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Abstract 

This thesis investigates gaps in the current understanding of some key aspects of Fibre 
Reinforced Polymer (FRP) strengthened reinforced concrete (RC) members. There are four 
important issues have been investigated. Firstly, a novel pullout test was developed to 
investigate the stress transfer mechanics and failure modes of near surface mounted (NSM) 
FRP strengthened RC blocks at a fundamental level. Secondly, the finite element analysis 
(FEA) was used to gain a detailed understanding of stress distribution both along the bond 
line and through the thickness of the adhesive layer for the RC members strengthened either 
by NSM or externally bonded plate (EBP) FRP technique. Thirdly, through both experimental 
and FEA methods, the brittle separation failure modes not only at the ends but also in 
midspan zones of FRP strengthened RC beams was fatherly studied. Finally, structural 
behaviour of an adhesively bonded composite bridge structure (being composed of a glass 
FRP deck and concrete beam adhesively bonded to each other) and the influence of initial 
cracks in the RC beam were investigated preliminarily. 

To investigate the above issues, a combination of laboratory experiments and numerical 
analyses was used. In the lab experiments, RC specimens with NSM FRP were fabricated 
with various strengthening ratios and tested to failure. Each specimen consisted of one middle 
block (somewhat representative of the midspan region near flexural cracks in real FRP- 
enhanced RC beams) and two side blocks (somewhat representing the FRP curtailment zones 
in FRP enhanced RC beams). Each specimen was subjected to axial load and the length of the 
middle block varied between specimens. From the tests, two brittle separation modes were 
observed: The fractural separation took place either in the concrete layer horizontally due to 
cracks propagating along the side blocks or at the adhesive-rod interface. The experimental 
data show that the ultimate load increased with the length of middle block but was hardly 
influenced by the amount of strengthening Carbon Fibre Reinforced Polymer (CFRP) rods. 
Beam theory was used to investigate the structural mechanics associated with the horizontal 
cracks on the middle block. The calculated results are consistent with experimental 
observation, which gives fundamental insight into the problem. 

Then FE analyses were used to verify the experimental results. In modelling the adhesive 
layer, the 2D 4-noded quadrilateral plane stress element shows better performance than the 4- 
noded line interface element. By using a few layers of quadrilateral elements across the 
thickness of adhesive, the variations of adhesive through-thickness stress are clearly 
demonstrated, especially at certain critical positions, such as the ends of the adhesive layer or 
the bond near concrete beam cracks, which are the zones of connection stress concentration. 

Based on the validity of the FEA programme, parametric FE analyses were done to 
investigate how the structural responses of the strengthened blocks to the load are influenced 
by the variation of material properties. It is found that the model stiffness increased with the 
increment of concrete strength and Young's modulus of FRP, especially at the post-cracking 
stage and before steel yielding. Inside the concrete block, both the steel and FRP strains 
decrease with the increment of the concrete strength because concrete with higher tensile 
strength can carry a larger share of the tensile load so that reinforcing bars could take smaller 
loads. The variation of adhesive material properties may only affect the distribution of 
adhesive shear stress rather than load-displacement plots or steel/CFRP strain distributions. 
Generally, their influences on adhesive shear stress distributions increased with the load and higher shear stress values are found in the models with higher adhesive Young's modulus Ea, 
tensile strength fQ, and ratio of ultimate strain to crack strain Cu /Ccr. It is concluded that FE 
analyses with suitable elements are good for further investigation. 
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Notation 

Af Cross sectional area of the bottom flange of the GFRP deck 

D Diameter of a single circular bar 

Ea Young's modulus of adhesive 

EE Young's modulus of concrete 

Ef Young's modulus of NSM strengthening rod 

Ep Young's modulus of strengthening plate 

ES Young's modulus of steel 

FGU Upper section force of GFRP deck 

Fci Lower section force of GFRP deck 

Fad Force of adhesive layer 

Fc Tensile force of concrete on the side of block 

F,, Compressive force of concrete beam 

Fcc Tensile force of concrete beam 

Fp Loading force 

FsU Upper section force of steel reinforcement 

FS1 Lower section force of steel reinforcement 

Ga Shear modulus of adhesive 

Gf Fracture energy 

ly Initial moment 

lyi Initial moment of component 

M Moment of cantilever 

P Loading force 

Rf FRP rod radius 

Sy static moment 

Syi static moment of component 
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V Shear force 

b Cross-sectional width of the adhesive layer 

dx Distance between the two locations along the rod 

e Eccentricity of CFRP force from root of covercrete cantilever 

fQ Tensile strength of adhesive 

frc Tensile strength of concrete 

fCC Copressive strength of concrete 

h Estimated numerical crack bandwidth 

kh Stiffness of the horizontal spring elements 

kv Stiffness of the vertical spring elements 

1 Length of a single GFRP beam 

n The times of stiffness of vertical spring elements to the bottom flanges 

s(x) Slip along x axis 

ta Thickness of adhesive layer 

tp Thickness of plate (assumed constant, as is commonly the case) 

w Width of GFRP deck 

x Coordinate along the bond length 

Ax Distance between the two locations along the plate 

ds Difference in mid-plane axial strain of the plate between the two 
locations 

E Axial strain of the bar 

El Strain at position 1 

E2 Strain at position 2 
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Ef Axial strain of CFRP rod 
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Chapter 1 

Introduction 

1.1 Scope of thesis 

This thesis is concerned with the structural action up to failure of reinforced concrete 

(RC) members strengthened with fibre reinforced polymer (FRP) either as externally 

bonded reinforcing (EBR) strips or as near surface mounted (NSM) bars. 

The use of FRPs for strengthening existing civil engineering structures has been 

recognized as a promising technique with many potential advantages including low 

weight, easy installation, high durability and tensile strength, large deformation 

capacity, electromagnetic permeability and practically unlimited availability in FRP 

sizes, geometries and dimensions (Barros & Fortes (2005)). The types of FRPs 

available for strengthening are carbon, glass and aramid in the shapes of plates, sheets, 

rods and strips. Their basic applications to existing RC structures can be grouped into 

axial, shear and flexural strengthening. Two most commonly used FRP strengthening 

methods, which either use EBR strips or NSM bars, form the focus of this thesis. 

Figure 1-1 shows one application of the FRP NSM technique to a floor slab at the 

Naval Station San Diego. The importance of NSM strengthening has been recognized 
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in civil engineering in recent years, but published research in the literature on its 

mechanical behaviours and failure modes is limited. For example, a survey of the 

literature reveals that the potential exists for modification of the fundamental rod 

embedded in concrete block (pullout) test needed to gain a better understanding of 

bond performance at both the end and midspan zones of NSM strengthened members. 

Figure 1-1 CFRP NSM strengthening for Pier 12 at the Naval Station San Diego 

(USA) (Warren (1998)) 

Another focus of this thesis refers to the application of bonded plates to the tension 

faces of structural members (Figure 1-2). For externally strengthened RC structures, 

there is a critical failure mode called brittle separation failure, which is very rarely 

found in conventional RC structures. This brittle separation failure is characterized by 

fracture of the FRP-concrete connection and consequent separation of the FRP plates 

from the bonded concrete member. Although the brittle separation failure modes of 

FRP plated members have been commonly reported and investigated in previous 

research programmes, there is still an urgent need for gaining a detailed understanding 

of the mechanics of some less studied but critical failure modes such as the midspan 

debonding mode. Furthermore, virtually no work has been done to date to establish 

the influence of initial imperfections such as flexural and inclined cracks of concrete 

beams on these brittle failure modes. The complex stress states which develop within 
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the plate-to-beam connection of such cracked beams can be described in theoretical 

analysis only with great effort, but can be studied with ease and care by reliable finite 

element (FE) analyses. However, the choice of a suitable element to model the 

behaviour of the connections is crucially important to the success of FE analyses. This 

is an area of research which needs focussed attention. 

ýýýýa -.. ýý.. ,. ý-_. . _. . 

.1. 

Figure 1-2 CFRP plate bonding of M60 Barnes Bridges at Cheadel in Greater 

Manchester (Kehle et at (2001)) 

Consistent with these gaps in the existing knowledge, in this thesis, the stress transter 

between FRP and concrete both in FRI' NSM and plated strengthened members, 

which directly reflects the mechanical behaviours of structures and finally induces the 

bond failures, is to he studied carefully. 

In the remainder of this chapter, the background to the current study is introduced, 

then a brief explanation of the issues on stress transfer of FRP strengthened Structures 

is presented, after which the objectives of this PhD thesis are described. Finally, the 

structure of the thesis is outlined. 
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1.2 Background 

In recent years, there has been a globally increasing number of RC structures which 

urgently require remedial action for a variety of reasons including: structural 

deterioration due to internal reinforcement corrosion or freeze-thaw action, 

increments of load beyond those for which the structures were originally designed, 

errors at the time of construction due to faulty workmanship or design, or changes of 

use. Accidental damage due to vehicle impact, fire and earthquakes also generate 

requirements for enhancement of existing RC structures. In those cases, the structures 

are no longer considered satisfactory in terms of load carrying capacity for these 

reasons and/or the changes in the loading specifications of design codes. In order to 

keep buildings operational, such structures must be upgraded or rebuilt so that they 

could meet the same requirements demanded of structures built today and in the 

future. 

The choice between upgrading and rebuilding is based on factors specific to each 

individual case, but certain issues are considered in every case. These are the periods 

of time during which the structure will be out of service or providing a reduced 

service, relative costs of upgrading and rebuilding in terms of labour, materials and 

plant and disruption of other facilities. It is becoming both environmentally and 

economically preferable to upgrade structures rather than rebuild them, particularly if 

rapid, effective and simple strengthening methods are available. Therefore, the urgent 

need to upgrade under-reinforced structures places considerable importance on 

strengthening techniques. 

Externally bonded steel plates were originally employed in the strengthening of RC 

structures. However, disadvantages in the use of steel materials include transporting, 

-4 



Chapter 
_1 

Introduction 

handling and installing heavy plates, corrosion of steel, limited delivery lengths, 

difficulty of forming joints, the need for massive and expensive falsework to hold 

plates in position during adhesive cure and the need to prepare the steel surface for 

bonding, which is labour intensive and time consuming. The use of polymer 

composite materials overcomes these problems and provides equally satisfactory 

solutions. FRP materials possess the qualities of high strength-to-weight ratio and 

corrosion resistance, resulting in low maintenance costs. FRP materials have 

mechanical and physical properties superior to those of steel, particularly with respect 

to tensile and fatigue strengths and these qualities are observed under a wide range of 

temperatures. 

The prime fibres used as reinforcement are glass, carbon and aramid (Rostasy et al. 

(1992)). The main disadvantages in using these materials are high material cost and 

possible brittle failure modes due to no yield behaviour. Carbon fibre reinforced 

polymer (CFRP) materials are much more expensive than mild steel but material cost 

usually constitutes approximately 20% of the total cost of a strengthening project 

(Meier & Kaiser (1991)), the remaining 80% being labour costs. The easy handling of 

FRP plates reduces labour costs considerably. The problem of having to join limited 

lengths of steel plate is overcome by the fact that FRP plates may be delivered to site 

in rolls of 300 m or more (Meier (1994)). 

1.3 Stress transfer on FRP strengthened RC structures 

With the wide applications of the FRP strengthening technique, it is very important to 

develop a comprehensive understanding of the structural response to loads and 

corresponding failure modes of such applications so that reliable guidance could be 

given on the design and practical implementation of FRP strengthening schemes. 
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Although many investigations have been done to make contributions, there is still a 

considerable scope to make more effort to enhance such guidance. 

Among the strengthening techniques based on FRP composites, the use of NSM FRP 

is emerging as a promising technology for increasing the strength and durability of 

deficient concrete, masonry and timber members. The literature currently available on 

this technique is relatively limited. Beside field applications and experimental field 

projects, laboratory projects on NSM FRP for structural strengthening of concrete 

members have been carried out as discussed in Chapter 2. 

Q 

Figure 1-3 NSM technique Figure 1-4 Equilibrium of the CFRP 

In order for this technique to perform effectively, bond between the NSM 

reinforcement and surrounding material is a critical issue (Figure 1-3 to Figure 1-5). 

The aim of this PhD study is to investigate the mechanics of bond between NSM FRP 

bars and concrete, and to analyse the influence of a few critical parameters on the 

bond performance and failure modes. Building on previous investigations, an 

enhanced specimen has been designed in this PhD study in order to obtain a test 

procedure that is capable of illustrating the bond performance not only in bond 

curtailments zones but also in the mid-span zones of the beam as well as near the 
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critical zones such as cracks. Among the investigated variables are FRP reinforcement 

ratio (area of FRP rods divided by concrete section area), bonded length and groove 

size. Results of the project are presented and discussed and compared with results 

from FEA. 

Qf 

Qa 

Qc 

I dx pd x 

Q f-I-dQ f 

Q a+dQ a 

a C+dQ c 

Figure 1-5 Strain of the individual materials of the bond region (bottom view) 

Composite plate bonding is now recognized as an appropriate strengthening method. 

In particular, beam strengthening using bonded composite plates has been studied 

widely in recent years. According to previous research programmes, brittle separation 

failure, which results in complete loss of connection between the FRP plate and 

concrete, is very common in FRP plated concrete members, and can give dramatic 

reduction in load-carrying capacity. 

Figure 1-6 shows an exploded view of the three-layer plate-adhesive-concrete 

connection with these bond stresses clearly identified. High bond stresses eventually 

trigger failure of one of these layers. When this occurs, the plate-to-beam connection 

is lost and the plate separates from the beam. Of the materials in the three connecting 

layers, the covercrete (concrete layer forming cover to the reinforcement) usually 

possesses the lowest strength, so debonding commonly occurs through delamination 
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of the covercrete layer. Concrete is a brittle material, so any mode of debonding can 

propagate rapidly, with little advance warning. 
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Most research effort to date on brittle failure modes of FRP plated beams has focused 

almost singularly on the End Peel Mode, which initiates at the ends of the plates and 

progresses inwards along the beam. However, other brittle failure modes (e. g. the 

midspan debond mode) have been observed recently and are regarded as critical. 

Therefore, there is an urgent need for research into these topics. This PhD thesis 

reports the results of one such research programme. 

FRP composite bridge decks are a relatively new application of FRPs. The main 

differences between it and conventional FRP applications include: a) the FRP decks 

are primarily in compression while the FPR plate or bars are normally in tension; b) 

FRP decks are individual units which are bonded to each other which may cause 
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uneven stress transfer while plates are more likely to have continuous stress transfer. 

In this thesis, a composite bridge specimen comprising a triangular profile GFRP deck 

adhesively bonded to a RC main beam underneath is presented and its structural 

response to loading is investigated. This study will give a fundamental insight into the 

stress transfer at the adhesive bond line between GFRP deck and RC concrete. 

Little literature has focussed on the likely influence of initial cracks on the failure 

behaviour of plated concrete members. An understanding of the influence of such 

cracks is of interest and has been investigated in this study. 

1.4 Aims of the research 

The overall aim of this research is to gain a better understanding of stress transfer 

behaviour between FRP and concrete and the resulting failure modes in the FRP 

strengthened RC members. 

The fundamental research topics under investigation in this thesis are: 

Developing a pullout test to investigate the stress transfer between FRP bars and 

anchoring material at a fundamental level, which reflects conditions not only in end 

zones but also mid-span zones of NSM FRP strengthened RC beams. 

Establishing the validity of FEA models by choosing suitable elements to simulate the 

adhesive bond. 

Developing a comprehensive understanding of the mechanics of the stress distribution 

both along the bond line and through the thickness of the adhesive layer. 

Gaining an enhanced understanding of the mechanics of the brittle separation failure 

modes, especially for the mid-span debonding mode that was less investigated in 

previous studies. 
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Investigating the effects of initial flexural and shear cracks on the structural responses 

of FRP strengthened RC members. 

1.5 Layout of the thesis 

This thesis is constructed in 7 chapters including the present introductory chapter. The 

contents of the remaining chapters are given below. 

