slab about the longitudinal 

(Mux) and transverse (Muy) directions. The applied moment about the CCL (Mn), at CCL 

angle a, is calculated by transformation of the applied moments in the longitudinal (Mx) 
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and transverse (My) directions. Failure is deemed to occur when the applied moment 

about the CCL exceeds the ultimate moment of resistance of the slab about the CCL. All 

this information is shown schematically in Figures 5.31 and 5.32. 

The CCLs in the analytical model are analogous to yield lines in yield line theory (Park 

and Gamble 2000). The strength of the CCL for FRP-strengthened slabs though is 

generally based on the IC debonding resistance of the slab and not the formation of 

plastic hinges from yield line theory. It is therefore important here to recognise that the 

strength of the slab is not based upon section yielding but instead on the debonding 

resistance of the externally bonded FRP plate. 

5.4.1 Critical Crack Line Analysis 

The CCL for Slab S2 is indicated on Figure 5.31, where the CCL is orientated at 45° to 

the transverse axis of the slab on the strong band strip adjacent to the penetration. The 

FRP has been removed from this figure however the outline of the epoxy can still be 

seen. For Slab S4, the CCL angle a measured from the test was 53° (Figure 5.32). If the 

CCL angle cannot be readily observed from tests then it can be assumed to be either (i) 

the angle between the transverse axis of the slabs to a line projected from the comer of 

the penetration to the nearest comer of the slab support, or (ii) a line projected at 45° to 

the transverse axis of the slab from the edge of the penetration (i.e. a= 45° as shown in 

Figure 5.32). 

5.4.l.1 Ultimate Moment of Resistance along a CCL 
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The ultimate moment of resistance of a slab along a CCL, Mun, is calculated as follows 

as given in Park and Gamble (2000). 

(5-1) 

The ultimate moments of resistance Mix and Muy (calculated in the direction of the steel 

reinforcement) of unstrengthened concrete slabs are calculated from traditional 

reinforced concrete theory, where plane sections are assumed to remain plane, full 

composite action exists between materials, and the tensile resistance of the concrete is 

neglected. When FRP is present, its brittle nature must be accounted for as well as the 

likelihood of premature failure via IC debonding. The treatment of FRP in design has 

been fully explained in the literature review in Section 2.3.2. 

Certain assumptions are made in the use of the transformation relationship given in 

Equation 5-1 namely the non-existence of membrane forces , the omission of torsional 

moments, and neglect of the effect kinking of the steel tension reinforcement (Park and 

Gamble 2000). 

To account for IC debonding the maximum stress in the FRP O"dbic is given by Teng et al 

(2003) as reviewed in Section 2.3.2, however the equations is repeated here for ease of 

reading. 
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(Jdbic = adbic /3P/3L 
Efrpff 

1Jrp 
(5-2) 

where 

in which E1rp, lfrp and bfrp are the elastic modulus (MPa), thickness (mm) and width 

(mm) of the FRP respectively, f'c and be the cylinder compressive strength (MPa) and 

width (mm) of the concrete respectively, lrrp the bond length (mm), and Le the effective 

bond length (mm). A value of 0.753 for CXcfbic was found by Teng et al (2003) to provide 

a best fit of the experimental data for slabs, and will therefore be used in all subsequent 

calculations. All FRP strips in the strong-band are assumed to fail (de bond) 

simultaneously. Once the critical debonding stress in the FRP is known then the ultimate 

moment capacity of the section can be calculated using a sectional analysis fully 

described in Teng et al. (2002) and summarised in Section 2.3.2 of this dissertation. 

5.4.1 .2 Width of Slab for Ultimate Moment of Resistance Calculation 

The moment capacity of mux is dependent on the width of slab taken and the position 

where debonding is believed to originate. Two critical sections are therefore identified 

(Figure 5.1- Slab Type 1), namely (i) strong band strip, and (ii) strong band + 

penetration strip. 

For case (i) the strong band is assumed to resist the entire load without any assistance 
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from the penetration. Debonding is deemed to occur anywhere along the strong band 

strip. Debonding is assumed to occur where a crack intersects the FRP at right angles 

(i.e. CCL is parallel to the load line where a= 0°). 

For case (ii) the strong band + penetration strip is assumed to resist the applied load. 

De bonding initiates where the CCL intersects the FRP in the strong band strip (e.g. a= 

45°). While the concrete across the whole width of the slab is considered in the 

calculation of Mux, the steel reinforcing bars in the penetration strip in the direction of 

moment calculation are neglected. Strain gauge results from Slabs S 1 to S4 found the 

strain in the reinforcing bars adjacent to the penetration in the penetration strip to be 

well below yield while the strong band reinforcing bars were at yield when the FRP 

de bonded. 

5.4.1 .3 Applied Moment along a CCL 

Figure 5.33 shows the applied moment field and a CCL. The applied moment Mn about 

the CCL can be obtained similar manner to ultimate moment of resistance by replacing 

Mux and Mux with Mx and My in Equation 5-1. Torsional moments (Mxy) are to be 

neglected (Park and Gamble, 2000). 

5.4.2 Comparison of Prediction and Test Results 

The analytical model predictions are compared with the results of Slabs S2 and S4. The 

analytical model is also compared with both of Vasquez and Karbhari's (2003) FRP 
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strengthened slabs and three of Tan and Zhao's (2004) tests as shown in Figures 2.9a 

and 2.9b respectively. Not enough information was provided in Vasquez and Karbhari 

(2003) and Tan and Zhao's (2004) papers for the CCL angle o. to be accurately 

determined and as a result o. is assumed to be 45°. This angle of 45° is also adopted for 

Slabs S2 and S4 from the current study. 

According to Figures 5.20 and 5.21, one of the FRP strips adjacent to the penetration 

debonded first. Successive debonding of most of the remaining strips without any 

increase in load then occurred. The load at which the first strip significantly debonded is 

taken as the load at which the slab as a whole has failed. It is assumed that the ultimate 

applied load from Vasquez and Karbhari (2003) and Tan and Zhao 's (2004) tests are 

also based on debonding of one strip adjacent to the penetration however alJ strips are 

assumed to debond simultaneously in the analytical mdethod. Two of the tests results in 

Table 5.5 show values for the applied moment in the transverse direction (My). 

Transverse moments were present due to the load applied on the penetration strip 

travelling to the strong band strips either side of the penetration. These transverse 

moments were calculated by assuming the load was uniformly distributed across the 

penetration strip which then uniformly reduced from a maximum value at the edge of 

the penetration strip to zero at the outside edge of the strong-band strip. 

The analytical predictions and test results are summarised in Table 5 .5. Calculation of 

the ultimate moment of resistance considering the strong band + penetration strip (a= 

45°) gave a statistically superior result to an ultimate moment of resistance only 

considering the strong band strip (a= 0°). 
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5.4.3 Parametric Study 

The moments Mun and Mn were found to be very sensitive to the CCL angle . Figure 5.34, 

which has been derived from Equation 5-1 , shows such sensitivity. A CCL angle of 45° 

produced the most accurate and generally conservative predictions as evident from 

Table 5.5 and as a result a CCL angle equal to 45° is recommended for use in design 

based on the limited test results presented in this study. 

5.5 Design Procedure 

Figure 5.35 presents a flowchart of the design process for FRP-strengthened RC slabs 

with penetrations. The design commences with an estimation of the design moment Mn 

which can be calculated from the applied loading. The ultimate moment of resistance of 

the slab in direction(s) without FRP is simply the strength of a plain slab and is denoted 

by Mux and/or Muy. Such capacities can be easily determined from existing theories. 

For sections strengthened with FRP, variables such as the type and amount of FRP, as 

well as width and thickness of the FRP are assumed. The moment of resistance is 

calculated using the sectional analysis presented in Section 5 .4 and with the maximum 

stress in the FRP being based on the IC debonding stress. 

The governing moment of resistance is found by comparing that of each failure mode 

(i.e. concrete crushing failure Mu.cc, FRP rupture failure Mufr and IC debonding failure 
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Mu.db) then the ultimate moment of resistant Mun is estimated by Equation 5-1 . The 

comparison with design moment Mn finally is undertaken. If the section capacity is not 

satisfied the assumed variables should be revised again and the design repeated. 

5.6 Conclusions 

This chapter has reported the results of tests on FRP-strengthened one-way spanning 

RC slabs with and without central penetrations. Four slabs with penetrations were tested 

in addition to two slabs without penetrations. The effect of different load application 

positions was investigated, in addition to the ability of the FRP to redistribute stresses 

around the penetration. The failure modes were observed as well as pre- and post-

debonding behaviour of the slabs. An analytical model was presented that provided a 

reliable estimate of the debonding load and a parametric study was conducted with the 

analytical model. As all strengthened beams failed by debonding of the FRP, the need to 

anchor the FRP is evident and the research presented in the following chapter will 

address this need. 
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Table 5.1 Slab tests: Slabs SI to S6 

Specimen JD 

SI a 

S2 
S3 
S4 
SS 
S6 

a S = slab, I = specimen 
* total length of slabs 

Width 

(mm) 

2500 

800 

** clear span: length between supports 

Thickness Length 

(mm) (mm) 

160 3400* 
(20t) (3200**) 

160 3400* 
(20t) (3200**) 

Penetrations 
Width Length 
(mm) (mm) 

900 1200 

- -

- -

t clear concrete cover (from outer surface of longitudinal steel reinforcements to the nearest concrete 
surface) 
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Table 5.2 Tested concrete material properties: Slabs S 1 to S6 

Specimen Cylinder Elastic Splitting Modulus 
strength modulus strength of rupture ID f'c (MPa) Ee (GPa) fc, (MPa) ER (MPa) 

CMS-1-1 b 45 
28.4 

3.0 4.5 
28.2 

SI a CMS-1-2 43 
27.4 

3.5 3.6 
27.4 

CMS-1-3 37 
28.8 

3.5 4.0 
28.8 

Average 42 28.1 3.3 4.0 
35.1 

CMS-2-1 40 3.6 3.8 
34.5 

S2 CMS-2-2 41 
28.6 

3.2 3.2 
28.6 

CMS-2-3 43 
28.4 

3.5 3.5 
27.9 

----- - · 
Average 42 30.5 3.4 3.5 

CMS-3-1 46 
31.6 

3.7 4.0 
31.8 

S3 CMS-3-2 45 
30.2 

3.7 4.9 
29.6 

CMS-3-3 44 
30.6 

4.1 4.5 
30.4 

Average 45 30.7 3.8 4.4 

CMS-4-1 46 
29.6 

3.7 4.4 
29.4 

S4 CMS-4-2 41 
29.4 

4.0 3.9 
29.6 
31.3 

CMS-4-3 46 3.8 3.6 
30.7 

Average 44 30.0 3.8 4.2 
as = slab, 1 = specimen 
b CMS = fOncrete material test specimen for unanchored ~labs, 1 = slabs 1, 1 = specimen 
Details of test specimens and raw test data are listened in Appendix B 

Continued on following page 

Age 

(days) 

134 

-

164 

-

238 

-

248 

-
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Table 5.2 Tested material properties of concrete: Slabs S 1 to S6 (Continued) 

Specimen Cylinder Elastic Splitting Modulus 
Specimen ID strength modulus strength of rupture ID f'c (MPa) Ee (GPa) fc1 (MPa) ER (MPa) 

CMS-5-1 b 
29.9 

47 4.3 3.4 
29.4 

S5 3 CMS-5-2 51 
30.6 

3.8 3.0 
30.4 
31.4 

CMS-5-3 43 3.8 3.2 
31.4 

Average 47 30.5 4.0 3.2 

CMS-6-1 52 
30.4 

3.5 4.4 
29.7 

S6 CMS-6-2 49 
30.0 

3.2 4.6 
31.4 

CMS-6-3 48 
29.3 

2.9 3.4 
29.0 

Average 49 29.9 3.2 4.5 
a s = slab, 1 = specimen 
b CMS = foncrete material test specimen for unanchored §labs, 1 = slabs 1, 1 = specimen 
Details of test specimens and raw test data are listened in Appendix B 

Age 

(days) 

177 

-

184 

-

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 220 



Chapter 5: Unanchored FRP-strengthened RC slabs wi th/without penetrations 

Table 5.3 Tested material properties of steel reinforcement: Slabs S 1 to S6 

Specimen Ultimate Ultimate Yield Elastic 
tensile strength stress stress modulus ID (kN) fsu • (MPa) fsv .. (MPa) fsu / fsv Es (GPa) 

SUS-1 a 73.4 649 543 1.20 199 
SUS-2 74.4 658 572 1.15 191 
SUS-3 72.1 638 547 1.17 203 
SUS-4 72.2 658 546 1.17 202 
SUS-5 74.4 648 575 1.14 210 

Average 73.3 648 557 1.17 201 

a SUS = tensile strength test of deformed normal ductile .§.tee) reinforcements for gnanchored .§.labs, I = 
specimen 
• calculated maximum stress (Ultimate tensile strength I nominal sectional area) 

0.2 % proof stress 
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Table 5.4 Slab test results: Slabs Sl to S6 

Steel 

Specimen ID Load Concrete reinforcements FRP 
strain strain Strain 

(kN)a (µ£) b (µ£) c (µ£) d 

SI 50.6 1884 5440 . -

S2 76.4 2066 6554 12027 
S3 45.6 2207 7020 -
S4 70.5 1324 3534 10448 
SS 49.3 997 4830 -

S6 80.8 1773 4935 8865 
a maximum load for control slabs or debonding failure load for FRP strengthened slabs 
b maximum concrete compressive strain at mid-span. 