Chapter 2 reviews research work to date on experimental studies and FE analyses of 

FRP strengthened concrete members. In particular, two commonly used strengthening 

methods, namely the near surface mounted (NSM) and externally bonded reinforcing 

(EBR) techniques, as identified in the previous studies, are described and discussed. 

Most significantly, the lack of research into bond behaviour and failure modes 

associated with the NSM technique and the lack of understanding of the critical 

midspan debonding failure mode for FRP plated members are highlighted. Then, the 

need for a reliable finite element analysis to study the topics mentioned above in 

detail, is emphasized. 

Chapter 3 presents the verification study of the FEA package used in the present PhD 

study. The elements and associated material models used in the study are described. 

Three examples are presented of strengthened RC members and associated FE meshes. 

Then the FEA results are compared with experimental and theoretical data previously 

published. A suitable choice of elements is discussed for studying both thru-thickness 

and axial variations of adhesive bond stress. 

Chapter 4 is devoted to experimental work performed in this PhD study on a 

specialised pullout test developed for the NSM technique. The design of the 

experiments, fabrication of the specimens, and instrumentation, are described. In 
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particular, the modified set-up of the NSM strengthened block to investigate both 

midspan debonding and end peel is highlighted. Important observations and data from 

the tests are presented and discussed in terms of their significance in acquiring an 

understanding of the midspan debonding mechanics of NSM strengthened RC 

members. 

Chapter 5 focuses on FEA verification of the obtained experimental data, to try and 

give further physical insight into the mechanics of bond behaviour associated with 

failure modes of the NSM strengthening technique. Parametric analyses by the FE 

method to investigate the influences of various material properties on structural 

responses of the NSM FRP strengthened specimens are also highlighted in this 

chapter. 

Chapter 6 describes further FEA work on FRP strengthened members. In particular, 

the FEA method is used to predict complex stress transfer mechanics in a composite 

bridge specimen composed of a top Glass FRP deck and a bottom RC beam, both with 

and without initial cracks. The stress transfer mechanics and failure modes in FRP 

plated beams with initial flexural or shear cracks are also analysed and presented by 

the FEA method, which cannot be caught and easily expressed in current available 

algebraic research. The localised effects of cracks on the structural behaviours are also 

investigated. 

Chapter 7 summarises the work done and the main results from this research 

programme. Conclusions are drawn and suggestions for continuation of the work are 

presented. 
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Chapter 2 

Literature review 

2.1 Introduction 

This chapter reviews both experimental and finite element (FE) research to date into 

reinforced concrete (RC) structures externally strengthened by fibre reinforced 

polymers (FRPs). In the following section, a brief overview is given of the status quo 

on research into the applications of FRPs for strengthening of existing structures. 

Studies on various strengthening types and adhesive bond techniques are summarised. 

In particular, previous research on the near surface mounted (NSM) technique, 

externally bonded reinforcing (EBR) method and FRP composite bridge decks are 

reviewed in detail. The discussion focuses on both the experimental and FEA research 

into stress transfer between FRP and concrete. Finally, conclusions are drawn from 

the discussions of this chapter. 

The review aims to demonstrate that although much of the research to date has 

focussed on the general failure behaviour of FRP-bonded RC members and on the 

stress transfer between FRP and concrete, there are still some very important 

outstanding issues specific to the adhesive stress distribution and mechanics of the 
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brittle separation failure modes on which significant further light must be shed. In 

particular, this chapter highlights the important need for further work in the following 

areas: 

" Development of a pull-out test to investigate the stress transfer on FRP bar to 

anchoring material at a fundamental level, which reflects conditions both in midspan 

zones and end zones of NSM FRP strengthened RC beams. 

" Establishing the best choice of elements to simulate the adhesive connection. 

" Development of an enhanced understanding of the mechanics of stress distribution 

both along the bond line and through the thickness of the adhesive layer. 

" Gaining an enhanced understanding of the mechanics of the brittle separation failure 

modes, especially for the mid-span debonding mode which was less investigated. 

" Achieving a fundamental understanding of structural behaviour of FRP composite 

bridge system in which FRPs are under compression rather than tension compared to 

those in conventional FRP strengthened structures. 

2.2 Application of FRPs in Structural Engineering 

2.2.1 Advantages and general application of FRP 

A fibre-reinforced polymer is a composite material comprising a polymer matrix 

reinforced with fibres. The fibres are usually glass, carbon, or aramid, while the 

polymer is usually an epoxy, vinylester or polyester thermosetting plastic. FRPs are 

commonly used in the aerospace, automotive, marine, and construction industries. 

Some of the favourable characteristics of FRP materials are high stiffness and a high 

strength to self weight ratio, excellent fatigue and corrosion resistance, reduced 

installation time and maintenance costs, as well as superior resistance to 

environmental degradation compared to traditional building materials. 
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The superior characteristics of FRP make it attractive for use in new construction or 

retrofit of existing ones. Among the more common uses of FRPs on existing RC 

structures are their applications to flexural and shear strengthening, of RC beams in 

bridges and buildings. For flexural strengthening (Figure 2-1), previous research 

reported narrower and more evenly distributed flexural cracks, higher member 

stiffness and significantly improved load capacity. For example, in experiments 

conducted within Meier's research group (Meier & Kaiser (1991), Meier (1992), 

Meier et al (1992)) in Switzerland, 2m span RC beams bonded with 0.3 mm thick 

FRP plates exhibited 100% increase in ultimate capacity and 50% reduction of 

deflection, both over the un-strengthened RC member. 

PP 
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Figure 2-1 FRP flexural reinforcement of beams 

As can be seen in Figure 2-2, shear strengthening of beams can be achieved by 

bonding FRP fabric around the sections of the concrete members with various 

arrangements of FRP fabric including diagonal fabric (Salles Neto et al (2001)), 

vertical fabric continuous along the entire length of the beam (Grace et al (1999) and 

Oehlers (2001)), or vertical fabric laid in strips intermittently along the member 

(Mukhopadhyaya et al (1998), Triantafillou (1998), and Tann et al (2001)). 

Furthermore, the axial strengthening of beams in the critical compression concrete 

zone can be achieved by confinement within fabric, or by bonding FRP plate and / or 

fabric to the maximum moment region. 
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Figure 2-2 FRP shear reinforcement of beams 

Other main applications of FRPs on existing RC structures include the strengthening 

of columns and slabs. A popular strengthening technique for concrete columns is 

wrapping a few layers of FRP fabric around the column. In that case, the tendency of 

the concrete column to expand radially under axial compression is resisted by the FRP 

fabric. The column flexural capacity is also enhanced in this way. Several bridge 

columns have been strengthened with CFRP fabric in Japan and the USA to improve 

seismic resistance, while in the UK RC columns in several car parks have been 

strengthened with FRP materials (The Concrete Society Report TR55 (2000)). 

For slabs, flexural strengthening is applicable with FRPs. Besides, it has been 

suggested that shear strengthening of slabs may be possible via vertical through steel 

or FRP rods anchored at the top and base of the member (Buyukozturk et al (1999)). 

Research into the structural uses of FRPs confirms that the materials also can be 

successfully employed in new-build applications, including dual role in both 

permanent formwork and external permanent reinforcement in concrete structures 

(Canning et al (1999)), the use of FRP rods as embedded reinforcement in RC 

structures (Cosenza et al (1997) and Grace et al (1998)), the use of FRP tendons for 

prestressing purposes in both pre-tensioned (Lees & Burgoyne (1999)) and post- 

tensioned (Meier (2000) and Choi et al (2001)) concrete structures, and the use of 

concrete-filled FRP tubes or shells as composite columns (Saafi et al (1999)). In 

addition, Sebastian (1996) has investigated the use of a Glass Reinforced Plastic (GRP) 
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enclosure as a load-bearing component within the Composite Space Truss Bridge 

(CSTB) form. 

2.2.2 Near surface mounted (NSM) technique 

2.2.2.1 Description 

In recent years, among the strengthening techniques based on FRP composites, the 

use of NSM FRP bars is emerging as a promising technology for increasing flexural 

and shear strength of deficient concrete, masonry and timber members. 

The term `near' is used to distinguish this technique of structural strengthening from 

that using externally bonded FRP composites. The NSM strengthening technique is 

based on the use of FRP bars as shear or flexural reinforcement. Embedment is 

achieved by cutting a groove into the surface of the member to be strengthened along 

the desired direction and to the desired depth and width. The groove is filled halfway 

with epoxy or cementitious paste. Then the FRP bars of circular, square or rectangular 

cross sections are placed in the groove and lightly pressed, forcing the paste to flow 

around the bar and fill completely the space between the bar and the sides of the 

groove. The groove is then filled with more paste and the surface is levelled. 

The NSM FRP reinforcement may be round, square, rectangular or oval bars, as well 

as strips (Figure 2-3 and Figure 2-4). For brevity, the term "bars" is used herein as a 

generic term encompassing all cross section shapes, while the term "strips" is reserved 

for thin narrow strips. Different cross section shapes have different advantages, and 

offer different choices for practical applications. For example, square bars maximize 

the bar sectional area for a given size of square groove while round bars are more 

readily available and can be more easily anchored in pre-stressing operations. Narrow 
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strips maximize the surface area-to-sectional area ratio for a given volume and thus 

minimize the risk of debonding, but require a thicker cover for a given cross-sectional 

area. 

e 

Figure 2-3 Types of FRP bars for NSM applications (Dc Lorenzis & "Deng (2007)). 

Epoxy or cement paste 
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Figure 2-4 Cross section comparing different NSM systems with externally 

bonded plate 

Fl-I lacha & Rizkalla (2004) has compared equivalent amounts of NSM reinforcement 

provided as round bars or strips. As expected, strips performed better and failed by 

tensile rupture rather than debonding like the round bars, due to the higher local bond 

strength and larger lateral surface to cross-sectional area ratio of NSM strips. In 

practical applications, the choice depends strongly on the constraints of a specific 

i 
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situation, such as the depth of the cover, and the availability and cost of a particular 

type of FRP bar. 

FRP bars are also manufactured with a variety of surface textures, which strongly 

affect their bond behaviour as NSM reinforcement. Their surface can be smooth, 

sand-blasted, sand-coated, or roughened with a peel-ply surface treatment. Round bars 

can also be spirally wound with a fiber tow, or ribbed (ACI 440). 

2.2.2.2 Advantages of NSM FRP technique 

The advantages of FRP vs. steel for the NSM strengthening application are primarily 

the better resistance to corrosion, the ease and speed of application due to the 

lightweight properties, and the optimization of the grooving process. Due to the high 

tensile strength of the FRP, rods with smaller diameters can be used for a given 

required tensile force, which reduces the groove size needed for embedment. Further 

reduction in depth is due to the better corrosion resistance and bond behaviour of FRP 

rods compared to steel rebars. For a given cover, it is more likely for steel rebar (with 

stiffer surface deformations) to induce splitting of the groove-filling materials than 

FRP rods (with soft surface deformations made of polymer resin), especially when the 

filling material has medium tensile strength compared to reinforced rods and the 

groove size is small (De Lorenzis et al (2002)). 

In certain cases, the NSM strengthening technique can be more convenient than using 

externally bonded reinforcing (EBR) methods due to better reinforcement anchoring 

systems and resistance to external corrosion as well as the minimal surface 

preparation work and installation time necessary (Nanni et al. (1999)). 
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Firstly, for the EBR technique, the research carried out up to now has revealed that 

this technique cannot mobilize the full tensile strength of the FRP materials, due to 

their premature debonding (Spadea et al (1998)). To improve the efficiency of the 

EBR technique, some anchorage systems have been proposed (Khalifa et al (1999)). 

NSM strengthening technique makes it possible to anchor the FRP reinforcing 

rods/strips into RC members so that reliable anchorage could be achieved. 

Another advantage of NSM embedment is that it significantly reduces the probability 

of harm resulting from fire, acts of vandalism, mechanical damage, and aging effects. 

While in the EBR technique, the reinforcing performance of these composites can be 

negatively affected and decreases significantly when submitted to high and low 

temperatures (Tommaso et at (2001)). 

In particular, the NSM technique becomes attractive for strengthening in the negative 

moment regions of slabs and decks, where external reinforcement would be subjected 

to mechanical and environmental damage and would require protective cover which 

could interfere with the presence of floor finishes. 

Furthermore, NSM technique requires minimal surface preparation work (other than 

grooving) and implies minimal installation time compared to the externally bonded 

technique. The use of customized grooving tools can allow technicians to cut the 

appropriate grooves in one pass, whereas the choice of high viscosity epoxies as 

groove-filling material allows for ease of gunning the material into the grooves. 

2.2.2.3 Previous applications of NSM FRP technique 

Although the use of FRP rods for this application is very recent, NSM steel bars have 

been used in Europe for strengthening of RC structures since the early 1950's. The 
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earliest reference that could be found in the literature dates back to 1949 (Asplund 

(1949)), an RC bridge in Sweden which experienced excessive settlement during 

construction, so that the moment capacity needed to be increased. This was 

accomplished by grooving the surface, filling the grooves with cement mortar and 

embedding steel rebars in them. 

Gentile and Rizkalla (1999) conducted a comprehensive experimental program to 

investigate the feasibility of using NSM GFRP bars for flexural strengthening of 

timber bridge stringers. Based on test results, the Tourond Creek bridge constructed 

39 years ago in Manitoba, Canada, was strengthened using GFRP bars. The bars were 

inserted longitudinally into specially constructed grooves in the stringers and adhered 

to the wood beams with an epoxy resin. Using this technology, the bridge is capable 

now of carrying the current design loads for less than 15% of the cost estimated to 

replace the bridge. 

Figure 2-5 shows a few applications of NSM technique on deficient structures. Hogue 

et al. (1999) carried out a strengthening project to upgrade the structural floor of 

Myriad Convention Centre (Oklahoma City, USA) in 1997-1998. A combination of 

externally bonded steel plates, CFRP sheets and NSM CFRP rods was adopted. NSM 

rods were used for shear strengthening in this case. Figure 2-5(a) shows that vertical 

grooves were saw-cut along the side surfaces of the joist and the CFRP rods were 

inserted. 

Figure 2-5(b) shows that Pier 12 at the Naval Station San Diego (USA) was 

strengthened in November 1998 (Warren (1998)). NSM CFRP rods were placed in 

sequence into the epoxy-filled slots to increase the capacity of the deck slab in the 
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negative moment regions. Strain gauges were attached to the CFRP rods in order to 

monitor the performance of the strengthening system, which proved to be satisfactory. 

(a) Upgrading floor of Myriad 

Convention Centre (Hogue et al. 

(1999)) 

(b) Strengthening Pier 12 at the Naval 

Station San Diego (Warren (1998)) 

(c) Strengthened Bridge in service (d) Strengthening and load testing 

(Alkhrdaji et at. (1999)) program at Malcolm Bliss Hospital 

(Tumaialan et al. (1999)) 

Figure 2-5 Examples of previous applications of NSM FRP Rods 

Alkhrdaji et al. (1999) strengthened Bridge J-857 (Phelps County, USA) in service in 

August 1998. One of the three solid RC decks was strengthened by embedding NSM 

FRP rods in grooves cut onto the soffit of the bridge deck parallel to its longitudinal 
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axis. Two columns were also strengthened with NSM CFRP rods to increase their 

flexural capacity Figure 2-5(c). The rods were mounted on two opposite faces of the 

columns and anchored into footings. 

A strengthening and load testing program at Malcolm Bliss Hospital in St. Louis, 

USA was conducted by Tumaialan et al. (1999). Figure 2-5 (d) shows the installation 

of NSM FRP rods on a masonry wall. 

All existing test results of strengthened beams, slabs, and columns indicate that the 

NSM reinforcement improved the ultimate load and the load at the yielding of steel 

reinforcement, as well as the post-cracking stiffness. 

2.2.3 FRP composite bridge decks 

Maintenance of transportation infrastructure, especially bridges, is a growing concern 

worldwide. Bridge decks are subjected to severe environmental conditions and heavy 

traffic loads. Finding innovative, cost-effective solutions for the repair and 

replacement of concrete and steel in bridges is a necessity. A FRP deck weighs 

approximately 80% less than a concrete deck. Reducing the dead load will increase 

the allowable live load capacity of the bridge without significant repair to the existing 

superstructure, thus lengthening its service life. Hence, lightweight and durable FRPs 

can be an excellent candidate for replacing concrete decks. Actually, the use of FRP 

composite bridge decks has gained momentum in the past few years with the 

successful installation of several composite bridges around the world. 

Composite bridge decks are typically made of glass fibre and a polyester resin or 

vinyl ester resin matrix. Most bridges constructed to date use deck elements from 

pultruded (The term is a portmanteau word: "pull" + "extruded") structural shapes 
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(henceforth called "profile") that are glued together. Basic profile cross sections are 

including hexagonal plus half-depth trapezoidal sections (Keller (2001)), triangular 

single or dual cell sections (Brown & Zureick (2001), Crocker et al. (2002), Luke et al. 

(2002)), box sections (Hayes et al. (2000)) and trapezoidal dual-cell sections (Cassity 

et al. (2002)). 

Each of these deck systems is factory assembled into deck panels that are sized 

appropriately for shipping to the work sites. The panels are then erected and bonded 

together at the site using high performance adhesives, mechanical connections, or 

both. For example, Figure 2-6 shows a trapezoidal dual-cell profile being formed 

through a pultrusion process. Fibre reinforcements are wetted with the resin and 

pulled through heated metal dies which binds and cures the composite into a precise 

cross-section. The profiles are assembled by bonding with a structural polyurethane 

adhesive. The deck shows a strongly orthotropic load-carrying behaviour due to the 

different fibre architectures and the different structural behaviours in longitudinal and 

transverse directions. However, it is found that there is little published data for the 

bolt connected composite deck up to date. Therefore, the adhesively bonded 

composite deck will be the focus of this thesis and FE analyses are done and 

compared to experimental data. 

Figure 2-6 Schematic of the pultruded GFRP bridge deck 
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2.2.4 Adhesive bond technique 

With regard to the connections, adhesively bonded connections are used more and 

more due to their favourable behaviour with respect to anisotropic composite fibre 

materials (Keller & Gurtler (2003)). Compared to bolted connections, adhesive 

connections allow for a much smoother and uniform load transfer and offer better 

durability because the adherends are not subjected to additional drilling operations 

that cut and expose the fibres to environmental impact. The advantages of adhesively 

bonded joints also include less stress concentrations, superior fatigue resistance, high 

strength-weight ratio, low fabrication cost, improved visual appearance, excellent 

electrical and thermal insulation properties, corrosion prevention, etc. (Pandey (1998)). 

Structural adhesives are generally thermosets such as epoxy, acrylic, polyurethane and 

phenolic adhesives. A minor degree of grit-blasting is necessary to remove laitance 

and general impurities from the surface of concrete structures, in preparation for 

bonding of the FRP fabrics (Kim (2003)). This process leaves a roughened concrete 

surface which can cause local stress concentrations with consequential reduction in 

the level of enhancement achieved. This effect can be mitigated by using epoxy resin 

to fill and smooth out the asperities generated by the grit-blasting. 

Pandey (1999) concluded that there are mainly three types of failure modes in the 

bonded joints: (1) cohesive failure within the adhesive; (2) adhesive failure which 

occurs at the interfaces of the adhesive and adherends; and (3) failure of adherends 

which also includes delamination in the composite adherends. Other possible failure 

modes are cyclic debonding in which progressive separation of adherends occurs due 

to the failure of the adhesive under cyclic loading. An accurate analysis of adhesively 
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bonded joints is needed in order to determine stress distribution for predicting strength 

and failure. 

2.3 Structural behaviour of FRP-strengthened concrete members 

2.3.1 Introduction 

The growing number of applications of adhesively bonded FRP-strengthened concrete 

members requires improved testing methods to evaluate the behaviour of the bonded 

joints. Destructive tests are performed to evaluate the mechanical performance of 

adhesive bonded joints. A great variety of test geometries and specimens are used to 

obtain adhesive properties and strength of adhesive joints. The measured parameters 

are the load and strain needed to create failure. 

The remainder of this section reviews the research work to date in the field, and in so 

doing draws attention to the important outstanding areas which require further focused 

research. 

2.3.2 Study of RC elements strengthened with NSM FRP 

Besides field applications and experimental field projects, laboratory projects on NSM 

FRP rods for structural strengthening of concrete members have been carried out in 

recent years. De Lorenzis & Nanni (20011,20012,2002) and De Lorenzis et al (2002) 

have comprehensively analysed the bond performance of NSM FRP rods. Other 

researchers have proposed similar strengthening techniques but, instead of rods, have 

used laminate strips of CFRP (Blaschko & Zilch (1999), Ferreira (2000)). 

-25- 



Chapter 2 Literature review 

2.3.2.1 Bond test and discussion of failure modes 

Bond is of primary importance, since it enables the stress transfer between the 

concrete and the FRP reinforcement to develop composite action. The bond behaviour 

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

aspects such as crack width and crack spacing. Among the many different types of 

bond tests to investigate the stress transfer from the concrete to the FRP bars and the 

effective bond length reported in the literature, the most common are the direct 

pullout test (Figure 2-7) and the beam pull-out test (Figure 2-8). 

FRP bars 

epoxy adhesive 

FRP bars 

concrete block 
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ii 
ii 

I 
(a) Cross section 

concrete block 

FRP bars 

(b) Loading set up 

Figure 2-7 Direct pull-out bond test specimen 
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Figure 2-8 Beam pull-out bond test specimen 
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For the direct pull out test, the specimen usually consisted of a concrete block with 

epoxy-filled grooves cut on two opposite faces and the CFRP rods or strips inserted 

into the grooves. Then the load was applied to the NSM bars while a steel frame 

restrained the concrete block. For the beam pullout test, each beam had a steel hinge 

at the top and a saw cut at the bottom, both located at midspan. The purpose of the 

hinge and saw cut was to control the distribution of the internal forces. During loading, 

the saw cut caused a crack to develop at the centre of the beam and extend up to the 

hinge. Therefore, the compressive force in the beam at midspan was located at the 

centre of the hinge and the internal moment arm was known and constant for any 

given load level above the cracking load. This allowed an accurate computation of the 

tensile stress in the rod. Only one side of the beam was the test region, with the FRP 

rod having a limited bonded length and being unbonded in the remaining part. The rod 

was fully bonded on the other side of the beam, so that bond failure would occur in 

the test region. 

(a) Failure in concrete (b) Failure in bar-epoxy interface 

Figure 2-9 NSM failure modes reported by Van et al. (1999) 

Based on the results from bond tests, Yan et al. (1999) reported that two different 

failure modes were found in the tests: the specimens with the two shorter bonded 
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lengths failed by rupture of the concrete at the edge of the block (Figure 2-9 (a)) and 

those with the longest bonded length failed as pull out at the rod-epoxy interface 

(Figure 2-9 (b)). The former failure mode may be due to the closeness of the bonded 

length to the edge of the concrete block so that the concrete edge failed in shear 

before proper bond failure occurred. 

Another series of bond tests was performed by Warren (2000). Half of the specimens 

were tested at room temperature while the other half at 60 °C. It was found that the 

room temperature specimens failed by splitting and shearing of the concrete while the 

elevated temperature ones failed at the epoxy-concrete interface. 

(a) Failure by splitting of epoxy adhesive (b) Failure by concrete cracking 

Figure 2-10 NSM failure modes reported by De Lorenzis and Nanni (20012) 

De Lorenzis & Nanni (2001) carried out beam pull-out tests on live specimens 

strengthened by CFRP deformed rods. Two bond failure modes were observed: 

splitting of the epoxy cover Figure 2-10 (a) and cracking of the concrete surrounding 

the groove Figure 2-10 (b), depending on the groove size. As the groove size 

increases, the thickness of the epoxy cover increases, so offering a higher resistance to 
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splitting. The ultimate load increases correspondingly, and failure may eventually 

shift from the epoxy to the surrounding concrete. The average bond strength results 

were approximately constant with the bonded length, indicating an even distribution 

of bond stresses at failure. 

(a) Concrete cracking 

(c) Failure at the epoxy-concrete interface 

(b) Longitudinal splitting crack 

(d) Splitting of the cement mortar 

Figure 2-11 NSM failure modes reported by 1)e Lorenzis et at (2002) 
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A modified pull-out test was developed by De Lorenzis & Nanni (2002) on NSM 

CFRP and GFRP ribbed and sandblasted rods, with varying bond length and groove 

size. In total a series of tests on 36 specimens were performed. The encountered 

failure modes shown in Figure 2-11 were: splitting of the epoxy, accompanied or not 

by cracking of the concrete surrounding the groove, for ribbed rods, and pull-out at 

the rod-epoxy interface for sandblasted rods. 

2.3.2.2 Flexural strengthening for RC beams 

groove with NSM FRP 

epoxy 
adhesive 

FRP strips 
epoxy 
adhesive 

FRP rods 

Figure 2-12 Diagram of NSM FRP technique 

The benefits in terms of load-carrying capacity and ductility showed that this 

technique is promising for strengthening concrete elements failing in bending. Some 

existing studies were conducted on simply supported RC beams flexurally reinforced 
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with NSM bars (Figure 2-12). Based on the available experimental evidence, the 

possible failure modes include: concrete cover separation, bar-epoxy interfacial 

debonding, epoxy-concrete interfacial debonding and other secondary debonding 

failure mechanisms (De Lorenzis & Teng (2007)). Note that the debonding failures 

observed in the flexural tests differ greatly from those found in the bond tests, due to 

the presence of flexural and shear cracks altering the bond stress distribution, the 

curvature of the beam, and the dowel forces generated by the opening up of the bond 

cracks, phenomena which are all absent in a bond test specimen. 

De Lorenzis et al (20003) reported bar-epoxy interfacial debonding that involves 

interfacial debonding between a bar and the epoxy for sand-blasted round bars. It was 

found that the epoxy cover in the beam was intersected by flexural cracks which 

facilitated the initiation of longitudinal splitting cracks and hence accelerated 

interfacial debonding (Figure 2-13 (a)). 

Hassan and Rizkalla (2003 & 2004) conducted flexural tests on RC beams with NSM 

CFRP round ribbed bars and strips of varying embedment length. Failure of beams 

with NSM round ribbed bars occurred by splitting of the concrete cover followed by 

the complete debonding of the bars in all cases. These authors concluded that the 

tensile rupture of this type of bar is unlikely to occur, regardless of the embedment 

length, that the maximum usable strain of these bars should be limited to 0.7 - 0.8%, 

and that the anchorage length should not be shorter than 800 mm. In the case of beams 

with NSM strips, rupture of the strips occurred when the embedment length was 

larger than 850 mm. They also reported the cohesive shear failure in the concrete at 

the epoxy-concrete interface starting from the cut-off section as shown in Figure 2-13 

(b). 
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(a) Bar-epoxy interface dehonding 

Literature review 

(h) Epoxy-concrete dehonding 

(c) Separation mode I of concrete cover 

(d) Separation mode 11 of concrete cover (e) Splitting of the epoxy cover 

Figure 2-13 Debonding failure modes on flexurally strengthened beams 

Barros and Fortes (2005) applied the NSM technique on beams failing in bending by 

testing four series of beams under four-point loading. Taking the results obtained it 

was observed that this strengthening technique provided significant increase of the 

load corresponding to the deflection of the serviceability limit state, concrete cracking 

and the yielding of conventional reinforcement, the service load of the strengthened 
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beams, and the maximum load of the reference beams respectively. The maximum 

strains in the CFRP laminates ranged from 62% to 91% of its ultimate strain, 

indicating that this strengthening technique can mobilize stress levels in the CFRP 

reinforcing elements close to the tensile strength of this composite material. Figure 2- 

13 (c) shows the failure mode of beam, which was characterized by the detachment of 

a layer of concrete at bottom of the beam. 

Teng et al. (2006) conducted flexural tests on RC beams with NSM strips of varying 

embedment length. As the embedment length increased, the failure mode changed 

from concrete cover separation starting from the cut-off section (Figure 2-13 (d)), to 

concrete crushing followed by secondary cover separation close to the maximum 

moment region. In the beams with the two longest embedment lengths, secondary 

debonding mechanisms were also observed (Figure 2-13 (e)). 

2.3.2.3 Shear strengthening for RC beams 

The use of NSM FRP reinforcement is also effective in enhancing the shear capacity 

of RC beams. In the studies for this purpose, the bars are embedded in grooves cut on 

the sides of the member at a desired angle to the beam axis. 

De Lorenzis & Nanni (20011) carried out shear-strengthening tests on eight large size 

T-beams by puting CFRP ribbed round bars in epoxy-filled grooves. The test 

variables included bar spacing, inclination angle and anchorage of the bars in the 

flange. An increase in shear capacity as high as 106% was achieved. 

Two different failure modes were identified in the tests, namely the debonding of the 

FRP bars by splitting of the epoxy cover and cracking of the surrounding concrete, 

associated with the diagonal tension failure of concrete (Figure 2-14 (a)), and 
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separation of the concrete cover of the steel longitudinal reinforcement (Figure 2-14 

(b)). The authors suggested that debonding of the FRP bars is the most important 

failure mode and could be prevented by providing better anchorage of the NSM bars 

crossing the critical shear crack, by either anchoring the bars in the beam flange or the 

use of inclined (e. g. 45 degree) bars at a sufficiently close spacing to achieve a longer 

total bond length. The second mode, however, may be attributed to the fact that no or 

very limited steel stirrups were present in these beams, and is unlikely in beams with a 

significant number of steel stirrups. 

(a) Splitting of epoxy cover (h) Local separation of concrete cover 

Figure 2-14 Uebonding failure modes on shear strengthened beams 

Barros & Dias (2003) tested beams of different sizes strengthened by NSM CI1RP, 

conventional stirrups and CFRP sheets respectively. The reported results showed that 

the first one is the most effective not only on the load bearing capacity but also on the 

ductility of strengthened beam. Although failure modes were not described, based on 

the reported load-deflection curves, at least some of the beams are believed to have 

failed in bending. 

Nanni et al (2004) applied CFRP rectangular bars installed as NSM reinforcement for 

shear strengthening in conjunction with an externally bonded pre-cured CFRP 

laminate to increase the flexural capacity of a prestressed concrete bridge girder. The 
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specimen, which was removed from an overloaded bridge in Kansas was strengthened 

and tested in the laboratory. Test results showed that the proposed NSM 

reinforcement technique represents an effective solution to increase shear capacity. 

2.3.2.4 Other research on NSM strengthening applications 

Nordin && Tälj sten (2006) conducted a pilot study on concrete beams strengthened 

with prestressed NSM CFRP strips. Test results showed a substantial increase in 

cracking and failure loads for the strengthened specimens. Prestressing the strips did 

not influence the mode of failure. Compared to unstrengthened specimens, the 

prestressed beams had considerably smaller deflections at failure. 

Prota et al. (2004) proposed the combined use of FRP laminates and NSM bars for 

upgrading RC beam-column connections. NSM bars were installed on the column 

prior to wrapping and anchored through the beam. Such installation enabled the 

transition of the failure mode from the column to the shear failure of the joint. In 

further specimens, additional strengthening was provided to the joint to suppress joint 

shear failure by placing the FRP reinforcement either along the beam axis or along the 

column axis. With this strengthening scheme, failure shifted to the column joint 

interface at the termination of the FRP laminate. The upgrading of the joint zone 

increased its deformability and hence provided a significant contribution to the 

ductility of the system. This topic deserves further investigation as similar advantages 

may be realised by suitable combinations of the two techniques in solving other 

strengthening problems. 
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2.3.2.5 Theoretical analysis of bond stress-slip relationship 

Based on the average bond stress-slip curves of the specimens with the shortest 

bonded length, De Lorenzis et al (2002) approximated and modelled analytically the 

local bond-slip relationships in the two cases of specimens failed by splitting and at 

the epoxy-concrete interface. This allowed computation of some quantities of interest 

from a design standpoint, such as the bond failure load as a function of the bonded 

length, the load at onset of free-end slip corresponding to the ascending portion of the 

bond-slip curve, and the corresponding minimum bonded length. A design approach 

based on the limit state philosophy was proposed to compute the anchorage length of 

NSM bars, and a design example was carried out. 