Deflection in 
slab 

(mm) e 

97.8 
74.6 
83.0 
63.8 
87.9 
72.7 

c maximum tensile strain for control slabs or strain at debonding failure for FRP strengthened slabs at 
mid-span 
d maximum strain on FRP at debonding 
c maximum deflection for control slabs or deflection at debonding failure for FRP strengthened slabs at 
mid-span 
• not applicable 
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Table 5 .5 Comparison of analytical predicted to test results 

Specimen Test results Strong band + cut-out strip 

ID Maximum a Mx ~· Mn a Mux M,_,)' M,_111 

Load, (kN) (kNm) (kNm) (kNm) (kNm) (kNm) (kNm) 

S2 76.4 45 66.9 0 33.4 45 48.5 18.8 33.7 

S4 70.5 45 61.7 14.3 38.0 45 48 .5 18.9 33.9 

Asl 1 477.1 45 92.5 0 46.3 45 54.8 39.4 47.1 

As3 1 371.3 45 101.1 0 50.6 45 46.6 38.4 43.0 

As6 1 537. l 45 80.7 0 40.3 45 51.6 32.0 41.8 

co21.· 163.0 45 99.2 0 49.6 45 73.1 13.8 43.5 

C041. 216.0 45 91.8 6.5 49.2 45 73. l 18.2 45 .. 7 

Average 

Coefficient of Variation 

a ratio of prediction to test (M,jMn) 
b ratio of prediction to test (M11n!Mn) where M,111=M,tr and Mn=M.'" as a= 0° (all M111=0) 
1 =Tan and Zaho (2004); 2 =Vasquez and Karbhari (2003) 
• three point bending test: moment calculated at edge of penetration 
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Strong band strip 

I Ratio a a M,_/ll Ratio b 

I (kNm) I 
1.01 0 74.1 l.11 

0.89 0 74.1 1.20 

1.02 0 79.9 0.86 

0.85 0 86.2 0.85 

1.04 0 64.2 0.80 

0.88 0 126.5 1.27 

0.93 0 126.5 1.38 

0.95 1.07 

7.7% 21.6% 
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Figure 5.3 FRP strengthening schemes for Slabs S2, S4 and S6 
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(a) Reinforcing bars 

(b) F onnwork 

Figure 5.4 Reinforcing bars and fonnwork 
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(a) Concrete mixer truck and pump 

(b) Concrete pour 

Figure 5.5 Slab construction 
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Figure 5.6 Concrete surface preparation 
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(a) Positioning of slab 

(b) Slab S2 in position 

(c) Slab S6 in position 

Figure 5. 7 Slabs prior to testing 
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Steel Bracket 
Spread Beam 
Steel Plate 
Roller 
Steel Plate 

(a) Schematic diagram 

(b) Close-up view of support and line-load ( c) Close-up view of actuator and 
line-load 

Figure 5.8 Test set-up 
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Figure 5.14 Crack patterns: Slab S2 
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Figure 5.16 Crack patterns: Slab S4 
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(b) Final cracking pattern 

Figure 5.17 Crack patterns: Slab S5 
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(b) Final cracking pattern 

Figure 5.18 Crack patterns: Slab S6 
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Figure 5.19 FRP-to-concrete interface failure in concrete 
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Figure 5.21 Debonding sequence: Slab S4 
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Figure 5.31 Critical crack line: Slab S2 
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Figure 5.32 Critical crack: Slab S4 
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6.1 Introduction 

The research presented in this chapter on the strengthening of RC slabs with 

penetrations with anchored FRP represents a culmination of all the work presented in 

Chapters 3, 4 and 5. The test set-up and results of two large anchored FRP-strengthened 

slab tests are firstly reported followed by a comparison of test results between the 

unanchored slab results of Chapter 5 to the anchored slab results of this Chapter. An 

analytical model for predicting the strength of the anchored slabs is then reported and its 

predictions are compared with the test data. A procedure for designing RC slabs with 

penetrations with anchored FRP is finally given along with suitable conclusions on the 

work presented in the chapter as a whole. 

6.2 Experimental Details 

6.2.l Details of Test Specimens 

The experimental program for this phase of the project consisted of testing two simply-

supported one-way spaning RC slabs (Slabs S7 and S8) as shown in Table 6.1 and 

Figure 6.1. Both slabs were nominally identical to Slabs S 1-S4 as reported in Chapter 5 

however they are described again here for completeness and ease of reference. Both 

slabs were prismatic, rectangular in cross-section, and nominally 3400 mm long, 2400 

mm wide and 160 mm deep with a clear span (distance between supports) of 3200 mm. 

The slabs had penetrations of 900 mm width (parallel to the supports) and 1200 mm 

length and the penetrations were located in the constant moment region. 
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6.2.2 Construction of Test Specimens 

6.2.2.1 Concrete 

The two slabs were constructed from one concrete batch of ready-mix concrete of 

consistent mix strength as that described in Section 5.2.2. Concrete material test 

samples were also cast at the time of the pour and the details of such material tests and 

results are given in Section 6.3 .1 . 

6.2.2.2 Steel Reinforcement 

As with Slabs SI to S4, Slabs S7 and S8 were singly reinforced with Australian Class N 

deformed steel reinforcement (AS/NZS4671 2001) of which the position of all 

reinforcing bars is shown in Figure 6.1. The 12 mm diameter steel bars in the 

longitudinal (spanning) were spaced at 200 mm centres while the transverse steel bars, 

of equal diameter as the longitudinal steel and positioned beneath, were spaced at 400 

mm. The ultimate moment capacity of the unstrengthened slab in the transverse 

direction was approximately half the capacity of the unstrengthened slab in the 

longitudinal direction (due to different effective depths in each direction). The clear 

cover from the longitudinal tensile steel to the nearest concrete surface was 20 mm (26 

mm from centre of longitudinal steel to concrete face), and the reinforcement was 

designed and detailed to satisfy the Australian standard for the design of concrete 

structures (AS3600 2001 ). The span to effective depth ratio for each slab was also 24. 
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6.2.2.3 FRP Strengthening 

The FRP strengthening scheme and anchor layout, as shown in Figure 6.2, were 

identical for both slabs. As with Slabs S 1-S4, two layers of commercially available 

CFRP, formed in a wet layup procedure from fibre sheets of 0.117 mm nominal 

thickness each and 17 5 mm width, were adopted. In order to avoid the internal steel 

reinforcement interrupting the placement of the FRP anchors, the outermost two FRP 

strips were shifted toward the penetration region by 30 mm (i.e. each strip was located 

230 mm away from the free edges of the slab while this distance was 200 mm for Slabs 

S2 and S4). These new FRP positions represented a slight change from the 

strengthening schemes presented in Chapter 5 however such change was deemed 

negligible. The shear strength of the slab was deemed sufficient when calculated from 

existing theory and in a manner with that reported in Section 5.2.2.3. 

6.2.2.4 FRP Anchors 

The real novelty of this subsection was the introduction of anchors as shown in Figures 

6.2 and 6.3. All four strips were anchored with staggered arrangements of FRP anchors 

at 300 mm centres (Figure 6.2).The anchor fan component was orientated in the 

unidirectional plate fibres in a bid to optimize the performance of anchors with the bow-

tie arrangement, as shown in Figure 6.3. The fan-out angle was 60°, the width of fibre 

anchor sheet was 200 mm and the embedment depth was 40 mm (Figure 6.3) thus 

making the anchors of a consistent design with those used in the joint shear strength 
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tests reported in Chapter 4. A staggered anchor layout was aimed to effectively capture 

cracks. Compared with evenly spaced two lines of anchors, under the same anchor 

spacing, cracks would have more chances to be located closer to one of staggered 

anchors. Also, such an arrangement could enable anchors to be more effective as 

evidenced from the joint shear strength tests (Section 4.3.5). In Chapter 4, an anchor 

with a fan oriented in one direction was investigated. In this chapter, anchors with fan 

oriented in both longitudinal directions of the plate have been employed. There is an 

obvious disconnect between the anchor fan detail in Chapter 4 and Chapter 6. In reality 

though, the fan component in the direction opposite to the loading is not expected to 

noticeably contribute to the strength of the anchor. In addition, it is not possible in this 

PhD project to investigate all permutations of anchor design. The anchors tested in 

Chapter 4 highlighted more so the importance of the anchor in relation to the cacking in 

the concrete. This parameter is considered far more important than the arrangement of 

the anchor fan , 

The constrnction of FRP anchors has been desc1ibed in detail in Section 4.2.2. 

Installation Method 2, which was found to produce a higher degree of quality control 

and anchor strength (refer to Section 4.3.5), was also used. For completeness, the 

installation method will however be described again and with respect to the photographs 

given in Figure 6.4. Initially the concrete was drilled at the desired anchor positions 

with a hand held electric drill (Figure 6.4a) and then the surface of the slab to be plated 

was prepared with a pneumatic needle gun (Figure 6.4b ). The anchor holes and scoured 

concrete surface were cleaned by spraying with compressed air. The pre-constructed 

hand -made anchors were inserted into half epoxy filled holes (Figure 6.4c) and then left 
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for one day for the epoxy in the hole to harden prior to the application of the plating. 

During the anchor application process, the lower portion of the anchor fan component 

was covered in non-sticky plastic tape so as not to be contaminated with epoxy (Figure 

6.4d). The FRP plate was then applied in accordance with the typical wet lay-up 

procedure (Figures 6.4e to 6.4g). In order to allow the flow of stresses in the 

strengthened plate around the anchors, the sheet fibres were locally parted for the 

anchor to pass through (Figure 6.4f). The fan-out fibres were finally splayed out and 

epoxied onto the surface of the plate (Figure 6.4h). The FRP plates and anchors were 

left to cure at room temperature for a minimum of seven days prior to testing. 

The amount of FRP plate strengthening was calculated based on the loss of steel 

reinforcement in the penetration region. The equivalent plates ' strength was estimated 

under the assumption of IC debonding failure and based on the theory presented in 

Section 2.3 .2. The effect of the anchors was not considered as the IC debonding based 

analysis was expected to give lower bound strength. 

6.2.3 Test Set-up, Instrumentation and Test Procedure 

The test set-up, instrumentation and test procedure for Slabs S7 and S8 were identical to 

those of the slab tests reported in Chapter 5 except for minor changes in the application 

of load for Slab S8. 

6.2.3.1 Test Set-up 
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All slabs were tested in inverted positions where the tension face was directed upwards 

and the actuator reacting between test specimen and strong reaction floor. A schematic 

diagram of test set-up in the support region is given in Figure 6.5. The loading part 

consisted of a stiff steel roller located between two loading plates in order to ensure 

there was no membrane resistance of the slab. The application of load was different for 

Slabs S7 and S8, in which uniformly distributed load was positioned along (i) each of 

the two strong bands for Slab S7 (Type 1 in Figures 6.1 and 6.6), and (ii) the penetration 

band for Slab S8 (Type 2 in Figures 6.1 and 6.6). An actuator was placed beneath each 

of the line loads (Figures 6.5 and 6.6). A load cell was located between each actuator 

and the line load spreader beam in order to measure the applied load, as shown in 

Figures 6.5 and 6.6b. For load type 2, two separate rollers (350 mm in length) formed 

one line load thus providing less restriction on transverse directional deformation 

(Figure 6.6b) (i.e. direction which follows the line load) compared with using one 

spreader beam as used in Slabs S3 and S4. 

The test set-up for Slabs S3 and S4 which the line load applied to the penetration strips 

in Chapter 5 used a single spreader beam and roller across the whole width the 

penetration strip while the loading for Slab S8 used two separate spreader beams (i.e. 

two actuator were connected to one long spreader beam in Slabs S3 and S4 while each 

of two actuators was connected to separate spreader beams in Slab S8) in the 

penetration strip. The reason for making such a change was for longer stroke to be 

extracted from the actuator and the difference between the two different loading set-ups 

was assumed to be negligible. Differences were however noticed from the tests and such 

differences are reported in the results section of this chapter. 
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The space between the line loads constituted the constant moment region. The constant 

moment region was therefore larger than the shear span. This was unavoidable in this 

test set-up. An obvious issue of concern here is wether anchors positioned in the 

constant moment region or the shear span are more effective. The rational use of 

anchors in this study is that they are positioned around the vicinity of where the critical 

diagonal cracking in the slab intersects the FRP. The point of intersection can lie in the 

constant moment region (i.e. for the strips located closest to the penetration) or can lie 

in the shear span (i.e. for the strips located furthest away from the penetration). 

6.2.3.2 Instrumentation 

The positions of all instrumentation are shown in Figure 6. 7. Vertically oriented L VD Ts 

were positioned between the soffit of the slabs (denoted as L V in Figure 6. 7) and the 

reaction floor. Electrical resistance strain gauge positions are also shown in Figure 6. 7. 

Strain gauges of 5 mm gauge length were attached onto the steel reinforcing bars 

(denoted as SS in Figure 6.7) and strain gauges of 10 mm gauge length were attached 

onto the FRP surface (denoted as F in Figure 6. 7). Two strain gauges of 60 mm gauge 

length were attached to the concrete compressive surface at mid-span (i.e. one gauge on . 

both sides of the penetration, denoted as SC in Figure 6. 7). 

6.2.3.3 Test Procedure 
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Each slab was loaded monotonically at approximately 70 N/sec and the load was paused 

at regular intervals in order to mark the new crack positions and also to inspect the 

condition of the FRP. A simple FRP-to-concrete bond quality test, which has been 

extensively used throughout this project, was conducted by tapping the FRP with a 

metallic object in order to check for FRP debonding. The interface between the FRP and 

concrete was also inspected during each pause by examining the edges of the FRP. The 

load was not paused after approximately 65% of the predicted debonding capacity of the 

slab for safety reasons but continually applied to failure. No sign of debonding was 

detected, either by tap test or visual inspection, prior to the slabs being continually 

loaded to failure . It should be noted that each of the two slabs were loaded with four 

actuators and the average load of the four is used for reporting the load hereinafter. 

6.3 Experimental Results 

6.3 .1 Material Properties 

6.3 .1.1 Concrete 

The material properties of the concrete for each of the slabs are given in Table 6.2 in 

which the cylinder compressive strength (f'c), elastic modulus (Ee), splitting strength 

(fc1), and modulus of rupture (ER) are given. All material properties were tested in 

accordance with Australian Standard (i.e. AS 1012.9 1999, AS 1012.17 1997, AS 

1012.10 2000 and AS 1012.11 2000 respectively), were averaged from three test 

specimens, and were determined within one day of testing each slab. 
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6.3 .1.2 Steel Reinforcement 

Based on an average of five specimens the mechanical properties of the Class N steel 

reinforcing bars were determined in accordance with AS 1391 (1991) (Table 6.3). The 

results as well as their design characteristic values in brackets (from AS/NZS 4671 

2001), are yield stress /sy = 546 MPa (500 MPa), ultimate stress fsu = 606 MPa (540 

MPa), elongation Esu = 10.0% (5%), ratio of ultimate to yield stressfs j fsy = 1.11 (1.08), 

and elastic modulus Es = 207 GP a (200 GP a). 