Hassan & Rizkalla (2002) proposed a general methodology to evaluate the 

development length of NSM FRP bars of different configurations and types of fibers. 

The influence of the groove dimensions, groove spacing, and the limited adhesive 

cover was investigated. The authors concluded that the tensile stresses both at the 

concrete-adhesive interface and the FRP-adhesive interface are highly dependent on 

the groove dimensions and controls the failure mode of NSM FRP bars. Design charts 

were provided to establish code specifications for the use of NSM FRP reinforcement. 

Hassan & Rizkalla (2003) proposed a closed-form analytical solution to predict the 

interfacial shear stresses. The model was validated by comparing the predicted values 

with test results as well as nonlinear FE modelling. A quantitative criterion governing 

the debonding failure of NSM CFRP strips was established. The influence of various 

parameters including internal steel reinforcement ratio, concrete compressive strength, 

and groove width was discussed. 

-36- 



Chapter 2 Literature review 

By using the results of an experimental program with pullout-bending tests, Cruz & 

Barros (2004) developed a numerical strategy to obtain an analytical bond-slip 

relationship. This relationship was converted into a bond-slip constitutive law for a 

line interface finite element, used to simulate the concrete-CFRP bond behaviour. The 

numerical model developed predicted all the significant aspects registered 

experimentally, and can be used to assess relevant information in the design of 

concrete structures strengthened by the NSM technique. 

2.3.2.6 Further research needed 

From a comprehensive literature review, it was found that there is still limited 

understanding of the mechanics of debonding in beams strengthened with NSM 

systems. In spite of all these experimental investigations on the NSM FRP 

strengthened concrete members, few tests have been done to fully characterize the 

stress transfer conditions between FRP and anchoring material, especially in midspan 

zones rather than end zones. Besides, descriptions of failure modes in ' the existing 

literature are often not sufficiently detailed to understand the progression of the failure 

process. The interactions between the different failure modes described above are still 

unclear and deserve further investigation. 

For this reason, one of the main focuses of the work reported in this thesis is an in- 

depth experimental investigation and finite element analysis of stress transfer between 

NSM FRP bars and anchoring material in a novel pullout specimen which somewhat 

represents conditions both in mid-span zones and end zones as well as relative failure 

modes. Given the variability of material properties and groove geometry, it also 

requires that the influence of the most critical parameters on the bond performance to 

be investigated and therefore a comprehensive parametric FE analysis is conducted 
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along with experimental tests. These issues are in particular represented in detail in 

Chapter 4 and Chapter 5. 

2.3.3 Investigation of FRP plated RC elements 

2.3.3.1 Debonding mechanisms of FRP plated RC elements 

Previous research shows that the external FRP plate bonding for enhancement of RC 

structures is one of the most popular FRP strengthening methods and has attracted 

much research attention. Experiments have been carried out using several setups, 

including single shear tests (Chajes et al. (1996), Bizindavyi & Neale (1999), Täljsten 

(1997)), double shear tests (Swamy et at. (1986), Brosens & Van Gernert (1997), 

Hiroyuki & Wu (1997), Neubauer & Rostdsy (1997)), and modified beam tests (Van 

Gernert (1980), Ziraba et al. (1995)). 

It is concluded that RC members enhanced via FRP plate mostly fail in the following 

three ways: flexure failure by FRP rupture or concrete crushing, shear failure, and 

failure by brittle fracture of the plate-to-concrete connection and consequent 

separation of the plate from the original concrete member (Kim (2003)). Among them, 

the brittle separation failure is one of the most common and critical (Bonacci & 

Maalej (2001)). In particular, such failure was found to be very undesirable, since it 

not only can occur at a load much lower than that which induces conventional flexural 

failure by concrete crushing but also can precipitate large and sudden reductions in 

load capacity. Also, once separation occurs, the un-plated member can be left exposed 

to loads far greater than that for which it was originally designed, with potentially 

catastrophic consequences. 
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It is therefore important to understand the mechanism of brittle separation failure. To 

that end, much experimental and analytical research effort has been invested in this 

subject and it is found that more than one debond mode exists. The remainder of this 

section reviews the work to date in the field and describes the physics of two of these 

debond modes. In so doing, attention is drawn to the important outstanding areas 

which require further focussed research. 

2.3.3.2 Discussion of various brittle separation failure modes 

Probably the most extensively researched and commonly reported brittle separation 

failure mode is End-peel, so-named because it initiates at the ends of the plates and 

propagates inwards along the beam by peeling of the plates, as shown in Figure 2-15 

(a). This occurs by horizontal fracture of the cover concrete, usually at the level of the 

embedded steel reinforcement or near the adhesive-concrete interface. 

End-peel failure has been reported by a number of researchers including Täljsten 

(1994), Brosens & Van Gernert (1997), Buyukozturk & Hearing (1998), Ahmed & 

Van Gernert (1999), Hassanen & Raoof (2001), and Nguyen et al (2001). The 

previous work shows that the bond stresses which trigger such failure develop at 

locations of rapid change of section of the plated beam, i. e., the abrupt transition from 

the un-plated section A to the plated section B in Figure 2-15 (a). Roberts & Haji- 

Kazemi (1989) analytically demonstrated that such section change causes high shear 

and normal bond stresses to develop and to be transmitted through the plate-to- 

concrete connection over a short distance from plate curtailment. 

The research into End-peel has identified some parameters which strongly influence 

this failure mode, including the strength of the plate-to-concrete connection, the offset 
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of section change from the near support, the width-to-thickness ratio of the plate, the 

shear span-to-beam depth ratio, and the stiffness of the connecting adhesive layer. 

Recently, another important failure mode, termed midspan debond, was found in the 

midspan region of the beam, initiating at the toes of flexural cracks and propagating 

out to the ends of the plates. As shown in Figure 2-15 (b), the delaminated concrete, 

adhesive, and plate remain an integral part of the original beam. During the initiation 

phase, inclined cracks form in the covercrete. 

P 
BA 

Peeled-off 
cover concrete 

(a) End peel in plated RC beam 

Main steel 

Fracture separating 
mortarcrete from beam FRP plate 

(b) Midspan debond in plated RC beam 

Directions of debond propagation 

Figure 2-15 Diagrams of major failure modes (Sebastian (2001)) 

Arduini & Nanni (1997) reported this failure mode starting at flexural cracks in the 

maximum moment region and propagating out towards the ends of the plates. Out of 
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16 reinforced concrete beams bonded with CFRP plates, 6 were reported to have 

failed in this manner. 

Meier & Kaiser (1991), Meier (1992) and Meier et al (1992,1993) also reported a 

brittle separation mode which initiated from one of the shear cracks well away from 

the end of the plate in FRP-plated concrete beams. As shown in Figure 2-16, this 

failure mode occurs because the opening of the shear crack induces dowel action in 

the FRP plate across the toe of the crack, thereby inducing high vertical tensile 

stresses and consequent horizontal fracture of the concrete-to-adhesive connection on 

one side of the crack. Note also from Figure 2-16 the potential for horizontal splitting 

of the cover concrete at the level of the embedded steel rebar, owing to a similar 

dowel effect in that rebar. Quantril et al (1996), Kishi et al (2001), Rahimi & 

Hutchinson (2001), and Fanning & Kelly (2001) have reported this type of separation 

failure. 
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Figure 2-16 Shear-crack separation mode 

Swamy & Mukhopadhyaya (1999) reported that the integrity of the bond between the 

CFRP plate and the concrete is particularly sensitive to cracks in the shear span, 

which could cause vertical and/or horizontal displacement of the bonded elements at 
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the toes of the cracks. Garden (1997) suggested that this mode of separation failure is 

likely to occur when the shear span-to-depth ratio of the plated beams is high. 

2.3.3.3 Stress transfer and anchorage length 

Brittle separation failure of adhesive bonding is triggered mainly by high shear bond 

stresses transmitted through the adhesive and adjacent cover concrete layers. 

Experimental determination of the magnitudes of the critical shear stresses is thus a 

crucial starting point for gaining a proper understanding of structural failure modes. 

To that end, many analyses have been done on the FRP-plated beam specimens 

loaded to failure, focusing on the shear strengths of the plate-to-concrete connection 

(usually that of the cover concrete). 

Specifically, the average shear bond stress between two longitudinally adjacent 

locations of a plated member cannot be measured directly, but is instead inferred from 

axial strain readings at those locations. Due to the difficulties of putting strain gauges 

along the bonded surfaces of strengthening plates, these strains have been achieved 

mostly from strain gauges attached to the surfaces of the bonded plates. The 

expression used to work backwards from the test strain gauge data to the average 

shear bond stress between the two locations tg is as follows: 

z-�- = t_E_ 
Os (Equation 2-1) 

"'6 NY AX 

Where: t, is thickness of plate (assumed constant, as is commonly the case); Ep is 

Young's modulus of strengthening plate; As is the difference in mid-plane axial strain 

of the plate between the two locations; and Ox is the distance between the two 

locations along the plate. 
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It is noted that the strains used must be those at the mid-plane of the plate. Because 

the FRP plates used are very thin, it is usually assumed that the strains measured from 

the exposed surfaces of the plates are virtually equal to those at the mid-planes of the 

plates. 

Most of the reported strengths lie in the range from 1 to 5 N/mm2, which is reasonable. 

For example, Sharif et al (1994) stated that the maximum sustainable interface shear 

stress was from 3 to 4 N/mm2. However, higher stresses were found in other 

researches up to be 15 N/mm2 (Bizindavyi & Neale (1999), Quantril et al (1996)). 

The possible reasons for the wide range of concrete material strengths reported could 

be the well-known statistical variation in properties of concrete and the local bending 

of the plate in the vicinity of the shear crack. In the latter case, the strain at the mid- 

thickness of the plate can be very different in magnitude from that at the outer surface 

of the plate, even for thin plates. Kim (2003) took a new measuring method to reduce 

this error by attaching the strain gauges to both the bonded and exposed surfaces of 

the plates, and by using the linear through-thickness strain assumption to deduce the 

mid-plane strains. 

Kim (2003) also mentioned the existence of very low values of connection shear 

strength. The reason may be the presence of imperfections such as bubbles in the 

connecting adhesive layer. If the experimental instrumentation layout used to deduce 

the shear strength does not coincide with the locations of the imperfections, then the 

stress concentrating effects of the imperfections will not show up in the test data, and 

so lower shear strengths than those which actually existed at separation failure will 

have been measured. 
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The tension in the plate is transferred to the concrete mainly via shear stresses in the 

adhesive over a short length nearest to the applied load. Experiments show that at any 

one time, only part of the bond is effective (Täljsten (1997)). As cracking in the 

concrete propagates, bond resistance is gradually lost in the zone near the load, but in 

the mean time it is activated further away from the load. Therefore, a key issue in the 

design of effective externally bonded plates is the anchorage strength and substantial 

research has been carried out on this issue. 

Shear anchorage strength models have been advanced in the last few years. They may 

be classified into three categories: a) empirical models based directly on the 

regression of test data (Hiroyuki & Wu (1997)); b) fracture mechanics models 

(Neubauer & Rostasy (1997)), and c) design proposals that generally make use of 

some simple assumptions (Khalifa et al. (1998), Chen & Teng (2001)). 

It was found that the anchorage strength cannot always increase with an increase in 

the bond length, and the ultimate tensile strength of a plate may never be reached, 

however long the bond length is. This phenomenon leads to the important concept of 

effective bond length, beyond which any increase in the bond length cannot increase 

the anchorage strength, as confirmed by many experimental studies (Chajes et al. 

(1996), Täljsten (1997)) and fracture mechanics analyses (Yuan et al. (2001)). 

However, a longer bond length may improve the ductility of the failure process. 

In spite of this large volume of research, there are still several crucial aspects of brittle 

separation failure which require elucidation. By building on that of these previous 

researchers, the work reported in the present thesis seeks to quantify the influence of 

stress transfer between bond of concrete and strengthening plates on the brittle failure 

modes by presenting both experimental data and finite element analyses results. 
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2.3.4 Investigation of FRP composite bridge decks 

FRP composite bridge decks are relatively new application of FRPs. The main 

differences between it and conventional FRP application are including: a) the FRP 

decks are in compression at bending zone while the FPR plate or bars are in tension 

mostly; b) FRP profile decks normally have joints section which may cause uneven 

stress transfer while plates have continuous uniform shape. 

Currently there are no proven analysis procedures or design standards available for its 

construction. Thus, FRP deck behaviour under live loads and long-term durability are 

not well understood by civil engineers. An as-installed field evaluation through load 

testing and, further analytical investigations is considered essential to ensure the safe 

and cost-effective use of FRP decks (Kumar et al. (2004)). 

Alampalli et al. (2002) presented the design, fabrication, and installation procedures, 

and proof testing of FRP composite bridge deck panels for a short span bridge. Bakht 

et al. (2000) presented the design procedures of FRP structures in the Canadian 

Bridge Design Code Provisions for fibre-reinforced structures. Burgueno et al. (2001) 

studied the behavior of FRP composite bridge superstructure conducting experimental 

and analytical studies. Dutta et al. (2003) performed fatigue tests on FRP deck panels 

and studied their behavior under extreme weather conditions. Harik et al. (1999) 

determined the factor bf safety against failure of hybrid FRP/concrete composite 

bridge deck panels based on experimental studies. Hayes et al. (2000) and Kumar et al. 

(2004) developed and studied FRP composite bridge decks by assembling the 

pultruded components. Static and fatigue tests were conducted on models of hybrid 

FRP/concrete composite bridge structures (Kitane et al. (2004)) and on models of 

composite bridge decks (Youn & Chang (1998). 
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However, in the field of adhesive connections of pultruded profiles, still very little 

research has been done up to present. In this thesis, a composite bridge specimen 

comprising a triangular profile GFRP deck on the top adhesively bonded to a RC 

beam on the bottom is presented and its structural response to loading is discussed. 

This study will give a fundamental insight into the stress transfer at the adhesive bond 

line between GFRP deck and RC concrete. 

2.4 FE study on stress transfer between FRP and concrete 

2.4.1 Introduction 

Alongside laboratory testing, mathematical modelling of FRP strengthened concrete 

structures is important in order to help elucidate the fundamental structural mechanics 

of the connections in such structures under loads. Consistent with that objective, 

comprehensive symbolic models have in the past been developed for predicting stress 

distributions in the connecting adhesive layer. However, the complications of 

structural analysis involved in the adhesive bonding of the structural system include 

behaviour near discrete cracks, effect of steel yield, effect of progressive loss of bond 

with load increase, through-thickness interfacial stress distribution, and interfacial 

nonlinear bond-slip behaviour. It is difficult to obtain a classical analytical solution 

for the joint, which can take into account all the above complexities. Hence, it 

becomes necessary to employ numerical techniques like the FEA method. 

The FEA method is usually used to model and evaluate the experimental work. To 

make a correct analysis it is important to take into account the following: adhesive 

nonlinear mechanical properties, the occurrence of high stress gradients in certain 

regions of the joint, the effects of adherent stiffness. Here, the relevant literatures 

pertaining to the study have been reviewed. It is found that both linear and nonlinear 
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FE analyses have been carried out on different types of adhesive joints, and stresses 

and strains of joints components have been evaluated. 

2.4.2 Choices of elements and corresponding material properties for adhesive 

The adhesive bond layer between concrete and strengthening materials (either EBR 

strips or NSM bars) is usually epoxy resin, which is thin compared with the thickness 

of the adherends. To simulate its special mechanical properties, it is essential to 

choose proper elements. According to the review on available literature, it is found 

that generally there are four types of structural elements in use, namely 2D/3D 

interface elements, 2D quadrilateral plane elements, and 3D brick elements. Material 

properties were defined respectively corresponding to the different element 

configurations. 

The idea of using the interface elements for modelling the bond between concrete and 

strengthening materials has been transferred from its earlier applications in the 

simulation of the concrete-reinforcement bond in RC members. Ziraba et al. (1995) 

chose a six-node steel-glue-concrete interface element to model the epoxy adhesive 

between RC beams and steel plates. A three-point Gaussian integration rule was used 

for the element that can pick up not only the normal and shear stress concentrations at 

the plate curtailment, but is also capable of separation if the peak normal and shear 

stresses are exceeded. The shear modulus of the interface has been determined from 

the line relating the average shear stress to slip relationship in experiments. In the 

modelling of bond between NSM CFRP laminate strips and concrete, Cruz & Barros 

(2004) implemented a line interface element in the FEMIX computer code. A bond 

stress-slip relationship was obtained through experimental pullout-bending tests. Then 

the tangential component of the constitutive law of a line interface element was 
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defined to simulate the concrete-CFRP bond behavior. To estimate crack spacing and 

tension stiffening effects in RC members with externally bonded FRP sheets, Sato & 

Vecchio (2003) used a four-noded joint element to model the bond between concrete 

and the FRP. The bond characteristic is modelled according to a concept of average 

bond, i. e. bilinear simplification from bond tests. 

In many 2D analyses, several layers of quadrilateral plane elements were also utilized 

to model the adhesive bond line. The fine mesh across the adhesive thickness makes it 

possible to investigate the stress gradient in this direction. Either the plane stress or 

plane strain elements could be found in most commercial FEA packages such as 

ANSYS, ABAQUS and LUSAS. The elements could be elastic or even have plasticity, 

creep, swelling, stress stiffening, large deflection, and large strain capabilities. The 

summary of parametric studies on adhesive joints are given in Table 2-1 to Table 2-4. 

Adhesive layer 

1 0- 
º9 

Plates º 
L 

Researcher Element type for adhesive Parameters 
layer 

Crocombe (1995) 3 layers of 4-node quadrilateral 
plain strain element (ANSYS) 

Pandey (1999) 2 layers of 8-node quadrilateral Lap length (L) 
plane strain element Adhesive thickness (d) 

Adhesive tapering 
_ Li (1999) Various layers of 4-node Layers of elements across 

quadrilateral plain strain adhesive 
element (ANSYS) Adhesive thickness (d) 

Adhesive elastic modulus E 

Table 2-1 Single lap joint 
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P 
Plates 

I 

w 

Adhesive layer 

Ozel et al 
(2003) 

4-node quadrilateral plain strain 
element (ANSYS) 

Table 2-2 Lap joint under four point load 

P/2 

P/2 

Plates 

Adhesive elastic modulus 
Plate thickness 

Barnes et al 4-node quadrilateral plane stress 
(2001) element (ABAQUS) 

Plate thickness 
Adhesive thickness 

Table 2-3 plate bonded RC block 

ý 

Adhesive layer 

q 

RC beam 
Strengthening plate Aanesive Layer 

Teng 
(2002) 

Adhesive thickness 
Adhesive elastic modulus 
Plate thickness 
Plate elastic modulus 

Table 2-4 Simply supported beam 

In a few 3D FE analyses, special elements were used to model the adhesive layers. 

Mahfuz et al. (1998) developed a model idealizing the composite as a regular 

rectangular array of fibres in 0°/90° orientations embedded in the matrix, in which 3D 

contact elements were introduced between the fibre and the matrix to simulate the 

interface conditions between the two phases. Slippage between 0° and 90° layers is 

also considered by introducing another set of contact elements at the layer separation 

planes. Pandey et al. (1999) presented 3D viscoplastic analysis of adhesively bonded 

4-node quadrilateral plane 
stress element 
(LUSAS) 
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single lap joint considering material and geometric nonlinearity. The adherends and 

adhesive layers are modelled using 20-noded solid elements. The constitutive 

relations for the adhesive is developed using a pressure dependent (modified) von 

Mises yield function and Ramberg-Osgood idealization for the experimental stress- 

strain curve. 

In the following chapter, verification studies are done by utilising various finite 

elements, including 2D/3D interface element, 2D plane element and 3D brick element, 

to investigate their general potential to model the epoxy resin adhesive layer between 

concrete and FRP. The advantages and disadvantages are discussed. It appears that the 

2D quadrilateral plane stress element and 3D brick element show better performance 

in modelling the adhesive layer rather than 2D/3D interface element because the 

effects of adhesive through-thickness stress variation can be clearly demonstrated by 

using a few layers of plane stress or brick elements across the thickness of the 

adhesive. But the interface element is more suitable for modelling the surface between 

two materials rather than one certain material such as adhesive, while the surface 

preferably has no thickness or has much smaller thickness than the surrounding 

materials. 

2.4.3 Analysis of adhesive stress distribution and parametric study 

Understanding of stress mechanics in both the adhesive layer and the adherends is 

essential for the prediction of adhesively bonded joints strength. Although such 

problem is 3D in nature, it is mentioned by Pandey et al. (1999) and Adams & 

Peppiatt (1973) that the major stress distributions are not significantly influenced by 

the transverse stress caused by the effects of Poisson's ratio. Therefore, to reduce the 

computational efforts, many researches have pursued 2D FE analyses of bonded lap 
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joints or connections in bending beams. 

Crocombe (1995) analyzed FE models for a lap joint by putting three layers of plane 

strain quadratic elements across the adhesive layer. The resulting peel and shear stress 

distribution is essentially uniform along the entire overlap length, peaking slightly 

before dipping at the overlap ends. The stress distributions along the centre of the 

adhesive layer are compared with a closed form analysis. The correlation between the 

two shear stress distributions is excellent while that between the peel stresses is 

reasonable. Given the refinement of the finite element mesh, it is more likely that 

assumptions. made in developing the closed form model (i. e. neglecting adherend 

shearing and adhesive longitudinal stresses and assuming a constant adhesive stress 

across the adhesive thickness) are the cause of the mismatch that occurs between the 

stress distributions. 

In practice, joints are made of non-identical components with various thickness, 

materials, etc, which may play an important role in the distribution and concentration 

of stresses, as well as the failure mode predictions. It is therefore necessary to achieve 

a basic understanding of the influences of some important parameters such as lap 

length, adhesive thickness, adherends tapering, adhesive tapering and relative stiffness 

of adherends. The summary of parametric studies can be seen in Table 2-1. 

In nonlinear FE analysis of adhesively bonded lap joints, Pandey et al (1999) 

illustrated that an increase in the lap length reduces the maximum peel and shear 

stress and joint flexibility increases with an increase in the adhesive thickness. It is 

also observed by Li et al (1999) that the peak shear and peel stress increase with the 

bond thickness and adhesive elastic modulus. Two interface conditions, namely, 

infinitely strong and weakly bonded, are considered to establish FE study of the bond 
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of laminated composites under tensile loading by Mahfuz et al (1998). The strong 

interface has been observed to agree well with the experimental data. 

A study of the adhesive bond stress transfer was undertaken by Barnes et al (2001) in 

specimens comprising a concrete block with steel plates bonded to two opposite faces 

using a two part structural epoxy adhesive. He claimed that the shear stress in a steel- 

to-concrete adhesive joint is distributed exponentially, peaking at the loaded end of 

the specimen. For the specimen configurations used, the strain was distributed over a 

130mm anchorage length. The further parametric study varied the plate thickness and 

adhesive thickness and it is concluded that the increment of either plate or adhesive 

thickness led to a general reduction in peak stress levels and an increase in total bond 

capacity. 

Teng et al (2002) investigated interfacial stresses in plate bonded RC beams. The FE 

results show that stresses vary strongly across the adhesive layer. In particular, near 

the end of the plate, the interfacial normal stress is tensile along the adhesive-concrete 

(AC) interface but compressive along the plate-adhesive (PA) interface, offering a 

plausible explanation for the fact that PA interfacial failure in tests has rarely been if 

at all reported. A comprehensive parametric study is then presented and the results 

show the conclusion as following: reducing the thickness of the adhesive layer leads 

to an increase in both the normal stress and the shear stress; as the elastic modulus of 

the adhesive is increased, the interfacial normal and shear stresses also increase; an 

increase in the plate thickness leads to increased interfacial stresses; an increase in the 

elastic modulus of the plate leads to an increase in the interfacial stresses. 

Ozel et al (2003) developed FE analysis of adhesive joints in four-point bending load. 

Two adhesive, one stiff and one flexible, and hard steel as adherend with four 
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different thicknesses, were analyzed. It was shown that while the stiff adhesive gave 

stronger joint strength when using thick adherends, the opposite was the case for the 

flexible adhesive when using thin adherends. 

Computational models for reinforced concrete beams strengthened by epoxy bonded 

steel plates of various thicknesses were presented by Ziraba et al (1995). It is 

illustrated that as the plate thickness is increased, depth of flexural cracks in concrete 

is reduced but with accompanying increase in zone of cracking along length of beam. 

It can be seen from the above literature review, most FE analyses have been focused 

on the 2D modelling of members strengthened by externally bonded plates. As 

discussed earlier in this chapter, the NSM strengthening technique is also important 

and needs further investigation. Therefore, one essential emphasis of this PhD study is 

to investigate the mechanics of stress transfer in NSM strengthened members. 

2.4.4 Strengthening of cracked structures (influence of initial imperfections) 

In practice, there are imperfections in the FRP-to-concrete connection caused by 

workmanship errors during implementation of the FRP strengthening scheme, 

shrinkage of the adhesive and so on. Under load, high bond stress concentrations can 

arise near the edges of the imperfections, which can potentially lead to reduced 

separation failure loads. In spite of this, an extensive search of the literature revealed 

no documented work on the likely influence of bond imperfections on the failure 

behaviour of plated concrete members. Part of the reason for this may well be that the 

high levels of quality control employed in fabricating lab specimens result in 

negligible bond imperfections in those specimens. Even so, there must be some 

variability in the levels of quality control adopted in different labs worldwide, and so 
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it may be that significant imperfections have arisen in many lab specimens which 

have been reported on in the literature. 

Clearly, an understanding of the effect of the imperfections is crucial for achieving 

appropriate levels of quality control on the plate bonding process to be developed. 

Besides, it will also enable safe, informed, economic decisions to be made in practice 

on the effects of such imperfections. In particular, a brittle separation failure mode, 

due to elasto-plastic activity at the inner ends of the shear spans, could well be critical 

in the presence of defects, and so an understanding of the influence of defects in this 

region was of interest in this study. Therefore, another major emphasis of this PhD 

study was to investigate the influence of bond imperfections on separation failure 

behaviour of FRP-plated concrete members. These investigations are reported in 

Chapter 6. 

2.5 Conclusions 

From the discussions of this chapter, the following points have emerged: 

" Brittle fracture of the connection is common in the failure of FRP strengthened 

concrete members. By far most of the research to date has focussed almost 

exclusively on identifying the detailed mechanics of end peel separation failure, with 

other equally critical modes receiving relatively little attention. As a result, much 

work remains to be done to properly understand the mechanisms of these other 

modes. In this thesis, use of a novel pullout test to understand both the mid-span 

debonding and end peel failure modes is presented. 

" Understanding of stress distributions in the adhesive layer as well as the adherends is 

essential for the prediction of joint strength. By using multi-layer plane or brick 

elements across the adhesive layer, it is found that the peel and shear stress vary 
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strongly with the stresses along the adhesive-concrete interface being very different 

from those along the plate-adhesive interface, which gives insight to the failure 

behaviour of the strengthened concrete specimens. Much of the work has been done 

on the FRP plated concrete beam, while the stress transfer along the bonding line 

of near-surface mounted concrete members and FRP decks which remain less 

investigated. 

" Various finite elements, including 2D/3D interface element, 2D plane element and 3D 

brick element, have been investigated for their general potential to model the epoxy 

resin adhesive layer between concrete and FRP. The advantages and disadvantages 

are discussed. It appears that the 2D quadrilateral plane stress element and 3D brick 

element show better performance in modelling the adhesive layer rather than 

2D/3D interface element because the effects of adhesive through-thickness stress 

variation can be clearly demonstrated by using a few layers of plane stress or brick 

elements across the thickness of the adhesive. 

" Imperfections can arise in the adhesive connection layer and concrete members for a 

variety of reasons. Therefore, an experimental program and FEA of beasts with 

initial imperfections, such as adhesive debonding and concrete cracks to address 

this issue is therefore timely. 

These outstanding issues have guided the approach adopted in the present PhD study. 

In the following chapter, a detailed study is presented to verify the FEA package used 

in this thesis. This study establishes the relative levels of reliability of different 

elements for modelling the structural action of the adhesive layer. Chapter 4 describes 

the experimental work conducted within this study to properly understand the 

mechanics of stress transfer between NSM FRP bars and concrete. The present 

experiments look at both end-peel and mid-span debonding failure mechanism while 
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most of the previous lap shear tests investigate end-peel debonding only. The specific 

designs of specimens for such modelling and relevant experimental results are also 

addressed in detail. FE analysis for the test samples is then presented in chapter 5, in 

which the FEA technique discussed in chapter 3 is used. In chapter 6, the FEA 

technique was further employed to reveal the stress transfer mechanism of adhesive 

bonding layer in the beams with initiated flexural/shear cracks and the beams under 

temperature loads. Finally, Chapter 7 summarises the main findings of this thesis and 

puts forward suggestions for extension of this work. 
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Details and verification of finite element analyses 

3.1 Introduction 

The finite element (FE) analysis method is a powerful tool for simulating the 

behaviour of RC structures. As discussed in Chapter 2, many linear and nonlinear FE 

analyses have been carried out on the study of adhesive joints' stress transfer in RC 

structures strengthened with steel or FRP materials. However, previous work has been 

directed largely at structures reinforced by externally bonded reinforcing (EBR) plates, 

with much less research on strengthening by near surface mounted (NSM) bars. 

Therefore it is essential to study the interfacial stress transfer behaviour between FRP 

and anchoring materials in NSM strengthened members. In addition, for the members 

strengthened via either the NSM or EBR approach, on important topics such as the 

mid-span brittle separation failure mode of strengthened RC structures and through- 

thickness variations of stress in the adhesive near discrete cracks in zones of 

significant flexure and shear, further deeper research is required. In the present study, 

these topics are explored in detail via the FEA commercial package, DIANA, in 

Chapters 5 and 6. 
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The level of success achieved in predicting mechanical characteristics of strengthened 

RC structures through FEA can be very dependent on the adoption of suitable models 

to account for bond stress concentrations and distributions along the adhesive layer. 

By employing suitable elements and material properties, along with appropriate fine 

meshes at critical zones, the FE approach may well find a reliable application for 

assessing structural action. It is thus important to establish the relative levels of 

reliability of different elements for modelling the structural action of the adhesive 

connections. 

To that end, this chapter presents the FE modelling techniques used in the present 

PhD study and it presents a verification study of the FE analysis. In the following 

sections, the elements and associated material properties are described. In particular, 

the interface elements, the plane stress elements, and the brick elements which are 

alternately used to model the adhesive layers are described. The geometries and FE 

meshes of strengthened RC members used to illustrate these ideas are presented. Then 

the FEA results are compared with experimental and theoretical data previously 

published. Finally, conclusions are drawn. 

3.2 Finite element modelling 

3.2.1 Choice of elements 

As discussed in Chapter 2, the action of plated RC beams and lap joints under load is 

largely 2D. Therefore, 2D FE models of these members have been constructed and 

analysed in this thesis. The concrete member and attached plate are each simulated, in 

their vertical planes, by the four-noded quadrilateral iso-parametric plane stress 

element Q8MEM (Figure 3-1 Element Library, DIANA 8.1). The basic variables of 

Q8MEM are the translations of the nodes in two directions. 
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Figure 3-1 Q8MEM element 
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Figure 3-2 L8IF element 

For the adhesive layer, two types of elements have alternatively been used in the 

present study. One of the choices is the L8IF element which is an interface element 

between two lines in a 2D configuration (Figure 3-2). This interface element 

incorporates a relation between the normal and shear tractions and the corresponding 

relative displacements across the interface. In the FE model, the nodes of the L8IF 

element were connected to those of adjacent concrete and steel rectangular Q8MEM 

elements as illustrated in Figure 3-3. 