6.3. 1.3 FRP 

The same CFRP as used in Chapters 3, 4 and 5 of this dissertation for the anchor and 

slabs tests is also used in this chapter. The tested properties were reported in Sections 

3.3.1 , 4.3 .1 and 5.3.1 and are repeated here again for completeness. The material 

properties averaged from eighteen coupon tests to produce an elongation at rupture Efrp 

of 10405 µc, tensile strength frrp of 2735 MPa and elastic modulus Ejrp of 268 GPa. 

6.3.2 Failure Modes and Failure Loads 

Selected results are presented in Table 6.4 and are elaborated upon in this section. 

6.3.2.1 Slab S7 
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Failure was by IC debonding followed by concrete compressive failure and rupture of 

the internal tensile steel reinforcing bars. IC debonding initiated in the constant moment 

region and propagated towards the ends of the plates. Different to the unanchored slab 

tests Slab S2 and S6, debonding propagation in Slab S7 occurred in a relatively slow 

manner without any sudden drop of applying load until reaching complete debonding of 

the FRP plates. When the load reached the peak, one end of one side of the FRP plate 

completely debonded firstly followed by the same end of the other side's plate in a very 

short interval (approximately within 15 sec.). Detailed descriptions of the debonding 

procedure are presented in Section 6.3.4. Based on test observations as well as the 

analysis of video recording and data logging data, the anchors in the debonded plate 

region stopped the local propagation of debonding cracks and effectively held the plates 

in place until eventual concrete crushing failure . 

The maximum average load (averaged load of four actuators) at de bonding failure was 

79.0 kN. The strain in the compressive concrete and tensile steel at mid-span were well 

below than their extreme failure strain when debonding occurred, i.e. 1656 µ£ and 5883 

µ£ for concrete and steel bar respectively (Table 6.4). As the load increased, concrete 

compressive failure was observed at both line loading positions (Figure 6.8a) prior to 

rupture of the steel reinforcing bars. All longitudinal tensile steel bars finally ruptured 

crossing the section of strong bands and Figure 6.8b shows typical fractured steel 

reinforcing bar. 

6.3 .2.2 Slab S8 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 269 



Chapter 6: Anchored FRP-strengthened RC slabs with penetrations 

Slab S8 failed by IC debonding due to intensive diagonal cracking formation which 

initiated from four comers of the penetration followed by slab shear failure adjacent to 

the penetration in the penetration band (Figure 6.9) although the ultimate shear strength 

of resistance of the slab was significant higher than failure load. At lower load stage, the 

slab behaved similar to that of Slab S7 while transversal deflection at the position of the 

line loads became significant as the load increased (Figure 6.9a as well as Figure 6.11 b ). 

Such deformation was not observed in the unanchored Slab S2 while it may be caused 

by separating the spreader beams for the loading described in Section 6.2.3.1. Just after 

debonding occurred, two major shear cracks, which initiated at two adjacent comer of 

one of line loads, became obvious which then propagated to the closest line support at 

an angle of approximately 45° to the line support (Figure 6.9b ). 

The average load at IC debonding failure was 59.3 kN. The strain in the compressive 

concrete and tensile steel at mid-span were well below than their extreme failure strain 

when debonding occurred, i.e. 1280 µ£ and 4858 µ£ for concrete and steel bar 

respectively (Table 6.4). After the debonding failure, the applied load gradually 

decreased along with progressing shear cracks and then the slab eventually failed in 

concrete shear failure (Figures 6.9c and 6.9d). Similar to the anchors in Slab S7, the 

anchors stopped the propagation of debonding cracks and held the FRP plate in place 

until eventual shear failure. Critical shear cracks (CFCs) were observed on both the 

tension surface and compression surface of the slab (Figures 6.9b to 6.9d). The 

calculated ultimate shear strength of resistance on the failure section (i.e. from one 

comer of the penetration to nearest comer of slab support was 119 kN according to AS 

3600 (200 I). 
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6.3 .3 Cracking Behaviour 

6.3 .3 .1 Slab S7 

The cracking patterns and line load for 40 kN, 50 kN and post failure are given in 

Figure 6.10. The first cracking (i.e. flexural cracking) was observed in the mid-span 

region, parallel to the line loading (Figure 6.1 Oa). Diagonal cracking also originating 

from the each comer of the penetration was observed. As the load increased, additional 

cracks formed closer to the loading positions and then into the shear span region 

(Figures 6.1 Ob). As the load approached the peak, cracks became obvious with more 

cracks appearing. Cracks mainly formed parallel to the line load (Figure 6.1 Oc) and this 

was also observed in Slab S2. 

The position of the load line influenced the direction of propagation of diagonal cracks 

originating from the comers of the penetration. The diagonal cracks were inhibited from 

propagating to the nearest adjacent comer of the slab and were forced to propagate 

parallel to the line load positions (Figure 6.1 Oc ). The CFCs were finally formed between 

the load lines (Figure 6.13). 

6.3.3.2 Slab S8 

The cracking patterns for Slab S8 are given in Figure 6.11. Initial crack patterns were 

similar to that of Slab S7. First cracking was observed in the mid-span region and 
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parallel to the line loads (Figure 6.11 a). As the load increased, additional cracks formed 

in the mid-span region and diagonal cracking was observed at each comer of the 

penetration. Particularly so, the flexural cracks perpendicular to the line loads in the 

penetration band were also observed at a load of 40 kN (Figure 6.11 b ). When the load 

neared the peak load, additional cracks formed in the mid-span region as well as the 

shear span region. Diagonal cracks originating from the comer of the penetration 

became obvious (Figure 6.11 c ). At the peak load, diagonal cracks in the shear span, in 

particular the CFCs (Figure 6.16), became wider then finally the slab failed in shear. 

The influence of the load lines was clear in Slab S8. Diagonal cracks in the shear span 

region were free to extend to the adjacent slab comers as they were not restrained by the 

line loading which in tum resulted in a different failure mode. The cracks including 

CFCs and other line cracks irr the shear span formed diagonally. The flexural cracks 

which were observed in the penetration band extended until eventual failure (Figures 

6.9a, 6. I 1 band 6.1 lc ). 

6.3.4 Debonding Behaviour 

6.3.4. I Slab S7 

Initiation of IC debonding was observed around the 60 to 70 kN load range. Localised 

debonding was observed between anchors at the outer-most side of the plate in the 

constant moment region as indicated in Figure 6.12a and extended toward to the plate 

end as the load increased as indicated in Figure 6.12b. Figure 6.13 shows a schematic 
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representation of the debonded portion of the plates and the sequence of debonding 

(denoted as CD to@). Two plates (strips 1 and 2; area denoted as CD and (2) in Figure 

6.13) on one of the strong bands debonded one after the other firstly and then the plates 

on the other strong band side (strips 3 and 4; area denoted as <3) and @ in Figure 6.13) 

also debonded. Although all debonded parts of the plates were completely separated 

from the concrete surface, all plates were still connected to the anchor fan components 

(Figure 6.14). Strip 3 in Figures 6.13 and 6.14 was split in two when it debonded but the 

anchored part was still bonded to the fan-out component. As the slab deflected more, the 

portion of debonded plate increased and eventually anchors attached to plates failed. 

Three out of four plates completely separated from the anchor while one plate (Strip 1 

in Figures 6.13 and 6.14) was held by the anchors until complete failure of the slab. 

The anchors in strips 2 to 4 failed in a pullout mode (anchors AN2, AN3, AN6, and 

AN9 in Figure 6.13) or a shear mode (denoted as AN4, ANS, AN7, and AN8 in Figure 

6.13). Anchor AN l was an exception as it failed in a mixed mode oflocal bond failure 

+ shear failure as shown in Figure 6. l 5a. Figure 6. l 5b shows typical failure shape of 

both pullout mode (AN2) and shear mode (AN4 and ANS). All anchors failing in a 

shear manner did so in Mode 2A as defined in Chapter 4 for the FRP-to-concrete 

anchored joints tests, namely Plate Debonding Followed by Anchor Shear Failure. All 

anchors however which were pulled out were positioned near CFCs (Figure 6.13) and as 

the intensive cracks were developing and widening along the CFCs, the weakened 

concrete caused the adjacent anchors to fail. This failure was different from either 

pullout or shear failure as described in Chapters 3 and 4 as deficient cracked concrete 

caused the failure and bond strength of anchors was not a key role of this failure. In all 
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cases the anchor fan component remained bonded to the FRP plates at all times until 

concrete compressive failure occurred. 

6.3.4.2 Slab S8 

Figure 6.16 shows the debonded plate portions and debonding sequence denoted as CD 

to C3). Two strips (region CD in strip 2 and region (2) in strip 1) on one of the strong 

bands debonded one after the other and then one more strip (region C3) in strip 3) on the 

other strong band debonded. No debonding was observed in Strip 4 until overall shear 

failure of the slab. The major shear cracks (denoted as CFC in Figure 6.16) became 

significantly wide after the plates debonded and debonding propagated toward the line 

support with an approximately 45 degree angle with respect to the span direction 

(Figure 6.16). The slab then failed in a shear manner. 

The anchors in strips 1 to 3 failed in a pullout mode (denoted as AN4, ANS, AN7, AN8, 

ANlO and ANl 1 in Figure 6.16) which was an identical failure observed in Slab S7 

(Figure 6.17). This implies that the anchors were not fully effective when the failure 

occurred. 

In all debonded strips of Slabs S7 and S8, debonding occurred in the concrete at the 

FRP-to-concrete interface (Figures 15b and 17b ), thus indicating a good quality of bond 

between the FRP and concrete 

6.3 .5 Load-displacement Responses 
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The load-deflection responses at mid-span for both slabs are given in Figure 6.18. The 

load is averaged from all four load cells while L VDT results from one side of the slab 

are given (i.e. LV4 or LV5 in Figure 6.7). The mid-span deflections either side of the 

penetrations in the pre-debonding stage were found to be virtually identical as to be 

expected due to the symmetrical application of load. The debonding sequence of both 

slabs is shown in the load-deflection response plots as indicated by CD , ®, Q) and/or©). 

These also correspond to the numbers given in Figures 6.13 and 6.16 respectively. 

The LVDT results positioned along the loading lines (i .e. LV1-LV3 and LV6-LV8 in 

Figure 6.7) are summarised in Figures 6.19 for different load levels. LV2 and LV7, 

which were positioned in the penetration band region, showed smaller deformation than 

that of the strong band regions (LV3 , LV6 and LV8) in Slab S7 while large deformation 

was observed in the penetration band region for Slab S8 (Figure 6.20). This large 

deformation at the load line resulted in the flexural cracking in the penetration band and 

affected the diagonal cracking in the strong band. 

6.3.6 Load-Strain Responses 

The distribution of strain along the FRP strips 3 and 4 is given in Figure 6.21 for both 

slabs. 

As strain gauges were installed only one side of strong bands (Figure 6.7) and the plates 

did not debond simultaneously (Figures 6.13 and 6.16), the strain was taken at the 
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debonding failure of each strip. With reference to Figures 6.13 and 6.16, the strain 

corresponds to debond Q) and ® in Slab S7, and debond@ in Slab S8. 

The strain distribution of each slab varied along the entire plate length. Slab S7, which 

failed in a typical IC debonding failure , showed similar behaviour with Slabs S2, S4 and 

S6, such a high strain either near the critical cracks or line loading with strain being 

relatively low at the unbonded plate end. For Slab S8, the overall low strains inferred 

the debonded plates did not reach their ultimate bond strength (i .e. IC debonding stress). 

6.3.7 Comparison with Unanchored FRP-strengthened Slabs 

All unanchored or anchored FRP-strengthened slabs with penetrations experienced IC 

debonding and also showed similar pre-and post-debonding behaviour except for Slab-

S8. Such strengthened slabs showed significant enhancement in their load-carrying 

capacity at the peak load compared with their unstrengthened counterpart control slabs. 

The anchorage system adopted in Slabs S7 and S8 resulted in an increase in the ultimate 

moment of resistance (Slab S7) and improved the post-debonding behaviour (Slabs S7 

and S8). 

The load-displacement responses at mid-span of all three slabs which were loaded in the 

strong bands (i.e. Slabs SI , S2 and S7) are given in Figure 6.22a. It is clearly shown that 

both FRP-strengthened slabs (Slabs S2 and S7) showed significant strength increase 

over the control slab (Slab SI) and the anchored slab (Slab S7) over the unanchored slab 

(Slab S2) as well. Particularly in the post-debonding stage, the average load plateau of 
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Slab S7 recorded increases of 9 % and 19 % compared with that of Slabs Sl and S2 

respectively. In addition, Slab S7 had lowest concrete compressive strength (i.e. 42 MPa, 

42 MPa and 35 MPa for Slabs S 1, S2 and S7 respectively) and although the contribution 

of concrete strength is difficult to be quantifying and may not significant, this difference 

resulted in declining the overall strength enhancement of the slab throughout pre-and 

post-debonding stages. A parameter to affect the increased load plateau is most 

obviously the anchors holding the debonded plate in place. 

As Slab S8 failed differently to Slab S4, direct comparison of the results may not be 

appropriate. According to the initial test design, Slabs S4 and S8 were nominally 

identical except for existing anchors and minor changes in the load set-up of Slab S8 in 

order to simulate larger deflection (refer to Section 6.2.3). According to cracking 

formations and deflection monitoring (refer to Sections 5.3.3 as well as 6.3.3 and 

Section 6.3.4 respectively), the set-up changes caused more deformation of the slab 

following the load lines (i.e. perpendicular to the span direction) and this deformation 

has resulted in the different failure modes. 

Figure 6.22b shows the load-displacement responses at mid-span for all three slabs 

loaded in the penetration band (i.e. Slabs S3, S4 and S8). The load on the 

unstrengthened Slab S3 was released prior to failure due to the stroke capacity of the 

actuator being reached while the slab was however expected to fail by concrete crushing. 

Debonding failure of both FRP-strengthened slabs (Slabs S4 and S8) proceeded less 

suddenly and with a longer time interval than that of Slabs S2 and S7 for the same rate 

of loading. The extensive formation of diagonal cracks in Slab S4 accounted for the 
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delayed debonding process as described in Section 5.3.4. Although Slab S8 failed by 

concrete shear failure, a similar failure process was observed. The plates debonded one 

after the other until reaching the peak (Figure 6.18) and then excessive cracks formed 

that extended inside the shear span while the load dropped gradually over the entire 

shear failure process until reaching ultimate failure (circled point in Figure 6.18). The 

anchors in debonded plate regions were effective in holding the debonded plate in place. 

6.4 Analytical Modelling 

This section presents an analytical model for predicting the ultimate moment of 

resistance of anchored FRP-strengthened RC slabs with penetrations. The analysis 

assumes IC debonding to initiate at the intersection of the FRP strengthening with a 

critical crack line (CCL). In Chapter 5, an analytical model for unanchored FRP-

strengthened slabs with penetrations was presented and the bond strength of unanchored 

FRP plates was limited by that of IC debonding failure. The analytical model is gross 

simplification of the problem at hand and is therefore only applicable to the particular 

tests and any future configurations which lie equal to or close to the tests reported in this 

chapter. While the model is a simplification, it is however relatively easily formulated 

and applied in a design situation. It is after all the motivation to make the model easily 

applied in a design situation and easily incorporated into the design guidelines. In this 

section, the analytical model is modified to include the presence of the FRP anchors. 

6.4.1 Ultimate Moment of Resistance along a CCL 
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In Equation 5-1 of Chapter 5, the ultimate moment of resistance of a slab along a CCL 

was presented. IC debonding, which was reviewed in Section 2.3.2, was incorporated 

into the analysis of the ultimate moment of resistance by reducing the maximum 

allowable stress in the bonded plate from the rupture stress to that in accordance with 

Equation 2-2. Tests on anchored FRP-to-concrete joints presented in Chapter 4 however 

showed the strength of a plated joint to be up to 80 % higher than an unanchored joint as 

given in Table 4.4 of Chapter 4. The strength was found to be dependent on the failure 

mode and location of the anchor and is expected to be further increased with anchors 

positioned closer to the loaded end of the joint. The contribution of the FRP anchors can 

therefore be reflected by an increase in the maximum allowable stress it the FRP plate 

as given in Equation 6-1. 

(6-1) 

where K
0

v is the increase in strength offered by the anchors. 

The strength enhancement provided by the anchored joints reported in Chapter 4 was 

highly dependent upon the position of the anchor in relation to the loaded end of the 

joint. In the context of the anchored slabs presented in this Chapter, the distance 

between the anchor and the nearest adjacent crack in the slab is of most importance in 

order to define the strength contribution of the anchor. In order to assess the overall 

contribution provided by the anchors, and average distance for all anchor to adjacent 

crack distances needs to be determined. Such an average distance can be determined by 
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measuring directly from the test specimen and it can also be determined analytically. 

Both methods are shown as follows. 

The first important piece of information which is required is the crack spacmg S er· 

Numerous researchers have proposed analytical models to determine the crack spacing 

in FRP strengthened flexural members and the recently published model proposed 

(Ceroni and Pecce 2009) is utilised herein. Ceroni and Pecce ' s (2009) model is 

relatively simple to use and has been calibrated against a large test database and is given 

as follows 

A o.5 ~ 
S = 2 0 + 4 ejj' 'f's 

er A0.75 + (A E I E ) 0.75 
SI frp jrp S 

(6-2) 

where As,, Es, Afrp and E frp are the sectional area (mm2
) and elastic modulus (MPa) of 

the internal steel reinforcement and externally bonded FRP respectively, whi le r/Js is the 

diameter of the steel reinforcem ent (mm). The effective area of concrete Af!0. can be 

obtained by 

(6-3) 

where be and he are the width and total depth of the concrete section (mm) respectively, 

de thickness of concrete cover (mm), and xna distance from the compressive surface to 

the neutral axis (mm). 
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A schematic diagram of the anchored plates for Slab S7 (Type I loading) and Slab S8 

(Type 2 loading) is presented in Figure 6.23 in which the anchors are spaced at a 

distance of Sane and the crack positions are assumed at a spacing of S er· The zone of 

influence of the anchor, of which length is defined by the position of adjacent cracks 

either side of the anchor, is also indicated. The value of K (i.e. the increase in bond 

strength due to an anchor) in the regions not affected by the presence of an anchor is 

taken as 1.0 while the value of K in the regions affected by the anchors is dependent on 

anchor position. As shown in Figure 6.23 the distance between the anchor and the 

nearer crack (l
011

c ) is not always constant as the anchors and cracks are spaced at equal 

distances (sane and S er respectively) and by different amounts. This implies that each 

anchored region may have a different contribution to the overall enhancement of plate 

bond strength. Overall the shear strength of the anchored plates however can be 

estimated by a weighted average of the indivjdual shear strength contribution by the 

unanchored and anchored plate regions. 

In order to estimate the averaged strength enhancement factor ( K
0
v) of the anchored 

plate region, several assumptions are made, namely (i) anchor spacing is large enough 

so not more than one anchor exists within the region bounded by two adjacent cracks, 

(ii) in the anchored plate the maximum increase in shear strength is limited by 10 % to 

90 % relative anchor position (I anc I S er ) as an anchor cannot be physically located closer 

to a crack, (iii) in the anchored plate region, the minimum shear strength is to be taken 

as unity (i.e. K = 1.0), and (iv) each fan-out component resists forces in only one 

direction. 
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The assumptions for the shear strength model are given here for completeness even 

though they are clearly spelt out in Section 4.4.4. The anchors become effective when 

positioned within effective bond length ( l anc ~Le ) with the length of bonded plate also 

being limited by the effective length ( l P ~Le ) . 

In continuous plates, the anchor becomes effective when positioned with in effective 

bond length (l ane ~Le ) with the length of bonded plate also being regarded the same as 

the effective bond length ( l P = Le) (Case 1 Figure 6.24). When anchors are located 

away from a crack (lane >Le), the shear strength increase is to be taken as unity (i .e. K = 

1.0) (Case 2 of Figure 6.24). 

The ca1culated K
0

v of Slab S7 is given in Table 6.5 and compared with the test results. 

The test results were estimated by accounting for 11 cracks in the moment constant 

region, and the various values of lane are shown in Figure 6.25. The predicted (weighted) 

average Kav of the anchored plate region was around 1 % higher than that of the test 

results (calculated 1.09 and 1.08 by the prediction and test results respectively) while 

the results of both Kuv correlated well . 

6.4.2 Width of Slab for Ultimate Moment of Resistance 

The detailed description on width of slab for ultimate moment of resistance is given in 

Section 5.4.1.2. Based on the results of unanchored slab tests, calculation of the 
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sectional moment capacity based upon the width of the strong band + the penetration 

strip was found to correlate the best with test results. This method has been used for the 

analysis of Slab S7. 

6.4.3 Comparison of Prediction and Test Results 

The analytical model prediction is compared with the rest result of Slab S7 only as Slab 

S8 failed in shear and is therefore not suitable to be analysed. The CCL angle is 

assumed to be 45° as assumed for the analysis of Slabs S2 and S4 in Chapter 5. The 

corresponding analytical predictions and test results are summarised in Table 6.6. The 

analytical prediction is found to give an excellent correlation with the test result. 

6.5 Design Procedure 

Figure 6.26 presents a flowchart of the design process for anchored FRP-strengthened 

RC slabs with penetrations. The design commences with an estimation of the design 

moment Mn which can be calculated from the applied loading. The ultimate moment of 

resistance of the slab in direction(s) without FRP is simply the strength of a plain slab 

and is denoted by Mux and/or Muy· Such capacities can be easily determined from 

existing theories. 

For sections strengthened with FRP, variables such as the type and amount of FRP, as 

well as width and thickness of the FRP are assumed. An anchorage system is considered 

for the purpose of using FRP more effectively and/or preventing or delaying undesirable 
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sudden debonding failure. If an anchorage system is not required then the moment of 

resistance is calculated using the sectional analysis presented in Section 5.4 and with the 

maximum stress in the FRP being based on the IC debonding stress. If an anchorage 

system is to be used then the contributions of the anchorage to the pullout and shear 

strength need to be calculated in accordance with the analytical models presented in 

Chapters 3 and 4 respectively. Design procedures for anchors under pullout forces as 

well as shear forces are given in the final Sections of Chapters 3 and 4 respectively. It 

should be noted that anchors may be subjected to combined pullout and shear forces 

however consideration of such combined actions has not been investigated by the author, 

or indeed anyone else to date, so it is left for future research. 

The governing moment of resistance is found by comparing that of each fai lure mode 

(i.e. concrete crushing failure Mu.cc, FRP rupture failure Mu.Jn IC debonding failrue Mu.db 

and anchored plate failure Mii.ap) and then the ultimate moment of resistant Mun is 

estimated by the use of Equation 5.1. The comparison with design moment Mn finally is 

undertaken. If the section capacity is not satisfied the assumed variables should be 

revised again and the design repeated. 

6.6 Conclusions 

In this chapter the test results of anchored FRP-strengthened RC slabs with central 

penetrations were reported. Two anchored slabs with different load types were tested. 

The failure modes were observed as well as pre-and post-debonding behaviour of the 

anchored slabs. Comparison with the unanchored slab test results in Chapter 5 revealed 
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the positive contribution offered by the anchors. It is hypothesised that anchors 

positioned close together would lead to a higher enhancement in strength. An analytical 

model was then presented that provided a reliable strength estimate of one of the slab 

tests. The contribution of anchorage can be predicted by the use of the simple model. 

The model also can be easily applied in a design situation. The model should however 

be used with caution as it really needs verification from more tests if it is to be used on a 

much wider scale. A design procedure was finally presented which will aid engineers in 

the design of anchored FRP-strengthened RC slabs with penetrations. 
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Table 6.1 Slab test: Slabs S7 and SS 

Specimen Width Thickness Length 
Penetrations 

ID 

S7a 

S8 

a s = slab, 7 = specimen 
• total length of slabs 

(mm) 

2500 

** clear span: length between supports 

(mm) 

160 
(20t) 

(mm) 
Width Length 
(mm) (mm) 

3400· 
(3200 .. ) 900 1200 

t clear concrete cover (from outer surface of longitudinal steel reinforcements to the nearest concrete 
surface) 

Table 6.2 Tested concrete material properties: Slabs S7 and SS 

Specimen 
Cylinder Elastic Splitting Modulus of 

Specimen ID Strength Modulus Strength Rupture ID ( (MPa) Ee (GPa) fc, (MPa) ER (MPa) 
-- ----~·-----·->--

CMS-7-1 b 38 
26.8 

3.5 3.5 
26.4 

S7a 24.4 
CMS-7-2 34 3.4 3.6 

23.9 

CMS-7-·3 35 
25 .9 

3.3 3.8 
25.9 

-------
Average 35 25 .6 3.4 3.6 

CMS-8-1 32 
23.5 

3.1 3.9 
23.8 

S8 CMS-8-2 32 
23.8 

3.3 3.6 
24.6 

CMS-8-3 33 
24.7 

3.4 4.4 
24.7 

Average 32 24.2 3.3 4.0 
a s = slab, 7 = specimen 
b CMS = £Oncrete material test specimen for unanchored ~Jabs, 1 = slabs 7, I = specimen 
Details of test specimens and raw test data are listened in Appendix B 

--

Age 
(days) 

50 

I -

38 

-
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Table 6.3 Tested material properties of steel reinforcement: Slabs S7 and S8 

Ultimate Ultimate Ultimate Yield Elastic Specimen Tensile strain stress Stress Modulus ID Strength 
Esu (%) fsu* (MPa) /sy** (MPa) f su / /sy Es (GPa) (kN) 

SAS-I a 68.6 9.0 606 591 1.03 200 
SAS-2 68.2 10.4 603 519 1.16 200 
SAS-3 69.1 9.5 611 557 1.10 210 
SAS-4 68.6 11.4 607 524 1.16 212 
SAS-5 68.3 9.5 604 538 1.12 215 

Average 68.6 10.0 606 546 1.11 207 
a SAS = tensile strength test of deformed normal ductile §.teel reinforcements for ~nchored §.labs, 
specimen 
* calculated maximum stress (Ultimate tensile strength I nominal sectional area) 

0.2 % proof stress 

Table 6.4 Slab test results: Slab S7 and S8 

Steel 
Specimen Load Concrete reinforcement FRP 

ID strain- strain strain 
(kN)a cc (µE) b cs (µE) c Cfrv (µE) d 

S7 79.0 1656 5883 10100 
S8 59.3 1280 4858 7656 

a measured maximum peak load 
b measured maximum mid-span concrete compressive strain at peak load. 
c measured maximum mid-span tensile strain of steel bar at peak load 
d measured maximum strain of FRP at peak load 
e measured maximum mid-span deflection at peak load 

Slab 
deflection 
6 (mm) e 

68.11 
51.72 
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Table 6.5 Average strength enhancement factor for anchored plates 

Nominal Average Average K of 
anchor spacing crack spacing anchored plate Kav 

(mm) (mm) region 

Prediction 92.6 1.55 1.09 
600 

* Test results 150 1.38 1.08 

• estimation of Kav for the anchored and unanchored plate regions given as a weighted averaged (Figure 
6.23). 

Table 6.6 Comparison of analytical predictions to test results for Slab S7 

Test results Analytical predictions a 

Slab Maximum Mx My Mn Mux Muy Mun Ratiob 
Load (kN) a (kNm) (kNm) (kNm) a (kNm) (kNm) (kNm) 

S7 79.0 45 69.13 0 34.56 45 50.00 18.41 34.21 0.99 

a Strong band + cut-out strip 
b ratio of prediction to test (M111/ Mn) 
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Load Line Load Line 
- -. . . . . . . . . . . . . . . . . . . . . . . . 