0 

Q8MEM 

-ý 0 
L8IF 

0 

Figure 3-3 Connection between L8IF and Q8MEM elements 

The second choice is using the same Q8MEM element as for concrete and plate 

members. In this case, by employing a few layers of plane stress elements through the 

thickness of the adhesive, it is possible to demonstrate through-thickness adhesive 

normal and shear stress variations, especially at certain critical positions, such as the 
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ends of the adhesive layer or the bond near cracks in the concrete beam, which are the 

zones of connection stress concentration. 

In other cases, such as for RC members strengthened with NSM FRP bars, 3D actions 

within the adhesive connection constitute an important facet of load response. For 

example, cross sectional shrinkage of the bars due to lateral Poisson's ratio effect 

from longitudinal tensile stress can cause cracks in the adhesive and concrete around 

bars. Therefore, it is necessary to employ 3D modelling for these members. In the 3D 

modelling, the concrete prism, FRP bars and epoxy adhesive were modelled by the 

eight-noded brick element HX24L (Figure 3-4) or six-noded brick element TP18L 

(Figure 3-5). The basic variables in the nodes of solid elements are the translations of 

the nodes in three directions. Using multi-layer brick elements instead of interface 

elements for the adhesive layer can capture the through-thickness stress variation. 

Figure 3-4 HX24L brick element Figure 3-5 TP18L brick element 
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3.2.2 Material properties 

3.2.2.1 Steel and FRP 

For the reinforcing steel bars and bonded steel plates, a linear elastic-plastic model as 

used both in tension and compression, with the Von Mises yield criterion. The uni- 

axial stress-strain relationship is shown in Figure 3-6. 

Stress, a 

Strain, E 

Stress, a 

1 
Strain, E 

4- 

Figure 3-6 Elastic-perfectly plastic model Figure 3-7 Elastic model for FRP 

for steel 

FRP plates or bars generally behave in a linear elastic fashion until rupture. In practice, 

FRPs are mainly used to carry the tensile stress along their longitudinal direction in 

the strengthened beam. Hence linear elastic behaviour was assumed for the FRP, as 

shown in Figure 3-7. 

3.2.2.2 Concrete 

To model the nonlinear behaviour of concrete structures, DIANA offers a broad range 

of constitutive behaviours for quasi-brittle materials. In the present study, smeared 

cracking first proposed by Litton (1974) is applied to the modelling of concrete. 

Cracking is specified as a combination of tension cut-off, tension stiffening and shear 
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retention. Actual values are presented along with other relevant details for the 

examples used to verify the program. 

The tension-stiffening curve in Figure 3-8 is based on fracture energy by the 

definition of the crack bandwidth of the element, for which DIANA assumes a value 

related to the area or the volume of the element. This method is useful for reducing 

mesh dependency problems (Bazant (1983)). 

Figure 3-8 Linear tension stiffening in smeared Figure 3-9 Combination of 

cracking linear tension cut-off in and 

compressive plasticity model in 

2D principal stress space 

The following equation is normally taken to calculate the ultimate concrete strain r,: 

r, = 2Gf/f, h (Equation 3-1) 

where ft, is the tensile strength of concrete. However, the fracture energy Gf and the 

estimated numerical crack bandwidth h are difficult to be measured and sometimes 

are not available from test data. Therefore, the ultimate strain C' is taken as 5 to 10 

times of the crack strain c, which has been defined as: 

E, = ft, / E, (Equation 3-2) 
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The combination of tensile and compression stresses can be modelled with a multi- 

surface plasticity approach, available for biaxial stress states, as shown in Figure 3-9. 

However, in analyses where tension and compression arise simultaneously in one 

particular stress point, these models may lead to numerical oscillation, especially in 

plane stress situations. In addition, a pure "compression" failure of concrete is 

unlikely. In a compression test, the specimen is subjected to a uniaxial compressive 

load, with tensile strains induced by Poisson's effect occuring perpendicular to the 

load. Because concrete is relatively weak in tension, these actually cause cracking and 

the eventual failure (Mindess & Young (1981), Shah et al. (1995)). Therefore, in this 

study, the crushing capability is turned off and cracking of the concrete controls the 

failure of the finite element models. 

3.2.2.3 Adhesive layer and interfacial model 

As stated before, there are two types of elements, namely the plane stress element 

Q8MEM and the interface element L8IF, available in DIANA for 2D analysis of the 

adhesive layer. 

For the model in which the adhesive layer is represented via plane stress element, the 

smeared cracking model (similar to that used for concrete) is applied. For the other 2D 

model, the line interface elements are used for the relationship between debonding 

and slipping behaviour (displacement in shear direction and normal directions). In 

order to calibrate the FE model with the experimental results, the initial shear and 

normal stiffnesses of the interface elements varied between 100 and 300 N/mm2. The 

chosen shear stiffness value was assumed and kept constant throughout the linear and 

the nonlinear analyses. The normal stiffness is represented based on the linear 
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elasticity and linear tension softening (Figure 3-10). The value for the maximum bond 

stress was accepted as 5 N/mm2 in the linear zone. 

tn 

Figure 3-10 Linear tension stiffening for 2D interface element 

3.2.3 Convergence techniques and mesh configuration 

Energy convergence criteria are used in all of the verification studies. Also, the arc 

length method was combined with the constant stiffness method as this was found to 

give the most stability to the computation. 

To accurately simulate the complicated fracture behaviour involving concrete 

cracking and interfacial debonding, a proper mesh needs to be used. Too coarse a 

mesh may lead to inaccurate results, while too fine a mesh may require more 

computation time. In order to achieve a comprehensive understanding of adhesive 

behaviour, finer meshes are used through the thickness of the adhesive layers, near the 

ends of the adhesive layers and near cracks in the concrete member. To minimize 

problems with ill conditioning, gradation of meshes was employed near 

discontinuities, with a fine mesh immediately adjacent to the discontinuities and 

gradually increasing mesh size as distance from the discontinuity increases. 
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3.3 Verification study 

Four numerical experiments were conducted with the FEA package DIANA to 

establish the validity and degree of accuracy of the analytical models used in this 

study. The examples include a 2D model of a plated RC beam, a 2D model of a FRP- 

concrete lap shear test, a 2D model of a FRP composite bridge deck and a 3D model 

of a concrete block with a NSM FRP bar. To that end, in what follows, the FE results 

are compared with published experimental data and also with theoretical data 

published by other researchers. Unless stated otherwise, the term predicted is used to 

describe results obtained from the present FE study, while the term measured is used 

to describe the data obtained from the actual laboratory experiments conducted. 

3.3.1 Steel plate bond to concrete beam (Roberts & Haji-Kazemi (1989)) 

3.3.1.1 Geometry and loading 

A simply supported concrete beam was reinforced with externally bonded steel plate 

and was analysed under UDL first by Roberts & Haji-Kazemi (1989), then by Teng et 

al. (2002) and Shen et al. (2001). The geometric and material properties are shown in 

Figure 3-11. 

g=15N/mm 
Z 

i ovvmm wumm 300mm 

Figure 3-11 The RC beam with externally bonded steel plate under UDL 

RC beam 

I A- AAA____. _ 

!l 4mm thirk adhesive Adhesive 
f 4mm thick steel plate 10ý0mm1 

-65- 



Chapter 3 Details and verification of finite element analyses 

For the FE model of the beam, interface element L8IF and plane stress element 

Q8MEM were alternatively used to model the adhesive layer. The corresponding 

results are referred to as the Interface Element Model (IEM) and Plane stress Element 

Model (PEM) results respectively. The number of elements used across the adhesive 

layer for both element types was, respectively, 1,4 and 16. In the horizontal direction, 

a graded mesh was used with the fine mesh near the plate end. Figure 3-12 shows the 

FE model with the finest mesh. 

IIM ------------ 
........... 

............... 

ow 

--------------- 
Figure 3-12 Finite element model of steel plate bonded concrete beam 

The material properties are summarised as follow: 

Concrete beam: E, = 20 kN/mm2, vv = 0.2 

Steel plate: ES = 200 kN/mm2, vs = 0.3 

Adhesive: Ea =2 kN/mm2, vQ = 0.25 

3.3.1.2 Non-uniform Through-thickness Effects in Adhesive layer 

The approximate analytical solution by Roberts & Haji-Kazemi (1989) assumes a 

uniform through-thickness stress distribution for both the normal and shear stresses in 

the adhesive layer, and so leads to monotonically increasing interfacial shear stresses 

from the mid-span of the beam towards the plate end, with a maximum value at the 

plate end. However, the normal and shear stresses do vary across the thickness of the 
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adhesive layer, especially near the ends of the plate. Such variations cannot be 

captured by the approximate analytical solution. 

For example, the normal stress near the plate end is tensile at the adhesive-concrete 

(AC) interface but compressive at the plate-adhesive (PA) interface, which gives a 

plausible explanation for the fact that most interfacial failures in tests reported lay on 

the AC interface rather than the PA interface (Jones et al. (1988), Roberts & Haji- 

Kazemi (1989), Oehlers & Moran (1990), Ross et al. (1999)). The shear stress in the 

adhesive layer also varies significantly, particularly near the two interfaces. At the 

mid-thickness of the adhesive layer, the shear stress tends to zero at the plate end as 

expected. The divergent stresses may be due to the stress singularity on the two 

interfacial surfaces at plate ends. By using the finest mesh, such effect is limited to 

tiny zones near the singularity points. Therefore, the results from the finest mesh 

model are believed to be the most accurate obtained from such model. 

The FE results are then compared with Shen et al's (2001) high-order analytical 

solution assuming linearly varying interfacial stresses through the thickness of the 

adhesive layer in Figure 3-13. In this thesis, tension is positive and compression is 

negative for the normal stresses. The FE predictions are seen to agree well with the 

comprehensive analytical predictions in general, with some differences occurring 

within the vicinity of the plate end. 

For the normal stresses, the FE model gives very good agreement with Shen et al's 

(2001) analytical solution on AC interface. The two peak values are slightly different, 

with the FE model value being higher. Shen et al's (2001) solution predicts that the 

normal stress on PA interface is smaller than that on AC interface and stays tensile 

(positive). The FE model also predicts the divergence between AC and PA interface 
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but shows that the normal stress on PA interface is compressive (negative) as stated 

before. For the interfacial shear stresses, those predicted by Shen's solution are almost 

identical for the PA interface and the AC interface. They increase towards the plate 

end but then reduce rapidly to zero at the plate end, complying with the stress-free 

boundary condition. The FE model predicts the exact same tendency for shear stress 

on PA interface and middle-adhesive (MA) section, except there is divergence on AC 

interface due to singularity effect there. 
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Figure 3-13 Adhesive stress comparison between FE model and Shen's solution 

The reasonably close agreements between the FE results and the analytical results 

prove the validity and reliability of the FE model used in the present study. It is then 
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possible to use this FE technique to predict the important structural behaviour in the 

critical zones not only near plate ends but also near cracks in the cracked beam. Based 

on the prototype of this beam, two types of cracked beams, namely flexure-cracked 

beam and shear-cracked beam, are presumed and modelled via the FEA package later 

on in this thesis. The flexure-cracked beam is modelled by putting three vertical 

cracks at the mid-span area while the shear-cracked beam is modelled by putting an 

inclined crack near plate end. Mechanical behaviour of these beams are analysed and 

predicted in detail in Chapter 6. 

3.3.1.3 Convergence investigation 

More than one layer of elements has been used across the thickness of adhesive, to 

reveal the variation of adhesive stresses at different thickness positions. In this section, 

the reliability and convergence of multi-layer Interface Element Models (IEMs) and 

Plane stress Element Models (PEMs) are investigated. 

For the IEMs, the FE results show that both the normal and shear stresses of the 

adhesive in each layer are exactly the same in value with other layers, which is not in 

line with the results of more reliable analytical treatments of the problem. As a result, 

it is not possible to investigate the adhesive stress variations at different thickness 

positions by using multi-layer IEMs. 

Moreover, as shown in Figure 3-14, the IEMs with different numbers of elements 

through-thickness adhesive layers give very different results from each other for both 

the adhesive normal and shear stress. It indicates that results from IEMs may not 

converge so that they are not stable and reliable. The reason for such divergence may 

be due to the interface element's basic property that represents the relation between 

the traction and the nodal relative displacement. Due to such property, interface 
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element is suitable for modelling the surface between two materials rather than one 

certain material, while the surface preferably has no thickness or has much smaller 

thickness than surrounding materials. However, in this case, the adhesive layer is 

4mm and as thick as the bonded plate. Therefore, it is better to model the adhesive 

layer as one certain body with volume and material property rather than the surface 

between concrete beam and steel plate. 

(a) Normal stress distribution (b) Shear stress distribution 

Figure 3-14 Detailed adhesive shear stress distribution near plate end for IEMs 

The multi-layer PEMs were also analysed and the average values of results are 

compared in Figure 3-15. Both the normal and shear stress distributions from these 

three models show good agreement with each other along the plate length, which 

indicates the convergence among PEMs. At the ends of the adhesive along the beam 

length, which are the critical zones of connection stress concentration, the multi-layer 

PEMs work better than the mono-layer PEM. The analysis from the multi-layer PEMs 

show the right tendency that the shear stress turns down towards zero near plate 

curtailment, which closely satisfies the stress-free boundary condition at the ends of 

the adhesive layer. 
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Figure 3-15 Adhesive stress distribution near plate end for PEMs 
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In the present study, important information on interfacial behaviour of adhesive can 

be obtained by examining the results based on the PEM with finest mesh. Figure 3-16 

demonstrated in 3D the complex variations of both normal and shear stresses across 

the adhesive layer thickness in the vicinity of the plate end respectively. It can be seen 

that both the normal and shear stresses vary strongly across the thickness of the 

adhesive layer in the vicinity of the plate end but are uniform at a small distance from 

the plate end. 
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(b) Shear stress 

Figure 3-16 3D views of stress distributions in the adhesive layer 

3.3.1.4 Equilibrium check 

In the present study, the element aspect ratio is as high as 16 in some areas. It was 

therefore considered essential to perform equilibrium and other checks on the FE 

output to establish whether these high aspect ratios had an adverse effect on the 

results. 

Uniformly distributed load 

I 

Midspan cracks 
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Figure 3-17 Cracked concrete beam strengthened by bonded plate under UDL 
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Figure 3-17 shows a simply supported RC beam strengthened by bonded steel plate 

and was subjected to uniformly distribute loading (UDL). There are three pre-cracks 

located in the midspan of the beam. The FE model by using finite element package 

DIANA can be seen in Figure 3-18. 
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(b) Detailed elevation near end of plate and near the mid-span concrete crack 

Figure 3-18 FE mesh of concrete beam 

As shown in Figure 3-18, region A-A (near plate end) and region 11-B (near mid-span 

crack) are investigated respectively. Figure 3-19 and Figure 3-20 show the 

equilibrium check of the results from the cracked beam (discussed in more details 

later in Chapter 6) under UDL. By multiplying the strains by the corresponding elastic 

modulus and then by areas, the forces in the concrete, steel and FRP were found. It is 

seen that longitudinal force equilibrium is very nearly satisfied by the results. 
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(a) Strains distribution 
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(b) Force diagram 

Figure 3-19 Equilibrium check for Elements near plate end (region A-A) 

150 

e 
E 
s 
° 
U A 

-1000 -500 

100 

50 

-50 

Adhesive 

150 

100 

50 

0 -I 

150 

100 

50 Concrete 

c Soo oa 

Strain (µe) 

(a) Strains distribution 

gteel 
plate 

Fc = 93.464 kN 

Ft = 36.630 kN 

Fa=0.561 kN 
Fs = 56.272 kN 

(b) Force diagram 

Figure 3-20 Equilibrium check for Elements close crack (region B-B) 

Further calculations give the section moment based on the stresses, which is compared 

in Table 3-1 with the moment required for equilibrium. Again very good agreements 

are obtained, indicating the reliability of the results from equilibrium perceptive. 