Penetration 
(1200 x 900) 

. . . . . . . . . . . . . . . . . . . . . . . . - -
Plan : Slab Type 1 (Slabs S7 and S8) 

Load Type I (Slab S7) - Load Type 2 (S lab-S8) 

3400 

f----__ 8_00 __ --.-_______ 1800 -------,-~_Q_-~ 

Elevation : Slab Type 1 

Figure 6.1 Slab details: Slab Type I 
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( c) Installed FRP anchors ( d) Installed anchor 

t ~ 

( e) Application of primer and epoxy (f) Passing FRP anchor through parted fibre 
sheet 

Figure 6.4 Application of FRP anchors and plates (Continued on following page) 
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(g) Application of epoxy to fibre sheet (h) SpJaying and epoxing of anchor fan-out 
component onto plate 

Figure 6.4 Application ofFRP anchors and plates (Continued) 
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(b) Close-up view of support ( c) Close-up view of actuator and line-load 

Figure 6.5 Test set-up: Schematic Representation 
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(a) Concrete compression failure (b) Rupture of steel reinforcement 

Figure 6.8 Slab failure :Slab S7 

(a) Flexural Cracks perpendicular to load line 
(Non-failed side) 

(c) Side view: from penetration side 
(Failed side) 

(b) Critical shear crack 
(Failed side) 

( d) Looking upward from below 
(Failed side) 

Figure 6.9 Slab cracking and failure pictures: Slab S8 
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(a) 40kN 

(b) 50kN 

( c) final 
Figure 6.10 Crack patterns: Slab S7 
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(a) 30kN 

(b) 40kN 

(c) final 
Figure 6.11 Crack patterns: Slab S8 
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(a) Initiation of debonding (b) Extension of debonding 
Figure 6.12 Initiation ofIC debonding: Slab S7 
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Line Load 

Figure 6.13 IC debonding sequence and CFCs: Slab S7 
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Figure 6.14 Test in progress - post IC debonding: Slab S7 

(a) ANI 

Figure 6.15 FRP anchors failure: post IC debonding: Slab S7 
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CFC 
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Figure 6.16 IC debonding sequence and CFCs: Slab S8 

(a) Side view (b) Detailed view of pulled-out anchor 

Figure 6.17 Anchor pullout failure: Slab S8 
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7.1 Introduction 

The overall aim of this dissertation has been to study the behaviour and strength of 

existing RC slabs with large penetrations made post construction which have then been 

strengthened with externally bonded FRP composites. An anchorage system has also 

been investigated in order to delay or prevent the propagation of debonding of the FRP 

strengthening from the concrete substrate. Application of the anchorage system to FRP 

strengthening for RC slabs with large penetrations has also been researched. 

Overall, the aims of the project have been met and the state of knowledge in this subject 

area has been advanced with original and novel research. Detailed testing has been 

undertaken and detailed knowledge and understanding has been gained of unanchored 

and anchored strengthening systems applied to RC slabs with penetrations. In addition, 

analytical models and design procedures have also been developed which will be of 

immense benefit to designers of strengthening systems. 

The remainder of this chapter presents summanes of the research undertaken and 

conclusions reached in each chapter of this dissertation. In addition, research needs are 

identified. 

7.2 Pullout Strength and Behaviour of FRP Anchors 

7.2 .1 Summary 
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In chapter 3, the pullout behaviour and strength of metal and FRP anchors was 

investigated. Pullout tests on metal and FRP anchors as well as tensile strength tests on 

flat FRP coupons and FRP anchors were reported. The tensile strength of FRP anchors 

was found to be as low as 65 % of their flat coupon counterparts. Three distinct pullout 

failure modes of FRP anchors were identified from tests and these failure modes were 

found to be consistent with failure modes of adhesively bonded metal anchors thus 

establishing the relevance of existing understanding on metallic anchors to FRP anchors. 

A test database of 93 data points of FRP anchors under pullout load was assembled and 

the relationship between embedment depth and anchor/hole diameter to the pullout load 

was identified. A design model for FRP anchors under pullout load was also reported 

which was developed from an existing adhesive metal anchor model and calibrated with 

the test database. The analytical model provides the first accurate representation of the 

pullout resistance of FRP anchors. A design procedure was then proposed which can be 

used for the rational design of FRP anchors under pullout loads. 

7.2.2 Future Research 

• Fine tune the construction of the FRP anchors as significant variations in the 

manufacturing process of the FRP anchor was observed in the tests reported in 

this dissertation. 

• Conduct more tests on parameters both inside and outside of the range of 

existing test data in order to improve the accuracy and reliability of the 
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developed model and extend its range of applicability. More tests results will 

lead to statistically more meaningful calibrations. 

• Pullout behaviour of FRP anchor groups (i.e. multiple anchors). 

• Pullout behaviour of FRP anchors in cracked concrete. 

• Vary load type: impact load, cyclic load, dynamic load 

• Long term behaviour of FRP anchors under sustained tensile load. 

• Numerical simulations. 

• Field applications. 

7.3 Shear Strength and Behaviour of Anchored FRP-to-Concrete Joints 

7.3.1 Summary 

In Chapter 4, the fundamental behaviour of FRP anchors in FRP-to-concrete joint was 

reported. Such a test set-up was used at it best simulated the behaviour of an anchor 

(and adjacent strengthening plate) in a flexurally strengthened anchor. Five distinct 

failure modes were subsequently identi fied although the likelihood of occurrence of a 

particular fai lure mode could not be established. Overall , it was observed that anchors 

positioned closer to the loaded end of the joint tests resulted in joints of higher strength 

(up to 80 % increase over the unanchored joints). 

An analytical model for anchored FRP-to-concrete joints was derived from theory and 

calibrated with test results which could accurately predict the bond strength of the joint. 

A user friendly (simplified) version of the analytical model was also developed. A 
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design procedure was finally proposed which can be used for the rational design of 

anchored FRP-concrete joints. 

7.3.2 Future Research 

• Extended investigation on mechanics of anchored FRP joints through 

stress/strain distribution and load-slip behaviour.. 

• Conduct additional tests with other parameters such as types of anchor fibres, 

length of bonded FRP, concrete-to-plate width ratios as well as relative anchor 

positions. Also, investigate parameters which may contribute to the post-plate-

debonding reserve of strength such as fanning out shapes, anchor fibre contents, 

angle of anchor fan out angle, length of fan-out components. 

• Conduct experimental as well as analytical studies on FRP anchor groups (i.e. 

multiple anchors). 

• Vary load type: impact load, cyclic load, dynamic load. 

• Long tem1 behaviour of FRP-to-concrete joints under sustained load. 

• Numerical simulations. 

• Field applications. 

7.4 Unanchored FRP-Strengthened RC Slabs with/without Penetrations 

7.4. 1 Summary 
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An experimental and analytical study on FRP-strengthened one-way spanning RC slabs 

with and without central penetrations was presented in Chapter 5. Four slabs with 

penetrations were tested in addition to two slabs without penetrations. The effect of 

different load application positions was investigated, in addition to the ability of the 

FRP to redistribute stresses around the penetration. The failure modes were observed as 

well as pre- and post-debonding behaviour of the slabs. Overall, the FRP strengthening 

was found to enhance the strength of the slabs with penetrations (up to 55 % and 64 % 

increase over unstrengthened slabs with and without penetrations respectively) although 

premature debonding failure occurred in all cases. The need to anchor the FRP 

strengthening was therefore most evident. 

An analytical model was presented that provided a reliable estimate of the debonding 

load. The model was also found to correlate well with other tests found in the open 

literature. A parametric study was finally conducted with the analytical model and a 

design procedure proposed. 

7.4.2 Future Research 

• Additional experiments with various loading types such as uniformly distributed 

load and various boundary conditions such as simply supported two-way slabs, 

one-and two-way continuous slabs. Uniformly distributed loads are especially 

relevant to simulating real behaviour. 

• Numerical simulation of FRP-strengthened RC slabs with penetrations 

considering of vanous geometry as well as material properties and FRP 
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strengthening schemes. In particular debonding behaviour of FRP plates with 

diagonally formed cracks. 

7.5 Anchored FRP-Strengthened RC Slabs with Penetrations 

7.5.1 Summary 

In Chapter 6, test and analytical results of anchored FRP-strengthened RC slabs with 

large penetrations were presented. Two anchored slabs were tested with different load 

types. The pre-and post-debonding behaviour was described and failure modes of each 

slab were reported. The contribution offered by the anchors was identified by 

comparing with unanchored counterpart specimens which were tested in Chapter 5. The 

effectiveness of the FRP anchors was established and especially their ability to provide 

a post-deboning reserve of strength (around 16 % increase over an unanchored slab). 

According to the anchored joint test results as reported in Chapter 4, it is to be believed 

that closer anchor spacing would provide a higher maximum load-canying capacity as 

well as post-debonding reserve of strength. An analytical model was then presented that 

provided a reliable strength estimate of one of the slab tests. A design procedure was 

finally presented which will aid engineers in the design of anchored FRP-strengthened 

RC slabs with penetrations. 

7.5.2 Future Research 

S.J. Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 316 



Chapter 7: Conclusions and future research 

• Additional experiments with various loading types such as uniformly distributed 

load and various boundary conditions such as simply supported two-way slabs, 

one-and two-way continues slabs. 

• Extend investigation on effective anchor layout for delaying or preventing 

debonding failure. 

• Analytical and numerical studies on failure behaviour anchored FRP plates with 

the intention to capture pre-and post-debonding stages of responses. 
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Appendices 

Appendix A: Material Properties of CFRP sheet and Epoxy 

: Material properties of carbon fibre sheets and epoxy quoted by the manufacturer are 

summarised. 

CFRP sheet (CF120) 

Modulus of Elasticity 

Tensile Strength 

Ultimate Strain 

MBrace Saturant 

Bonding to concrete 

Tensile strength 

Modulus of elasticity 

Ultimate elongation 

Compressive strength 

MBrace Primer 

Bonding to concrete 

Tensile strength 

Modulus of elasticity 

Ultimate elongation 

(direct) 

(by flexing) 

(tensile) 

(flexural) 

(direct) 

(by flexing) 

(tensile) 

(flexural) 

240 

3800 

1.55 

>3.5 

>50 

>120 

>3000 

>3500 

2.5 

>80 

>3 .5 

>12 

>24 

>700 

>580 

3.0 

(MPa) 

(MPa) 

(MP a) 

(MPa) 

(MPa) 

(%) 

(MP a) 

(MPa) 

(MPa) 

(MPa) 

(MP a) 

(MP a) 

(%) 

(GPa) 

(MPa) 

(%) 

concrete failure 

concrete failure 
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Appendices 

degussa. 
MBRACE® FIBRE Construction Chemicals 

Carbon, Aramid and Glass fibre sheeting used for structural strengthening 

~E$CRIPTION 
MBrace Fibre sheet reinforcement materials are 
enveloped in MBrace Saturant resin to yield a range of 
higi performance composites with many features. 

The NBrace Fibre Reinforcement Systems include: 
NBrac.e CF 130 (CF 120 & CF 140 similar) and 
NBr:ace CF 530 uni-directional tow sheet carbon 
fibres. 
NBrace AF 129 & AF 142 uni-directional aramid 
fibres . 
NBrace EG & ARG (50/50 & 90/10A&B) bi-
.cirectional glass fibres, 

E:ach type of fibre used within the finished IW3r:ace Fibre 
Reinforced PolYJner (FRP) system, permit~ high strength 
to cross section ratlo. and structural integrity as an 
alternative to bonding steel plates to concrete, masonry, 
tirrber and steel surfaces. 

RECOMMENDED FOR · . . . -
Walls, qeams·and slabs. 
Columns and chimneys. 
Silos and tanks . 
Pipes and tunnels . 

FEATURES & BENEFITS. : . --. :, : .. .' ;· ·' . 
MBrace Fibres fin qeneralt 

Lightweight 
Durable 
Control of crack propagation 
High strength to thickness ratio 
CO/ours 

o Carbon Fibre - Black 
o Arnmid Fi.bre - Yellow 
a siass Fibre - White 

MBrace Carbon Fibre 
Increased strength particularly for 

FleXure 
.Shear 
colrrmemem 
Fai.Jgue enhancef(letlt 
End anchoring pf l\etace S&P CFK 
t..ammates 

MBrace Aramid Rbre 
- inereasfi!t st.ren!flh particu/IJrly !Or 

Impact resistance 
Blast (bpioslon) resistance 

MBrace Glass Fibre 
se1s'mlc (Eanhqutll'.i!J Retrofitting 
Rettoflt of niilSoniy structures oi k1tN 
sue'ngth substrates · 

• "AR"type.tor alkali resistant, .requirements 

PERFORMANCE DATA 
(Tvpical Physical Properties) 
MBrace CF 530 (S&P C-Sheet 640) 
Carbon Fibre (CF) Reinforcement - (High Modulus CF) 
Fibre Reinforcement Carbon - Hisfl Modulus 
R.bre Density 2 .1 g/cm3 

Rbre Moci.Jlus 640 GPa 

Fibf:e Weight (CF) 

Thickness Ill 

Tensile Strength !2l 

Tensile Bongation, Ultimate 

Design tensile force i3l 
@0.2%Stra1n Im widh 

400g/m2 

0.'19 mrn 

2650MPa 

0.4% 

200 kN 

Roll Length 50 m 
Sheet Wicth 300 mm 
MBrace CF 130 (S&P C-Sheet 240) 
!MBrace CF 120 and CF 140 similar as noted) 
Carbon Fibre (CF) Reinforcement - (tflah Tensile CF) 
Rbre Reinforcement Carbon - High Tensile 
Fibre Density 1 .7 g/cm3 

Fibre Moclllus 240 GPa 

Fibre Weight (CF) 
CF 120 
CF 130 
CF 140 

Thickness (tl 
CF 120 
CF 130 
CF 140 

Tensile Sb:.ength (2) 

Tensile Bongation, Ultimate 

Design tensile force (3) 

@.0.6%strain Im widh 

200g/m2 

300g/m2 

400 g/rn2 

0.117rmi 
0.176mm 
0:235 r'nm 

3,BOOMPa 

1.55% 

140, 211, 280 kN 

R,oll Length 150 m 
Sh~t Wicth 300 mm 
NOTES: 
\ll D~sign thickness {mm/ply) is b'ased on the total thickness pf 
fibres (onlyj ,;.,. a unit width . l is calculated by dl\liding the ~bre 
weight by the pens~y: Frnm axPEl nerice, , the actual cured 
thid<ness,of 'Sheat>Ori av'eiage is 06 lb 1 0 mm/ply. 
m Fibre· tensil~ sirengtt, (MPa) ~nd tenstte 1nodulus ('GPa) aro 
deri•t.ed fr-0rn the str.at;iQ!h or modolus·per sheet width divided by 
the desi9n tnicl<ness. 
{3),(-t)AJ l6wable 'tenSile sir.engths7forces fof design indUde 
vari.ous satety ·anct reduction fBc!ors·. based on design roading 
and·· applicelron .c0rid\lions. Reier le desir;in procedures for 
details .. 
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MBRACE® FIBRE 
MBrace AF 129 &AF 142(S&PA-Sheet120) 
Aramid Fibre (AF) Reiriforcement System 
Fibre Reinforcement 
Fibre Density 
Fibre Modulus 

Fibre Weight 
AF 129 
AF 142 

Thickness (l) 

AF 129 
AF 142 

Tensile Strength (2) 

Ar amid 
1.45 gfcrri' 

120 GPa 

290g/m2 

420 gfm2 

0.200 rrrn 
0.290 rrrn 

2,900 MPa 

2.5% Tensile Bongation, Ultimate 

Tensile force (3) 
@ ult. strain Im width (in kN) 

AF 129: 446 kN 
AF 142: 647 kN 

Roll Lenfjh 
Sheet Width 

150m 
300 rrrn 

APPUCATION· OIRECTIOt~S (Brief Instructions) 
For detailed instructions, refer to the ·"MBl:a.ce 
Application Guidelines for FRP Fabric (Sheet) Materials~ 
documeht . 
Fibres must be COfl1>lelely saturated in resin. Carry out 
WOl'k 00~ under· approrate environmental concitions. 

IQ#ifJHMF 
READ ALL SAFETY DIRECTIONS AND WARNINGS 
AND REFER TO MATERIAL SAFETY DATA SHEET 
FOR HANDLING PROCEDURES. 
Store in cool, crf""llrea 10 to 3Z'C away from direct 
sunlight, flame or other hazards. Do not bend fibres or 
!hey may break and become unusable. MBrace fibre 
reinforcement materials contain carbon, ar~id and 
glass fibres. During a?Plication of MBrace fibre 
materials, wear appro.priate work. clothing ~ rtinimise 
contact. Use caution when himdl ing flammable licp.Jids 
and eliminate all -sources Of i_giition from work area. 

Appendices 

degusso. 
Construction Chemicals 

MBrace EG & ARG (50/50 & 90/10A&B) 
(S&P G-Sheet E & AR) 
E-Glass (EG) &AR-Glass (ARG) Reinforcement 
Fibre Reinforcement E-Glass or (AR-Glass) 
Fibre Density 2.6 (2.68) g/cm0 

Fibre ModJlus 73 (65) GPa 

Fibre Weight 
EG & ARG 50/50 
EG &ARG 90/10A 
EG & ARG 90/10B 

Thickness il) 

EG & ARG 50/50 
EG & ARG 90/10A 
EG & ARG 90/10B 

Tensile Strength Fibre (2) 

Tensile Strength 
Jmpregiated Fibre (4

) 

Tensile Eongation, Ultimate 

Tensile force (3) 
@ult. strain Im width (in kN) 
EG & ARG 50/50 
EG & ARG.90/10A 
EG & ARG 90/108 

Roll Length 
Sheet VViclh 

(both directions) 17.5 g/m2 

(main direction) 400 g1m2 

(main direction) BOO gfm' 

0.067 (0.065) mm 
0.154 (0.149}mm 
0.308 (0.299) mm 

3,400 (3,000) MPa 

2,400 (1,700) MPa 

4.5(4.3)% 

(both directions) 1 15 (79) 
·(main direction)• 264 (1 81) 
(main direction) 528 (362) 

50m 
670 rTTI1 

PACKAGING , . , 
Refer to mecific material performance data tables. 

M@M WM 
Periodcally inspect the applied material and -repair 
localised areas as needed Consult your MBT 
representative for addition al information. 
These products are for professional and industrial use 
only; application directions must be'followed. 

AMBrsceFibfJll)104 

Th'-l lechnical information and app!icalion advice g1'.len in this MBT publication are baS&•j en the present 
STATEMENT OF state of ourb'.lSI scientific and p<actioal kn6wledge: As the 1nf'11nnalion hereln is ot a general nature. no 
RESPONSIBILITY assurnptjon can be made as to aprodw:;t'ssu4ab1Jity fora,pa,rticular use. or applicstiol}and no war,r~ty as 

to its accuracy. reliability or comple.tE;nllSs e1therexpr0$Sad cir implied is given other UJan those required 
by lav•. The user is responsible for checl<ing the surtabilily CFI products for therr inten<;!ad use 

NOTE 
P1eldserviclilw~ete pi:ovWSd do~s not constil\.118 supen1is:ory responsmility, suggasbons mcide by MBT 
either orally_ or in wii~hg may be ·fonqwed . rnodlJied or rejected by !he ovyr:ler; engineer or ~tractor sin~ 
lhey, and not MBT, are resp6nsil>!e rdr carrying ·out l)rocedures apptopnafe to a spooJip. applicatibrf, 

MBT (Australia) Pty Limited NewcasUe ·!02)4961 3819 Adelajde· (08)'82606511 
lncorporal6ld in NSvv A ;G N 000 450'288 Canberra (Q2) 6280 6010 Perth (08) 9353 6622 
Head Office · Brisbane (07) 3265 6611 Darwin f08} 8984, 3269 
11 stanton Road Town.SYilie (07)4774 73ll4 Kalgot>tfie 0417772 355: 
Seven-Hills, NSW.2.147 Metbovrne (03) ·~569 4$!\5 
Ph. '(62) (1624 4.2'JO 
Fx. (OiJ9624 16?1 

MEF (New Z!!al11nd) Limit~dliead Office. 

MBT ~B. SITES· 
WWW' .ffibtaus com.au WWW,deg\]SSi'hUQO.C>)fn 

4,5 Wlliam Picketing Dnv.e 
/1!bany, Auckland 

Pl1 (09)414 1233 
l'"ax' (09) 414 7244 

S.J . Kim, Strengthening of RC slabs with penetrations using unanchored and anchored FRP composites 332 



mBASF 
The Chemical Company 

MBRACE® SATURANT 
Epoxy resin saturalt for MBrooe Fibre (Fibre Reinforced Polymer) Systems 

MBrace Salura'lt is tre rocom1TI?C1doo resin adhesive for 
c~ with M9'ace Fil::rehet (wet or dry) laf-up systems 
MBrace Sanrsnt 1s a two..pa-t epoxy ~oduct with 100% 
solids content 

The tv13raca Co~ste St~ ~em 1s a. fan1iy 
of hghtwaght FRP matencls. externaly bonded to the 
SU'face of s tn.ciures. They coni:irise of er!her rea:Jy to La3 
cabon lar unate adt-eroo directly fo the s...rface cr ca-bon, 
a~a-nid a glass ~be SieeJs irrpregiated in situ. with a 
saturarn resin system, on the wrface The systems 
provide vf'TY hilt! tensile strength and ae uti~ood for 
ilexurcl and rnecr reinforcement end axicl oorrpresson 
cmfinement of ccncrete, rnason:y crid timbel' elanents 

FEATURESANDBENEATS . . . . 
.R.esdy-to-uss ~ ri8B<ito aid filetj 
ConYeris7t pot../19 
H(/I a:hJsive ITl(j bond slnr¢I 
low w:n:i!ity, good for Ii ~of lb9 dsn:sifiBs 
Bonds ,to dBrp tufw:8s (sa/!iatfJd tufsoe ct» 
Hiqh~ slrr;rqfh 
Sollltn-he 

PERFORMANCE DATA · . · 
Typica physical propertJes) 

Bondi~;i to concrete (direct > 3.5 MPa 
tracto~ . p EN 1542 (concrete feilue) 

T ensle stJSrgih· . direct. ASTM D638 >50MP-. by ffexing , AS1M 0790 >120MPa 

Modulus of elasticity . tSflS!le. ASTM 06::18 >3000 MPa 

flexLra!. ASTM 0 790 >350QMPe 
-·-------·-

Ultimate ekngat1on. ASTM 0638 2'.5% 

C.ornp-esSive S!rF.n;)th ASTl\.1 >80MPa 
D695 

Corr.;::osition 
Type of resin 
Solids by volume. % 
Mixir.;i ratio 

Sp3cefic gav1ty 
Cdrur 
Vis;osity 
Recemrnended 
~ication methods 

Thecret.ccl conrurr~t ;on 

Workability time 
C1Je pe<icd 
Re-coat rarJ;Je maximum 

Tooldeenng 

Two-pert 
Epox-; 

100 
byvchm e-3A : 1 B 
by waght - 70% A 24% 8 

1.12 
Opaque Grey 

1000 C-entipo:se 
[)y lEPJ -Up: 

1 a mt on base Slbstr·ale +· 
1 coat on 1nsta ied sheet 

Wetlaj..lJp: 
Pre-satl.l'ale sheet using 

lamhatiri;;j mach'r'e 
--0 51Vm" per coat (2m'</t) 

(mn 2 COat&'fibra Jayerj 
23°C: ;30 rrirutes 

7 days at 23°C 
Withn 24 hoU-s 

(USlJclly W~·Gll-ll'lel) 
Thinner No .. 1 

PACKAGING · .- . 
Ped<aging {5tt kit) A- 3.75 L 

8-1.25L 

APPLICATION: DIRECTIONS tEJrjef rns®ctions} : 
For del:<iled instructions. refer to the "M3race 
Applicabon Guide!1res for MBra::;e FRP Fchtc (Sheei) 
Matooas•· doocmenl · 
Appfia;ltion of extana reinfcrna:nent may orly t~e 
place if the rubstrate has en ;nherent tensle strEC"lgth 
of at least 1.0tvPa for sheet mat~cls 
Tre s.11faces of elEnJElrltS that 0'0 wn in goo? 
ccndibon or re&ered \...,th repar morta l'tiould be 
fO~ SJfficiffilJy With g it blaSITTg or sm~CT. 
With deg:aded rubstrates, U1e whole dcn1c;ged layer 
sh:>uld Pe removed by SJarifying, hydro-demo~tioli or 
simila gig tha-1 structurci r0Scraticn ~led out 'M1h 
a s'.J1tctile repair murta eg. EmaDO sSsC .or 
ConcreM 1446 
1\r>Qle ·grind. grit t:J~. a needle gi.n 1epar ~s. 
Lo reitJcive !lTIOoth. cement Paste rich surface layers 
( le t~) .<I'd er~e ~cegate is exposocl <I'd thEt 
SL.bstrals Slrj'aoe·hasa suffio;ent profile. 
Ranov;i oils. grease. dust or an1 other loooe rnateria 
frorrr1he $JI~ that may inipar apties'cn 
Enru:e a maxirrum ~ate hU'Tlidity of4%. 
Ets.re Slb&rate ·t~eture is a1 leaSI. :JC ibov0 
d!WvpOint "~elnpera.ti.:Je; 
EnsLre sufaces a e within atowable levBlne5.1> ET)d 
11airiess101er3ices.· · 

• MOCha-iira\y pr&:rriiX ·oompOnerit A oofore roding 
ccrnpol'lent B, uSrQ a. slow !'PEled dnll axl rnixin.i 
paddl~. 
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MBRACE® SATURANT 
• VVhen corrponait 8 has been added, rnx sO>Nly for 

appr rnomately <wo m1rutes uii1I a homogeneous mix 
has beencbtan€d. to rrinirniseair inclusions_ 

For the Dry lay-up method 
The first coat Df MBrace Satw.rt may be cppiied t;iy 
bnJ9-1 or by rcila-. over the s1m tacky "'1Brace Pr-mer 
/WY M3raoe Firs and renuve air by roiling v.;rth a 
ribb-xl roll e< in the fibre dir9C1ion only 
AWy a second coat d MBtace Sall.rmt usng a 
roller. wcrkiog 1n th? d irecbon of the fibre. 
En9.Jre ocrnplete wet-out of the fibre by USlng a 
squeegee 1o remove excess~ Sab.r.;nt 
Repeat 1h? last four steps for aJbsequent layers of 
MBraoe Fibre. 
Oeai up e.xcess satuait with Trimer No 1 prior to 
ha:denirg 
The surface of the fina layer of tv'Bra:ie Satl.r.ri rnay 
be panted over with Bcrraayl D. to ensure visual 
uniforn1ty and W protection. In th!S case. brocdcast 
Cleal, kiln dried .S<nd into the firral coat of M8rece 
Satlllri. while it is still wet 

Orly mix suffioent materia that may be fl)plied withn its 
wakcbhty time. 
The ciimat1c aid -0peratJng ccndrtiC(ls of tre site a'ld 1he 
complexity of the ar_ea fo be ireated Sioud give 01 
indica!Jon as to the quITTtit1es of poduct to be mixed. 
ExcessMl v.brabon aid osallation of the S.ructura 
ccmponent !tloud be avoided. duirQ ~icabon of th:l 
FRP materias a-id Ire curirg phase of the epoxy r~ns 
Gorrplete ·wet-out• o11he S'ieet is irrperative end ku-Ks. 
ripples or dry spots are defects that rrusl be rectified 
Fire p-otection requirements mus be ccmplied with, as 
epoxy adhesvesgeneraly have lirrited fire resistcn::e . 