Table 3-1 Equilibrium check for EBR plate strengthened RC beam 

Mc (kNm) MFE (kNm) Error (%) 

Near plate end 6.04 6.64 9.07 

Near crack 10.76 10.80 0.35 

0- 

-50 --1 
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3.3.2 Single lap joint (Täljsten (1997)) 

Täljsten tested a series of concrete prisms bonded with steel plates. The specimen 

S200 40A, of anchor length 200mm and width 40mm, was modelled and analyzed in 

the present paper (Figure 3-21). 

Ps=10kN 

ý 
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o" 
cV 

Bonded plate E 
Adhesive cv 

Pc=10kN 

200mm 

Elevation 

i 200mm 

Section 

Figure 3-21 Concrete prism bonded to steel plate 

E 
ý 
0 N 

The specimen was loaded to failure in the actual test. In the FE analysis, however, 

only one load step, which was 10 kN, was applied to the model. Material properties 

were applied to the FE model in line with the experiment data. 

Concrete prism: EE = 35 kN/mm2, f,, = 39 N/mm2, f=3.5 N/mm2; 

Steel plates: ES = 205 kN/mm2, f y, = 340 N/mm2 

Adhesive: EQ = 6.7 kN/mm2, fQ = 24 N/mm2 

FE model of the specimen is shown in Figure 3-22. The concrete prism and the steel 

plate are modelled by the plane stress element Q8MEM while the adhesive layers are 

modelled by 1,4 and 16 layers of Q8MEM and interface element L8IF respectively. 
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Figure 3-22 Finite element model of concrete prism 

The comparisons among FE results, experimental and theoretical data for steel plate 

strain, adhesive shear and normal stress are shown in Figure 3-23 to Figure 3-25. 
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Figure 3-23 Steel plate strain distribution 
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Figure 3-24 Adhesive normal stress distribution 
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Figure 3-25 Adhesive shear stress distribution 

Similar trends are observed in the previous analysis for the plate bonded RC beam: 

the adhesive stresses in each layer of the multi-layer IEMs are exactly the same in 

value with those in other layers, which makes it impossible to investigate the through- 

thickness stress variations. In addition, as shown in Figure 3-23 to Figure 3-25 (a), the 

result of using different numbers of interface element layers through the thickness of 

the adhesive was significantly divergent in the output figures, which once again 

demonstrate that the results from the interface element models have not converged 

and so are not reliable. 

On the contrary, as shown in Figure 3-23 to Figure 3-25 (b), average results from 1,4 

and 16 layer PEMs agree very well with each other and also agree reasonably with the 

test data, with the only small differences emerging mainly in a zone very near to the 

plate end. By comparing with the experimental data, we can see that both the 

interfacial shear stress and steel plate strain from the experimental data are 

consistently higher than the FE results and theoretical solutions. 

As seen from Figure 3-25 (b), the peak interfacial shear stress of both the 1-layer 

PEM and theoretical analysis are at the end of the plate, violating the free surface 
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condition of zero shear stress. To the contrary, the peak shear stress from 4-layer and 

16-layer PEM occurs at approximately 0.5 mm from the plate end and tends to go 

back to zero at the plate end, which agrees with the free surface condition of zero 

shear stress. 

3.3.3 Composite bridge specimen 

3.3.3.1 Geometry and FEA mesh 

400mm 400mm 

P=100 kN 

f iJwIuiiu. wvuuiin c,. )iuul 

7/ 7/ Ný7/'ýý 7/ ý-\ 7/ý'U=ý f-T -T -T -T -T-T -T- T-T -T - T- T- T -T - 
111111 1111111 

II I 

liii 1111111111 L-J. 
_1-1- 1- 1- 1_l- l_1- 

Uffl 

150mm 

I 

-- Steel reinforcements 

4600mm 

Rubber pads 

-T 
ý iii iii 

(a) Elevation of GFRP bridge deck 

F 

0 

(b) Single GFRP deck componet 

1110mm 

N__-4t 2$1Omm c 

16= 

, 240mm 

150mmx240mmx 50mm 
150mmx240mmx 25mm 

® Steel plates 

10@15 mm m 

3 25mm 

ý 
ý 
lr N 
N 

E 
ý 
ý M 

C vo 
ercrete 25mm 

I 

GFRP deck 

Adhesive layer 

Concrete beam 

(c) Cross section of GFRP bridge deck 

Figure 3-26 shows the geometry of the composite bridge specimen comprising 

triangulated GFRP deck adhesively connected to a RC beam. The whole was 

subjected to four-point loading. The material properties input to the FE models are 

also given below. 
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Concrete beam: EE = 35 kN/mm2, vv = 0.2, f, = 50 N/mm2, f, = 3.5 N/mm2; 

Adhesive: Ea =2 kN/mm2, v, = 0.3, fca = 100 N/mm2, fa =4 N/mm2 

GFRP: Ef = 18 kN/mm2, of = 0.4 

Steel plates: ES = 205 kN/mm2, vs = 0.3, fys = 500 N/mm2 

1400mm 
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zoý Nf, f 300mmx300mmx 25mm 03m, 
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(c) Cross section of GFRP bridge deck 

Figure 3-26 Geometry of the composite bridge specimen 

The 2D FE mesh of the composite bridge specimen is shown in Figure 3-27. The four- 

noded plane stress element Q8MEM was used for modelling RC beam and adhesive 

layer, while the three-noded plane stress element T6MEM was used for modelling the 
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® Steel plates 

(a) Elevation of GFRP bridge deck 
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GFRP deck and the two-noded truss element L2TRU was used for the reinforcing 

steel bars. 
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Figure 3-27 21) fine mesh model of the composite bridge specimen 

3.3.3.2 Comparison with test data 

Figure 3-28 to Figure 3-30 show the comparison plots between FFA results and test 

data for load vs. deflection and steel/GFRP strain for the load up to P= 200 kN, 

respectively. The plots show that the deflection and strain behaviours were nearly 

linear elastic throughout the test. 

In Figure 3-28, the deflections are measured at the bottom of RC beam mid-span. The 

results were highly encouraging as the FFA prediction agrees very well with the test 

data. Both data found quite small deflection (up to 7.5 mm) at this loading stage. 
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Figure 3-28 Comparison for load-deflection 

The steel strain was measured at the midspan of one of the bottom reinforcing steel 

bars inside the RC beam. Again, very good comparison was found between FEA 

results and test data (Figure 3-29). It can be seen that the bottom steel strains keep in 

tension during the loading and the steels have not yielded at this stage. 
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Figure 3-29 Comparison for load-steel strain 

The GFRP strain shown in Figure 3-30 was measured on the top of one of the single 

GFRP deck near midspan (see exact location in Figure 3-27). The GFRP deck is in 
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compression at this zone. It can be seen that the comparison is relatively good except 

that the FE analysis predicting slightly higher strains under the same loading. 
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3.3.3.3 Equilibrium check 

Equilibrium checks on the FE output are presented in this section to establish the level 

of reliability of the FE output. As can be seen in Figure 3-27, section A-A near the pin 

support and section B-B near midspan were chosen to perform this check. Figure 3-31 

shows the enlarged mesh near those sections. 
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Figure 3-30 Comparison for load-GFRP strain 
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Figure 3-31 Enlarged mesh of the specimen parts near support and midspan 

The strain distributions of the concrete, steel bars and GFRP along the cut sections are 

shown in Figure 3-32 (a) and Figure 3-33 (a). By multiplying the strains by the 

corresponding elastic moduli and then by areas, the forces in the concrete, steel bars 

and GFRP decks were found. It can be seen from Figure 3-32 (b) and Figure 3-33 (b) 

that the sum of the longitudinal forces is found to be small enough to satisfy the 

equilibrium. Further calculations give the section moment based on the stresses and 

relative distance from the base of the beam. The results are compared in Table 3-2. 

with the moment required for equilibrium. Again very good agreements are obtained, 

indicating the reliability of the results from the equilibrium perspective. 
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Figure 3-32 Equilibrium check for elements near support (section A-A) 

Where FG,, is upper section force of GFRP deck; FGI is lower section force of GFRP 

deck; Fad is force of adhesive layer; F, c is compressive force of concrete beam; Fct is 

tensile force of concrete beam; FS� is upper section force of steel reinforcement; Fs1 is 

lower section force of steel reinforcement. 
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Forces Distances from the 
base of beam 

GFRP 

600 
F--M Fco, =-138 kN 579 mm 

450 Fa = -54 kN 376 mm 
Ra = -0 . 948 kN 357.5 mm 

Adhesive Rc = -29.9 kN 329 mm 
Neutral axis -300 --------------- . =_L8.4kN x 320 mm 

RC beam 

0 

- Fd=90.7kN 188mm 

- Fd =128kN 30 mm 

1: F =-5.9kN 

(b) Force and moment checks 

Moments 
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- 20.3 kNm 
- 0.34 kNm 

-9.84kNm 
--0.59 kNm 

17.1 kNm 

3.84 kNm 

FM =-90.23kNm 

Figure 3-33 Equilibrium check for elements near midspan (section B-B) 

Table 3-2 Equilibrium check for the composite bridge deck 

M. (kNm) MFE (kNm) Error (%) 

Near support 11.3 11.8 4.72 

Near midspan 91.25 90.23 1.12 

3.3.4 NSM FRP strengthened concrete block (Teng et al. (2006)) 

A series of bond tests were carried out by Teng et al. (2006). The bond specimen 

details are shown in Figure 3-34. In the tests the bond length was varied from 30 to 

250 mm. Then the specimen with longest bond length being 250 mm was chosen in 

this FE analysis. 

150 -I 
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Figure 3-34 Schematic of bond test specimens 

The material properties of specimen are from experimental data and are given below: 

C. = 2.5 N/mm Concrete: E, = 30 kN/mm2, v, = 0.2, f. ý. = 29 N/mmý, /, ' 

Adhesive: E, -- 2.63 kN/mm2, v, = 0.3, 

CFRP: E/= 151 kN/mm2, i%. = 0.4 

CYI 100 N/mm2 , 
jý, 42.6 N/mm' 

As mentioned earlier on, 31) actions within the adhesive connection in NSM FRP 

strengthened RC members constitute an important facet of load response. 'l'hc cross 

sectional shrinkage of the bars due to lateral Poisson's ratio effect from longitudinal 

tensile stress can cause cracks in the adhesive and concrete around bars. Thcrctore, 

3D modelling was employed for this NSM specimen (Figure 3-35). Due to the 
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symmetry, only half of the specimen was modelled in the FE analyses. The concrete 

block, FRP strip and epoxy adhesive were modelled by the eight-noded brick element 

HX24[. 

Figure 3-35 31) Finite element model of bond test specimens 

Figure 3-36 shows the comparison plots between FFA results and test data 

corresponding to three load stages for CFRP strain distributions along the adhesive 

bonded line. It can be seen that the correlation between the two curves is very good 

for the lower load before P= 32 kN. However, for the higher load P= 51.2 kN, there 

are certain differences between the FEA results and test data. 
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Figure 3-36 Comparisons between FEA results and test data for FRP strain 

distributions 

Similar trends were found for adhesive shear stress distributions in Figure 3-37. 
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(b)P=32kN 
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Figure 3-37 Comparisons between FEA results and test data for adhesive shear 

stress distributions 

Although certain differences exist between FEA results and test data, the comparisons 

are reasonably satisfying. Therefore, the 3D modelling technique was used for 

simulating the structural responses of NSM specimens tested in this PhD study and 

the comparisons were presented in Chapter 5. 
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3.4 Conclusions 

The advanced FEA package DIANA presented here provides robust predictions of the 

stress transfer behaviour between steel/FRP and concrete in the composite structures. 

Strains of FRP plates and steel bars, bond stress slip and slip distributions are reliably 

determined. 

In 2D FE modelling, it appears that the four-noded quadrilateral plane stress element 

shows better performance in modelling the adhesive layer rather than the four-noded 

interface element. By using a few layers of plane stress elements across the thickness 

of adhesive, the effects of adhesive through-thickness stress variation can be clearly 

demonstrated, especially at certain critical positions, such as the ends of adhesive 

layer or the bond near concrete beam cracks, which are the zones of connection stress 

concentration. On the other side, the interface element is more suitable for modelling 

the surface between two materials rather than one certain material such as adhesive, 

while the surface preferably has no thickness or has much smaller thickness than 

surrounding materials. Although these results are presented for elastic response, the 

ideas also apply probably in magnified form after any material nonlinearity (e. g. steel 

yield or concrete in high compression) occurs. 

In the 3D model, the eight-noded brick element HX24L is employed to model the 

adhesive layer, the concrete block and the FRP bars. Reasonable agreement was found 

between the FEA results and the test data so that this modelling technique could be 

further used in other analyses. 

However, it is inappropriate to assume the rigid connection of nodes between 

strengthening rods and adhesive elements in certain cases if there is significant slip 

between them. In this case, an interface element could be introduced between 
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adhesive layer and FRP rod to describe a relation between the tractions and the 

relative displacements across the interface. The extension study about FEA program's 

capabilities to deal with this issue is then discussed later in Chapter 6. 
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Chapter 4 

Novel pullout tests with NSM CFRP rods 

4.1 Introduction 

The use of near surface mounted (NSM) Fibre Reinforced Polymer (FRP) rods is a 

promising technology for increasing the strength of deficient concrete members. As 

discussed in Chapter 2, although externally strengthened RC beams have been 

researched extensively, there are still a few important areas to be investigated with 

regards to NSM strengthening of structures. This relates to investigation of bond- 

stresses between FRP and concrete up to failure. 

Hence, there is scope for fundamental work in these areas. To that end, a carefully 

designed experimental programme was developed in this PhD study, to give insight 

into characteristics of stress transfer between NSM FRP rods and concrete in both the 

mid-span and end zones of beams. As can be seen in Figure 4-1, the specimen 

comprised a middle RC block joined to 2 side RC blocks via steel and FRP 

reinforcements continuous across the 3 blocks. The specimen is loaded axially. Use 

of instrumentation in the specimen permits estimation of local bond stress 

distributions within the middle block (which gives insight into bond behaviour in the 
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midspan zone of a real FRP-strengthened RC beam) and the end blocks (giving 

insight into bond behaviour in end anchorage zones of FRP-strengthened RC beams). 

The influence of various geometry parameters such as length of middle block, the 

amount of strengthening CFRP rods and the width of near surface grooves on the 

bonding performance of blocks under certain loads were investigated by comparing 

and analysing the experimental data. 

A preliminary study of the mechanics of the splitting cracks was then done to give rise 

to NSM FRP-to-concrete bond failure. 

Stiff channel sections 
with plates 

Concrete 

PR. 7 

P/2'-ý 

ý 

Concrete 

4 
PR 0 reinforcing steel bars 

15; ý P2 
I CFRP rods 

Figure 4-1 Loading configuration of specimen 

In what follows, the details of the NSM CFRP strengthened specimens are presented, 

the recorded visual observations and measured data from the tests to failure of these 

specimens are discussed, and the inferences drawn from these test results on the 

nature of the important structural actions are put forward. 
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4.2 Description of experimental study 

4.2.1 Details of strengthened RC blocks 

Four CFRP NSM pullout specimens to the general details of Figure 4-1 were 

fabricated and tested to failure. Each specimen consisted of three concrete blocks 

reinforced with ribbed steel bars inside and CFRP rods near surface mounted (NSM) 

on two opposite faces. 

The cross section details are given in Figure 4-2. Stirrups were used in the side blocks 

at intervals of 300 mm to represent the beam ends near supports. The middle block 

was used to represent the midspan of beam with little shear force. Therefore, no 

stirrup was used for middle block. 

Om 50mm Om Oä mrra 50mm Om 

45mm 45mm 

20mm 
110mm 

(a)B1 and B3 

5m Smm_ 

40m 
110mm 

rl 
E 
ý 
0 N 
.. 