READ ALL SAFETY DRECTIONS AND WARNINGS AND 
REFER TO N\ATEFIAL SAFETY DATA s-JEETS Fm 
HAN[)_NG PRCXXIXJRES 
Stern in a coo\. dr; area 1 O to 32"C ·a«ay from direct 
SU'llight . flan!) or oir.er hazErds Co not bend FRP -fib-e 
materials or lan1nates as they may brecl< ard becane 
ur._1sa:ile Maa;e FFP sy&ems may contan catxm. 
a-anid md glass fibres. CUring cqi!1oation of there 
matenals. wear cpprcpriate work dothing to m1rirrise 
contact 
In partirua 

Jl,lways wea gloves. goggles aid 9.JJtat:le work 
clothes durir(l mxirr;i of epoxy re~ms and working 
with fibre matenals. in order to avoid contact vv1th t/-e 
skin end eyes: 
In -Te event of oc.cidenta contact. 'lhorou;ih!y wash 
the affected pats with water end socp or -an 
appropriate deterger~ 
Do not add rolvents or th1nrers to the epoxy resins. 
Do not inhale vapous, ~ays or fibre dust. A 
ccr.t1nua doangs of ar Siood be ensl.fed for 
apohcalion in a dosed enwcnrnent 
Under no circunstaices driri<. e-dl or smoke d l.11rYJ 
use 
Corrpy with safefy reguarions on the ~ of 
p-oducts that ae it)i!aTITiabie or oontan oolvents 
Use caJ11on 'when ha-dhn:;; flITTlrnable hquds a-id 
eliminate all oouces of igrition from wcrl< a-ea 

For ~icaticns to substrate ana:::es. exueme cl1rnatlc. 
O'.llldrtions or use other thETi those indlca!ed in the 
prodL.ct data 31eet. please conlact yot.:T loc-d 8ASF 
Con&r_uction Chemicals MBrace representative o r our 
Techrioa Depatment b 1uther infamation 

M BASF Oonlltruotim OlemiollllAustralla & NewZtllRlcl deta .ireeta llf'l> 14>dllled on a regl.larbeaie, it la tie umr'&~ty 1n OOteiri 
lh&mostr6Cel'ltieaJe ~/1106 

STATEMENT OF 
HESPONStBIUTY 

NOTE 

1he techncel nlorrn alion a-ld app1cabon advce g111en in this 8ASf Conetl1Jolion'Chemio&ls publca11011 ao 
ba;led on the pr~rt state of our t:>est scientific and. ~ca 1¢1ov~edge: ·;.s_ the infol'\'ilaton tletein is of a 
genera r-ai't.re, f10 asst.rnption Ca'l be made as lO :a prodOcl 'S ruila::ility for a pa-'nrular use or ~_,,,tJOh 
end 1--0 waraity as to its OOCU'ac'/ , rel'a::ility or competeness eilher expressed or impli6d ls given other thal 
hose requted by IEm The user. is responsb1e for checkng the sutEt>if1ty of}l!oducts for tl)3ir' 111er>ded ll:X>. 
Field revice ~e µrnllided does not oonsctute S,lpelVisory responsbihty. SuQiJesboriS mad~· by 
EWlF ~ Chemi~ alhw .oraly or in writing ma/ be lolowed. modi~ed or «ljec<ed by !he owner, 
engineer Ix con1tector snce they , a1d r>:)L B<l.SF Corm\iCtion Chimicels, Ere responsble lqo ca-rying O\jt 
g~ceduraseg:iroprial6 ro a specific.applicanon. 

~~otion~~PlyL1d · New~ne 
lrcorr:)or:ai;ed in NS>N A.BN_- 46 000450'288 cmberre 

[02f 4.9f513819 Adel<ide (0$)81$7500 
P.erth (Q6). 9366 '2600 

Head Office: 11 S1antorrRoad S6'1en Hits. NSW 2147 ~ 
Ph. (02) 8811 4200 T tiwrGYille 

MeiboL.rne 

~i~~~~ 
(07}47747344 
(00)'~5~0300 

Dav.in (08) 8009-3269 
Kalgoot1ie 0417 7-72~ 

BASFOonltn.IClClonOlemiOllhl~Zollfand Uxl Head Offi.oo: -45 Wiman Pickering DJive, .Abny, °Ai .. d<laid Ph: (O~) 414 7233 
BASFYtE;B 6fTE8 wwtY.t:ast-cx; "'001 aj www bAgf:O:i co 02 VftNWWB-udj/ com 
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MBRACE ® PRIMER 
Epoxy resin primer for MBrace (Fibre Reinforced Polymer) Systems 

MBraoe Primer is 11-e reccmmerded Primer to ens.x e 
maximLn1 bond for t.Qaoe larrinate ~ :nc 
MBrace SaJ..nrrt 
MBIBJe Primer 1s a two-pa-t epoxy p cduct v .. i1t1 low 
v1ocosity ~d 100",\; s:ilids oontent. 
The M3ra;ie Co~e Streng'lhering Sr;stem 1s a famly 
of lightweight FRP matenas. extE<nal ly 'oonded to the 
suioce of structures. They comprise. of ei!her rea:jy t o uoo 
:::.abcn la-ninale adher-ed direc.11y to the s..;rface 0< ccroon. 
ara-nid Cir glass fiae Sieets impregiated in s1u. ·with a 
saturant reSin system. on the rurface The sysleris 
p-ovide vi::ry hi(jl ta-lSle strength axi ere utihood fer 
flexura arid Siea- reinforcement end axial corrpresson 
oqi~nemenl o f concrnte. masony ar1d timber elemen1s 

Reafr/<HJ9t!J ~need to aid lilSI} 
CorMJrilnf pot-119 
Hid1 ~a)(}bond Bh'&'1gth 
low~.flO(Xl·forpoor s.A~ 
Bonds to dmp tiU'lacss ($stlrattJd sufacs a» 
HVi mschrica slr:wflfh 
ScNr;nt.,.lw 

(Typca phys;ca pmpertie~ 
Bond1ng to concrete. Pf EN 1542 >35MPa 
(direct) (concrete failure) 
U11Jrnate eltnoat1on. ASTM D638 3% 
Tensile slrergth.. . direct. ASTM [?fj38 > 12 lvlPa . by flexir.o. ASTM 0790 >24 MPa 
Modulus of elastJcity 

>700 MPa J . tensile. ASTM [?fj38 . flexlJ'a, ASTM 0790 >580 MPa 

Ccmp:istion 
Typed ' esITT 
Solids by volume 
Mixir.gratio 

Spec:fic gravity 
Colour 
Overali thcknessfcover~e 

Recommended layers 
Pot life 

Tack-fr ee 

Over corning time wrth 
Concrnsive 1444/1446 
with MBrace Resns 

a reoommerded 
b maximLT.11 

(aft er saicJ seedirg) 
Opt ima storage 
Tod deaning 

Packaging (511 kl) 

Two.part 
8x»cy 
100% 

by volume: 
3A: 18 

1.08 ± 0.024 kg/L 
Transpaent 
150Jricron 

~oximately-6-8m",IL 
1 

7°C; 1 hour 
23°C, 35 min 
32•c; 25 min 
7°C: 9hol.($ 

23°C. 5 hoU's 
32°C: 3 tu.is 

VVh letacky 

48 holXS 

18-24°c 
Thima- Ncf 1 

A-3.75 L 
B-1.25 L 

For detaled instructior19. refer to the "M3race 
Application Gu;delir1es-ior MBrace S&P CH< 
Lsrrinates ex MBrace FRP FEbic (Sheet)" 
documenls 
ApPication ot ED<lana reinfcroem€f1t may orty ta<e 
place if the rubstrale has a-i inherent tens le strength 
of at lea$t 1 5 MPa for larnn;ates cin::I 1.0 MPa for 
sheet matenals. 
The SJrfuoes of elements that ae still in good 
caidrtion or rastcred With rep,lr morta should be 
roughened s.Jft:::.ently. wi'th grt btasting or sml0'. 
With deg-ooed SJbstrates'. tt'ie wfioie dan~ed layer 
should be removed by s;arifylng, hydi o-demotrtioo or 
simifar a-rl then structura rastcration carried out with 
a ruitcbJe repoir mt;>rtar eg., Emooo saao .0,1' 
Concre;iw 144e 
P..ri;)le gnnd, griUfast. or needle gu,· 1e¢rai SU-faces: 
tQ rermve mioQ\h. r;iement 'pf39t$ ridf 9.Jfface 
(icitin::e) a1d ernu e ~gregate iS exposed End itle 
SLbstral.e. $.rloce has a Suffici€f1t i::x:o~te 
Remove Qils, grease. dust or aw .other loose IT)ateria 
from the artaca lhat may irTipfif g;jhoocfi . 
. Ensue.eitta a ma>Qmum Slbstrate; tnoiffilf.e content 
of 4% ~ maxlm.JmSJbStrate relatJ've tunj,pity of '70% 
asper AS 1884 - ·t995. 
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MBRACE ® PRIMER 
En~re abstrate 1emperature is at lea& 3'c ctiove 
d91NP01nt temperature. 
EnSJ1e -airfaces ae wiihin cllCM1<J.je levelness an:J 
~atnesstol~aooos 

rvtochan1c3ty pm-mix corrponent A before adding 
corrponent 8_ US1ng a sow speed drill end m)O(lg 
pa::ldle 
VVhal compor¢tt B has b6e1 added. mix sloWiy 10 
mrim100 air indusons. fa qip'CtJ<Jmate!y two mrutes 
1.ntil a homogeneous mix has b3ef1 obtained 
M8race Prrner may be applied by brus'1 or by rol ler 
[As_a gu de. rurfar.,esrnstored w_1lh rnortas sh:>uld be 
cured for a rninimU'il 7 days. poor to primer 
applic<ilicn) 
AWY s.>bsequent laye1s of l\ABrace SatU"S"t O' 
MBrace Lamnate AdheEive We the pr1rmr is still 
tacky. 
aeai L.i:; excess prirrer with Thmer No 1 prior to 
hcrden1rQ. 

PRECAUTION$' - - -- ·' : _- ~- -
Orly mix suffioen1 rn<rteria ttlClt may be cpplioo withn its 
wo-kabl1ty time 
The clirratic md cperating caiditicns of the s:te <11d the 
ccmplel<lty of the area 1o be treated Sioud gr\/B m 
irdicatiqn as to the. quaitities of product to be mJXed. 
Excessive Vlb-ation aid os611ation of th9 sructJ.Yal 
ccmi:>Onent Sioud be avoided dt.r1rg a:ipl1cabon oi tm 
FRP materias and !tie eurirg phase ofthe ~xy resins. 
If the M3race PtTner is hkEly to dry pior to Slbsequent 
applications of M8raoe Setl.nrl or tvt3raoe laTinelB 
Adhe9w, broadcaSt cleCll kiln diy sald onto theru- face 
of the still wet primer 1o ensue a Keyed suface Remove 
excess said prior to SLbseQuent matena appheallcn_ 
Fire protedtlon requlfements must be complied with. as 
epoxy a:Jhe:ives gena-aly hOl\le lirrftoo fire resistcnce. 

READ ALL SAFETY OREGTIONS AND WJIRNINGS AND 
REFER TO MATEAAL SAFETY DATA SHEETS FOR 
HANDLING PRCCEDJRES. 
Store 1n a cco:_ dry crea 10 to 32°C <Nrey ·trom direct 
suitight , flane or otl--e- haza-ds. Do not bend FRP 'fibre 
materias -er la-nrnates as they may brea<; ard become 
urusable MB-ace FP.P systems contan carbon. cran-id 
and gla<>S fibres [)_mng 4>piicaticn of these matenas. 
wear aporop.'late work -clott-ing to mrimise cert.act 

In _par11cda-· 
Always wea- gbves. goOO)es <'rd suitable work 
clothes dunro.;i rnxing of epoxy resin$ and w orklrig 
with fibre materials. 1n order to avoid contact with the 
skin crid eyes. 
In 119 evenl of oc<:idenla contact. 1horo.ughly wash 
ti~ affected parts wrth w-ater and 00<4J or an 
appropriate deterqent. 
Do not add oolvents or thinras to the epoxy resins. 
Do not 1nhcte vcpot.rs. ~ays or fibre dust A 
continua change of ar s'ioLid be ensued fer 
applicatJon in a d osed environment 
Unda no circunstances drid<. eat or sm'.))<e du-ing 
use. 
Con-Py with safety reguations on tre usa of 
products that ere inffannable or ·contan rolVents 
Use crution wrnn handlin;;i fla-nm<i:ile tiquds end 
eliminate al rot.roes of igri tion fiorn work a-ea 

Fcr q::plrcations to a 1bstrale s.rfaces, extreme d1rratic 
oonditions or use ot!~r 1h01 !hose indicated in 1he 
product sheet. please ccntac1 your local BASF 
Cc:nstiucbon Chemicals MBrace representa!Jve or OLIL 
TechriCEi Depatmerrt ior it.rther information. 

Pit BASF :bonetruoticn Chemi<lU AllfllnM & NWf ZealEnd dEtB li1eaG '"'~ on a rugiJar bmis. it is fie uew'a ~ty lo cbt&in 
the mot!t ~ lasua AMBraollf'mler/411108 

STATEMENT OF 
RESPONSIBIU1Y 

NOTE 

Th<:t te::hrical n!C1mafon en:1 ~<canoo advice g iven •ri this el\SF ~ Ctuni~ i:x-iblc@lon ;:r-e 
based on the pre.9!l11t state ot our beSI scienbfic; and p-ecbcal knOvOOdge As the in~mati()rt t»-ein is of a 
geneca naru·e, ro assunption <21 b<; macte es to a p-odu::J's 19.Jltat:inty for e p2t!ic01ar IJS0 or <q:llica©n 
2JJd no wa-ranty-2S to its ace~/. relooin¥ or corn;::ieteness either CXP\'assed or impred is i:iiven oiher then 
lhc-se reqored trr 1<M' . The user is responsble for Che-OOis the sutctiifity of g oducts for their ntended use. 
Field service v;hete prO\/lded do<::s not corlS'.ltute s.Jperllirory resp:insbifity. Suggesfore mad& by 
8AfF' Con6lruclkJn Ct'lllTicall; eilha- o rf!lly or in )'VliUng rrl<1f be, folowed , modified Of <ei~ed by the OWlla' , 
engu--~r or cor.1re::ror sn<;e !hey, end no~ !3ASF Oonstniclicn Ohlmic:ahUiJ·e reSponsi:)le for -owr'}ing out 
proCedUtes~opoate ti> a speofo application. 

BASF ~Cliori Oisniaia~ Pty ,Ud NeWcast!e 
lni;:orr>Oiat'ed iri NSW' A.8.N. ·41i oOO 450 288 Ca-100-ra 

{02)-49613819 
(02) 6286 601 0 
(07) 3633 9900 

(07) 4774 7344 
(03) 9549 0300 

M~aide (OBJ Il139 7,l?OO 

Hea::! Office: i 1 S1anton Roed Seven Hils; NSW 2147 Brisb<ne 
Per th (00) 9366 2600 
Da-v.in (~ 89643269 

Ph . ~02).8811"4200 Tcmnsville 
Meltio~e 

KagcorfJe 0417 772 35S 

BAS= ~~Ntr#Zeel.n:I L~ Head Office ~ Wilf1an Pid<Ering Oriv,e ,,Alba'ly_ Auc19md Pti- {09) ·4 \4 723!3 
EWlF v.eB SITES y.y.w· baSt-cc;cqn ru ·MyW t;gki; Co nz >M-\/W bas}uoc com 
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Appendix B: Concrete Material Test Results 

Chapter 3: Pull-out strength and behaviour of FRP anchors 

(i) Compressive strength test results 

Diameter Height Maximum 
Force 

(mm) (mm) (kN) 

CP-1 100.5 199.0 264.7 

CP-2 100.2 198.0 277.1 

CP-3 100.4 200.0 254.4 

averaged of three measurements at mid-height as well as top and bottom of specimen 
•• calculated maximum stress based on measured cross-sectional area of specimen 

(ii) Elastic modulus test results 

Load at Strain at 40% of 

Diameter * Height* axial strain ultimate concrete 
of compressive 

50µ£ strength 

(mm) (mm) (kN) (µt:) 

44 475 
CP-1 152.9 304.0 

41 468 

40 498 
CP-2 152.6 303.0 

40 492 

37 482 
CP-3 152.9 306.0 

38 500 

averaged of three measurements at mid-height as well as top and bottom of specimen 

Appendices 

Maximum 
Stress .. 
(MPa) 

33.4 

35.2 

32.1 

Elastic 
Modulus 

(GPa) 

26.5 

27.0 

24.7 

25.1 

25.4 

24.4 
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(iii) Splitting strength test results 

Diameter Height Maximum Splitting 
Force strength 

(mm) (mm) (kN) (MPa) 

CP-1 152.9 301.0 213.2 2.9 

CP-2 152.6 306.0 219.6 3.0 

CP-3 152.9 306.6 189.9 2.6 

averaged of three measurements at mid-height as well as top and bottom of specimen 

(iv) Modulus of rupture test results 

Width Depth Maximum Modulus of 
Force rupture 

(mm) (mm) (kN) (MPa2 

CP-1 151.5 150.8 35.8 4.7 

CP-2 151.7 151.7 35.4 4.6 

CP-3 151.8 148.7 29.2 3.9 

averaged of three measurements at mid-length as well as each ends of specimen 
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Chapter 4: Shear strength and behaviour of anchored FRP-to-concrete joints 

(i) Compressive strength test results 

Diameter Height Maximum Maximum 
Force Stress .. 

(mm) (mm) (kN) (MPa) 

CSl-1 100.0 201.0 220.0 28.1 

CSl-2 100.2 200.0 245.3 31.1 

CSl-3 100.3 202.0 213.8 27.1 

CS2-1 99.9 201.5 254.1 32.4 

CS2-2 100.5 203.0 265 .2 33 .5 

CS2-3 100.2 205.0 277.4 35.2 

averaged of three measurements at mid-height as well as top and bottom of specimen 
•• calculated maximum stress based on measured cross-sectional area of specimen 
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(ii) Elastic modulus test results 

Load at Strain at 40% of 

Diameter * Height* axial strain ultimate concrete Elastic 
of compressive Modulus 

50µ£ strength 

(mm) (mm) (kN) (µc:) (GPa) 

27 403 26.9 
CSl-1 152.5 306.0 

26 403 26.9 

25 432 25.0 
CSl-2 152.7 306.0 

27 412 26.4 

27 399 27.2 
CSl-3 152.6 306.0 

26 399 27.2 

30 468 27.7 
CS2-1 152.0 306.0 

31 468 27.7 

30 544 27.8 
CS2-2 149.3 300.0 

27 565 26.7 

34 467 27.0 
CS2-3 152.3 305.0 

35 467 27.0 
averaged of three measurements at mid-height as well as top and bottom of specimen .. 
calculated based on measured cross-sectional area of specimen 
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(iii) Splitting strength test results 

Diameter Height Maximum Splitting 
Force strength 

(mm) (mm) (kN) (MPa) 

CSl-1 99.8 200.0 86.9 2.8 

CSl-2 100.2 198.0 90.6 2.9 

CSl -3 99.9 199.0 95.6 3.1 

CS2-1 100.5 198.3 96.5 3.1 

CS2-2 99.8 197.0 106.9 3.5 

CS2-3 100.0 198.0 92.8 3.0 

averaged of three measurements at mid-height as well as top and bottom of specimen 
** calculated based on measured cross-sectional area of specimen 

(iv) Modulus of rupture test results 

Width Depth Maximum Modulus of 
Force rupture 

(mm) (mm) (kN) (MPa) 

CSl-1 151.0 152.5 31.0 4.0 

CSl-2 150.7 150.8 29.0 3.8 

CSl-3 151.4 152.7 34.2 4.4 

CS2-1 151.7 154.1 36.6 4.6 

CS2-2 152.3 152.2 35.4 4.5 

CS2-3 153.6 152.9 34.2 4.3 

averaged of three measurements at mid-length as well as each ends of specimen 
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Chapter 5: Unanchored FRP-strengthened RC slabs with/without penetrations 

(i) Compressive strength test results 

Diameter Height Maximum Maximum 
Force Stress .. 

(mm) (mm) (kN) (MPa) 

CMSl-1 100.3 201.0 352.4 44.6 

CMSl-2 100.1 202.3 339.6 43.1 

CSSl-3 99.4 202.3 287.3 37.0 

CMS2-l 100.0 201.0 315.5 40.2 

CMS2-2 100.2 201.0 325.0 41.3 

CMS2-3 100.1 201.0 338.5 43.1 

CMS3-1 100.2 201.0 337.3 45.6 

CMS3-2 100.4 201.0 359.1 45.4 

CMS3-3 101.9 200.5 356.0 43.7 

CMS4-1 100.3 200.2 365.4 46.3 

CMS4-2 100.3 200.1 327.5 41.4 

CMS4-3 100.3 200.3 359.7 45.5 

CMS5-l 100.6 201 .5 371.0 46.7 

CMS5-2 100.8 202.7 407.8 51. l 

CMS5-3 103.3 199.0 338.4 42.9 

CMS6-l 100.2 201.0 409.7 51.9 

CMS6-2 100.4 201.0 384.3 48.6 

CMS6-3 100.2 202.0 377.3 47.8 
averaged of three measurements at mid-height as welJ as top and bottom of specimen .. 
calculated maximum stress based on measured cross-sectional area of specimen 
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(ii) Elastic modulus test results 

Load at Strain at 40% of 

Diameter * Height* axial strain ultimate concrete Elastic 
of compressive Modulus 

50µc; strength 

(mm) (mm) (kN) (µc:) (GPa) 

44 538 28.4 
CMSl-1 ] 52.8 306.0 

41 541 28.2 

40 562 27.4 
CMSl-2 152.2 305.7 

40 562 27.4 

37 523 28.8 
CMSl-3 152.6 307.0 

38 523 28.8 

47 442 35.1 
CMS2-1 150.9 301.0 

47 449 34.5 

40 529 28.6 
CMS2-2 153.2 304.0 

37 529 28.6 

44 529 28.4 
CMS2-3 152.5 304.0 

41 539 27.9 

averaged of three measurements at mid-height as well as top and bottom of specimen 

Continued on following page 
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(ii) Elastic modulus test results (Continuing) 

Load at Strain at 40% of 

Diameter * Height* axial strain ultimate concrete Elastic 
of compressive Modulus 

50µc strength 

(mm) (mm) (kN) (p;) (GP a) 

35 547 31.9 
CMS3-l 152.2 306.0 

36 543 31.8 

39 560 30.2 
CMS3-2 152.3 306.0 

39 570 29.6 

40 552 30.6 
CMS3-3 152.2 306.0 

39 556 30.4 

30 584 29.6 
CMS4-l 151.9 306.0 

30 587 29.4 

39 570 29.4 
CMS4-2 152.0 306.0 

38 567 29.6 

42 533 31.3 
CMS4-3 152.0 306.0 

40 542 30.7 
averaged of three measurements at mid·· height as we11 as top and bottom of specimen 

Continued on following page 
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(ii) Elastic modulus test results (Continued) 

Load at Strain at 40% of 

Diameter * Height* axial strain ultimate concrete Elastic 
of compressive Modulus 

50µc: strength 

(mm) (mm) (kN) (µ c:) (GPa) 

36 590 29.9 
CMS5- l 152.3 307.0 

35 600 29.4 

40 570 30.6 
CMS5-2 152.4 306.0 

40 573 30.4 

30 573 31.4 
CMS5-3 152.6 306.0 

38 573 31.4 

34 623 30.4 
CMS6- l 152.5 306.0 

29 636 29.7 

35 653 30.0 
CMS6-2 149.1 300.0 

32 627 31.4 

31 647 29.3 
CMS6-3 152.6 306.0 

32 653 29.0 

averaged of three measurements at mid-height as well as top and bottom of specimen 
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(iii) Splitting strength test results 

Diameter Height Maximum Splitting 
Force strength 

(mm) (mm) (kN) (MPa) 

CMSl-1 152.8 306.0 221.8 3.0 

CMSl-2 152.2 305.7 254.6 3.5 

CSSl-3 152.6 307.0 254.3 3.5 

CMS2-1 150.9 301.0 258.5 3.6 

CMS2-2 153.2 304.0 233.6 3.2 

CMS2-3 152.5 304.0 253.4 3.5 

CMS3-1 152.2 306.0 267.5 3.7 

CMS3-2 152.3 306.0 271.0 3.7 

CMS3-3 152.2 306.0 301.9 4.1 

CMS4-1 151.9 306.0 267.1 3.7 

CMS4-2 152.0 306.0 292.3 4.0 

CMS4-3 152.0 306.0 273.9 3.8 

CMS5-1 152 .3 306.0 31 2.9 4.3 

CMS5-2 152.4 306.0 275.0 3.8 

CMS5-3 152.6 306.0 282.2 3.8 

CMS6-1 152.5 306.0 257.5 3.5 

CMS6-2 149.1 306.0 224.4 3.2 

CMS6-3 152.6 306.0 212.4 2.9 

averaged of three measurements at mid-height as we11 as top and bottom of specimen 
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(iv) Modulus of rupture test results 

Width Depth Maximum Modulus of 
Force rupture 

(mm) (mm) (kN) (MPa) 

CMSl-1 153.7 153.3 37.7 4.5 

CMSl-2 151.4 153.5 28.6 3.6 

CSSl-3 152.6 151.3 31.4 4.0 

CMS2-1 153.0 151.5 29.6 3.8 

CMS2-2 153.7 153.9 26.0 3.2 

CMS2-3 153.4 154.5 . 28.5 3.5 

CMS3-l 151.9 150.8 30.9 4.0 

CMS3-2 152.0 151.1 37.6 4.9 

CMS3-3 153.5 153.1 35.9 4.5 

CMS4-l 152.9 151.6 34.6 4.4 

CMS4-2 153.1 151.7 30.6 3.9 

CMS4-3 153.1 152.9 28.5 3.6 

CMS5-1 152.1 151. l 25 .9 3.4 

CMS5-2 152.6 152.5 23 .5 3.0 

CMS5-3 150.4 151.2 24.5 3.2 

CMS6-1 153.8 153.4 35.5 4.4 

CMS6-2 153.8 153.5 36.7 4.6 

CMS6-3 152.4 151.6 26.7 3.4 

averaged of three measurements at mid-length as well as each ends of specimen 
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Chapter 6: Anchored FRP-strengthened RC slabs with penetrations 

(i) Compressive strength test results 

Diameter Height Maximum Maximum 
Force Stress .. 

(mm) (mm) (kN) (MPa) 

CMS7-1 100.4 202.0 297.8 37.7 

CMS7-2 99.9 203.0 266.2 34.0 

CMS7-3 100.2 202.0 273.0 34.6 

CMS8-1 100.0 202.0 250.0 31.8 

CMS8-2 100.2 204.0 253.0 32.2 

CMS8-3 101.6 206.0 264.7 32.7 

~veraged of three measurements at mid-height as well as top and bottom of specimen .. 
calculated maximum stress based on measured cross-sectional area of specimen 
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(ii) Elastic modulus test results 

Strain at 40% 
Load at of ultimate Elastic Diameter * Height* axial strain of concrete Modulus 50µc compressive 

strength 
(mm) (mm) (kN) (µ£) (GPa) 

30 498 26.8 
CMS7-1 152.8 306.0 

27 505 26.4 

26 553 24.4 
CMS7-2 152.6 306.0 

25 563 23.9 

32 511 25.9 
<CMS7-3 152.5 306.0 

33 511 25.9 

28 523 23.5 
C MS8-1 152.3 306.0 

27 516 23.8 

25 539 23.8 
C MS8-2 150.0 302.0 

29 522 24.6 

30 494 24.7 
CMS8-3 152.5 305.0 

30 494 24.7 
,.---

.averaged of three measurements at mid-height as well as top and bottom of specimen 
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(iii) Splitting strength test results 

Diameter Height Maximum Splitting 
Force strength 

(mm) (mm) (kN) (MPa) 

CMS7-1 100.1 201.4 110.3 3.5 

CMS7-2 100.0 203.0 106.8 3.4 

CMS7-3 100.1 202.0 105.8 3.3 

CMS8-1 100.5 201.0 99.6 3.1 

CMS8-2 100.5 201.0 105.0 3.3 

CMS8-3 100.1 199.0 106.5 3.4 

averaged of three measurements at mid-height as well as top and bottom of specimen 

(iv) Modulus of rupture test results 

Width Depth Maximum Modulus of 
Force rupture 

(mm) (mm) (kN) (MPa) 

CMS7-1 153.6 150.6 27.5 3.5 

CMS7-2 154.7 154.7 29.3 3.6 

CMS7-3 150.8 154.7 30.2 3.8 

CMS8-1 153.4 153.2 30.8 3.9 

CMS8-2 153.5 157.0 30.2 3.6 

CMS8-3 152.2 152.7 34.8 4.4 

averaged of three measurements at mid-length as well as each ends of specimen 
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