8 
ý 
0 
ý N 

E 
E 
0 

(b) B2 and B4 

Figure 4-2 Cross section dimensions of specimens 
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Dimension parameters of specimens are given in Figure 4-3. As can be seen, the 

primary test variables were the length of the middle block and the amounts of CFRP 

rods bonded onto the blocks. The four specimens are henceforth termed B1 to B4. 

------------ ---------------- 
concrete 

I 

-4-Cý- on tretel--ý 

1200mm00ri11U0mmý 
2200mm 

concrete 

850mm 

(a) B1 (short middle block+l rod each side) 

V 

I 

concrete ; ret concrete 
V 

L 850mm 200mi 
OOm%Omm 

850mm 

2200mm 

(b) B2 (short middle block+2 rods each side) 

--- --------------------- 

concrete 

one 

L-H concrete 
V 

850mm 1200mmi 300mm t200mml 850mm 

2400mm 

(c) B3 (long middle block+1 rod each side) 

concrete I 4.4 concrete 

850mm 1200mmi 300mm 1200mml 850mm 

2400mm 

(d) B4 (long middle block+2 rods each side) 

850mm 

concrete 

Figure 4-3 Dimension parameters of specimens 

concrete 
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Table 4-1 shows the geometry details for all the four specimens. 

Table 4-1 Geometry details of four specimens 

Specimen 
Length of 

middle block 
(mm) 

Number of CFRP 

rods on each side 

Width of near 
surface groove 

(mm) 

BI 100 1 20 

B2 100 2 40 

B3 300 1 20 

B4 300 2 40 

4.2.2 Material properties 

4.2.2.1 Concrete 

The covercrete strength is a major parameter influencing the onset of brittle separation 

failure of FRP-plated concrete members. However, the present investigation is 

focused on the effects of other parameters on the behaviour of FRP-strengthened 

concrete members. Therefore, all the concrete specimens were carefully cast to 

minimise any variation in concrete quality. The influence of variability in concrete 

strength can be considered in future work. Indeed, the concrete blocks were all cast 

from one batch of ready-mixed concrete. The target concrete strength was 40 N/mm2. 

The freshly cast specimens were covered with polythene for at least 28 days, to permit 

proper curing of the concrete. 

4.2.2.2 CFRP rods 

The CFRP rods, supplied by Degussa Ltd., were tested in this experimental 

programme. These CFRP rods are 12mm diameter and all contained unidirectional 

carbon fibres, with a minimum fibre content of 68% by volume. 
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The Young's modulus was obtained from tensile tests performed on 200mm long 

coupons in an extensometer (Figure 4-4 (a)). Strain gauges were attached at mid- 

length of each coupon, to measure the elongation of the coupon without having to 

allow for local effects and slip between the jaws of the testing machine and the ends 

of the coupon. Two strain gauges were attached diametrically opposite each other for 

each coupon (Figure 4-4 (b)) to account for any bending effect. 

Failure of the FRP strengthened specimens occurred by bond failure at the adhesive - 

FRP interface and by splitting of the cover concrete, not by rupture of the FRP rods. 

For this reason, the CFRP coupons were tested to sufficiently high strains to permit 

quantification of Young's modulus of the material, but were not tested to failure. The 

measured average Young's modulus of CFRP rods is 140 kN/mm2. 

(a) Steel and CFRP rods coupons (b) Two strain gauges for each rod 

Figure 4-4 Tensile test coupons 

4.2.2.3 Rebar 

High tensile deformed steel reinforcing bars of diameter 12mm were used in all 

concrete blocks, while 8 mm round steel bar was used for the stirrups. Sample steel 
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rebar coupons of 200 mm length were tested, as shown in Figure 4-4 (a). The average 

Young's modulus of steel bars was then found as 185 kN/mm2. 

4.2.2.4 Epoxy adhesive 

Epoxy resin is widely used as the bond product for several materials in construction 

such as concrete, masonry units, wood, glass and metals. A high strength non-flow 

epoxy bedding and repair mortar with a Trademark of FEBSET NF, supplied by 

Degussa construction chemicals (UK), was used to bond the prefabricated CFRP rods 

to the concrete, into the grooves. 

The adhesive is a two-part, fast curing material, consisting of a white resin and a black 

hardener component provided in 3 kg units. In preparing the adhesive, these two parts 

are mixed until a uniform grey colour is achieved (Figure 4-5). It cures to give high 

mechanical properties typical to epoxy compounds. 

Resin 
r: 

(a) Two-part adhesive (b) Mixture in the bucket 

Figure 4-5 Components of FEBSET NF adhesive 

According to the manufacturer's product information, the adhesive is resistant to oils, 

greases, petroleum, salts, many acids and alkalis and most commonly-met corrosive 
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media. It does not shrink on curing, and is designed to be used when cured from 5°C 

to 60°C. Its impact resistance and mechanical strength are significantly greater than 

that of concrete. The typical applications of these adhesives include grouting anchor 

bars into drilled holes, and bonding of steel or FRP plates to concrete or steel 

members. According to the supplier, the epoxy adhesive has the properties indicated 

in Table 4-2. 

Table 4-2 Technical data and typical properties of FEBSET NF adhesive 

Composition Two-component epoxy based mortar 

Colour Pale grey 

Specific gravity 1.80@ 20°C 

Compressive strength 50N/mm @7 days 

Tensile strength 6.5N/mm @7 days 

Flexural strength 50N/mm @7 days 

Full cure 25 3 to 5 days 

Pot life 
1 hour @ 25 °C 

30 mins @ 40°C 

Cure rates 
5 hours @ 25 °C 

2 hours @ 40 °C 

Full cure 
5 days @ 25 °C 

3 days @ 40 °C 

(Degussa product information (2004)) 
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4.2.3 NSM bonding procedure 

Each specimen was strengthened using CFRP rods inserted into grooves cut on the 

two opposite sides of the block. These two sides are supposed to be the top and 

bottom sides of the beam. 

Embedment of the rods was achieved by grooving the surface of the member to be 

strengthened along the desired direction and to the desired depth and width. The 

groove was filled halfway with epoxy. The FRP rod was then placed in the groove 

and lightly pressed, so forcing the epoxy to flow around the bar and fill completely 

the space between the bar and the sides of the groove. The groove was then filled with 

more adhesive and the surface is levelled. Installation procedures of the CFRP rods 

are illustrated in Figure 4-6. 

Figure 4-7 shows the diagrams of the four specimens before and after strengthening. 

Two of the four blocks were strengthened by bonding one CFRP rod on each side, the 

others by two rods on each side. 

(a) The cut groove (b) Half fill the groove with epoxy 
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(c) Press the CFRP rods into the groove 

(d) Pour the remaining epoxy (e) The levelled surface 

Figure 4-6 Strengthening procedure for specimens 

(a) Specimens before bonding CFRP rods 
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(b) Specimens after bonding CFRP rods 

Figure 4-7 Specimens before and after CFRP rod strengthening 

4.2.4 Test apparatus and instrumentation 

Various layouts of Electrical Resistance Strain Gauges (ERSGs) of 2 mm gauge 

length were applied to the different specimens, as shown in Figure 4-8. High gauge 

densities were employed near the middle parts of the specimens. The gauges and 

accompanying leads on the bonded surfaces of the rods were attached before bonding 

the rods to the blocks. 

One strain gauge was installed on each exposed surface of steel bar near the mid span 

position to measure the strain in the steel reinforcement. Gauges were also attached to 

the embedded surfaces of the steel reinforcing bars before casting the concrete blocks, 

particularly near the middle of block, to quantify the steel strain developed inside the 

concrete block. 
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Figure 4-8 Strain gauges location 

Strain gauges were attached longitudinally to the surfaces of the CFRP rods at close 

spacing along the middle of each block. In some cases, strain gauges were attached to 
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one of the rods in the specimen; while in other cases, strain gauges were attached to 

two of the rods. In the latter cases, such arrangements could be used to check the 

symmetry and avoid errors caused by eccentricity effects during pure tensile testing. 

On the diagrams, F; j, S; j and C; j refer to gauges on the FRP bars, and on the exposed 

and embedded steel surfaces respectively, where i means the numbering of specimen 

and j means the numbering of strain gauge in each specimen. 

Throughout testing, development of crack patterns and the progression of any form of 

failure (brittle separation or otherwise), were monitored using a camera. 

4.2.5 Test set up and procedure 

All specimens were tested under pure axial loading up to failure. As shown in Figure 

4-1, the hydraulic jack was originally designed to be put between two side blocks in 

order to push them away, which consequently enforce the middle block under tensile 

force. However, the spaces between the two side blocks (especially for the smaller 

specimen B1 and B2) are found to be too small to fit in the jack. Therefore, an end 

positioned hand-operated hydraulic jack was used in a self-reacting steel frame system 

as shown in Figure 4-9. 

When the jack pushed the end steel channel section, the load was transferred via two 

steel rods into the middle steel channel section, which consequently pushed the side 

RC block away. The other side RC block was fixed with another end welded steel box 

section via two steel rods. Such set up enables the middle RC block under axial tensile 

force. The tension in the specimen was then counterweighted by compression in the I- 

section steel beam frame. The buckling of I-section steel beams due to compression 

was checked and no bracing member was found needed between two steel beams. 
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(b) Plan and elevation views 

Figure 4-9 Specimen set up 
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Initially 10 kN or 20 kN load increments were used, but once the brittle separation 

process started these load increments were reduced significantly. After each load 

increment, the load was read manually and strain gauges were stored using an 

electronic data acquisition system. 

4.3 Discussion of experimental results 

The experimental results are presented in this section. In what follows, the failure 

modes are described, the relative failure loads and modes of the tested beam are 

discussed, and the recorded instrumentation data are presented and discussed with a 

view to providing detailed insight into the mechanisms of failure. 

4.3.1 Failure loads and failure modes 

Table 4-3 shows the experimental failure loads and maximum strains of specimens B1 

to B4. From comparison between the four blocks, it may be stated that the increases of 

the ultimate load due to the longer middle block were palpable, though not dramatic, 

being 24.5% for B3 relative to B1, and 31.7% for B4 relative to B2. 

Table 4-3 Test results comparison of four specimens 

Ultimate Normalised Maximum Maximum 
Cracking 

Experimental ultimate steel strain CFRP strain Specimen load 2 
load load' at failure at failure 

(kN) 
(kN) (kN) (tc) ([Lc) 

B1 289.8 1.0 118.2 2806 N/A 
B2 294.0 1.014 127.4 3235 2689 
B3 360.7 1.245 108.2 2877 3442 
B4 385.6 1.331 135.7 2742 2369 

1 Normalized with respect to failure load of control specimen BI 
2 Cracks initiated on either side concrete block and propagated outwards 
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However, with the same length of middle block (300 mm), when the amount of 

strengthening CFRP rods doubled from 2 to 4 rods, the ultimate load of B4 increased 

slightly 9% more than B3. Also, BI and B2 failed at very similar loads in spite of 

doubling the strengthening CFRP rod on both sides. 

Figure 4-10 shows the crack developments in B2 and B4. As can be seen, the first 

visible cracks initiated near the loading areas on the side blocks and then propagated 

horizontally outwards. According to Table 4-3, the first crack load is not very variable 

between the specimens. 

The initial crack patterns in middle blocks, either horizontal or vertical, are shown in 

Figure 4-11. In B1 and B2, deep horizontal cracks suddenly occurred on both sides of 

short middle blocks in the loading stage near failure (around P= 270 kN, see Figure 

4-11 (a) and (b)) while there are no such original horizontal crack found in B3 and B4 

before specimens failure. Basically, such horizontal cracks occurred when the normal 

stress on the fracture plane exceed the concrete tensile strength. A detailed study was 

then carried out in 4.3.3 and a cantilever beam theory was used to calculate these 

normal stresses to give insight into the crack mechanism. 

On the other hand, one vertical crack was observed in the centre of each middle block 

at the early load stage (around P =155 kN, see Figure 4-11 (c) and (d)) in both B3 and 

B4 rather than in B1 and B2 which have shorter middle blocks. This could explain 

that the minimum crack spacing under pure tensile force is bigger than the size of 

shorter middle block (100 mm). 

-107- 



Chapter 4 

127kN 

170 kN 

200 kN 

256 kN 
ýý--ý 

r- -- ý -- ---- -- ---ý. _ý- 
---ý-- ------- -- ---- -i - 

ý 

ti ý i 
Debonding failure 

294 kN 

(a) B2 

136kN 

194kN 

Novel pullout tests with NSM CFRP rods 

, _. _____ý Ti i 

i 

---i-- 

ýý 

- -- Iý, ý 

17ý 
I 

- -{__. _ ýI 
/" 

-ý 

Lt 
ý1 

l)iI 

245 kN 

297 kN 

1ýL__. ý 

ý71 

' ý, 

l/ ' 
-, I'".. 

376kN 

Debonding failure 

ý__ý_. ý___F_ý. _ý.. _t_ f--_ -_---- 
ýý-. 

- . 
ý--_ , 

i '' 

(b) B4 

. -fi 

ý-ý. 'ý-ý 

ý. --ý 

TT 

. _. ý. _ . 
ýI 

,i i +-__-----..;. II 

ý i 

_........ 
'"" 
__. _ _ 

ý 

. _. ý.... _ý. ____ 
_,. _. ___... .. ___.... --+.....,. ý 

Debonding failure 
ý 

ý--ý 

; ý; Oor 

Figure 4-10 Elevation views of crack developments in the specimens B2 and B4 
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(a) B1 (cý P= 267 kN 

(c) B3@ P= 160 kN 

Finite element analyses of experimental specimens 

(b) B2 @P= 278 kN 

-. 6 

(d) B4 @P= 152 kN 

Figure 4-11 Initial cracks in the middle blocks 

The crack patterns of specimens BI to B4 before final separation failure are shown in 

Figure 4-12. Extensive cracks formed horizontally on the side blocks as the applied 

load increased beyond the points that just caused yield of the embedded steel. Cracks 

propagated and covered most of the length of the side blocks just before the final 

brittle separation failure. However, fewer cracks were observed in BI and B2 

compared to B3 and B4 before failure. This may indicate that specimens with shorter 

middle block are more brittle than those with longer middle block so that they fail 

under the smaller loads without showing too much ductility. 
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Figure 4-12 Crack patterns before brittle separation failure 

All the specimens were found failing by brittle separation around yield point of steel 

reinforcing bars. Most of the fracture separation took place in the concrete layer 
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horizontally (Figure 4-13) initiated by the shear cracks near the inner end of the side 

blocks and propagated towards the outer ends of the side blocks. In certain cases, the 

brittle separation also occurred at the adhesive-FRP interface (Figure 4-14). Basically, 

the fracture separation lengths in B1 and B2 are shorter than those in B3 and B4, 

which again, may be caused by brittle behaviour of the formers. Figure 4-15 and 

Figure 4-16 show B2 and B4 after brittle separation failure. In both cases, note the 

large chunks of cover concrete that have been ripped off. 

(a) Separation in the cover concrete I (b) Separation in the cover concrete 2 

Figure 4-13 Separation in the cover concrete 

A 
(a) Separation between concrete and adhesive (b) Block of concrete after fracture 

Figure 4-14 Separation between concrete and adhesive 
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(a) B2 (entire specimen) 

(b) B2 (fracture of end concrete block) 

Figure 4-15 Fracture failure mode of B2 
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(a) B4 (entire specimen) 

(b) B4 (fracture of end concrete block) 

Figure 4-16 Fracture failure mode of B4 

113 



Chapter 4 Novel pullout tests with NSM CFRP rods 

4.3.2 Equilibrium check on results 

The shear bond stresses within the CFRP-to-concrete connection which trigger 

separation failure are deduced from the strains measured on the CFRP rods. It was 

therefore essential to perform a preliminary check on the strengthened specimens to 

verify that these recorded strains satisfied equilibrium. 

Figure 4-17 shows the strain and stress (force) distribution for both the steel bars and 

CFRP rods at the exposed region between middle block and side block. Ideally, both 

steel reinforcing bars and CFRP rods were stretched simultaneously, with the same 

strain throughout the loading period. In Figure 4-17 (c), stresses of steel bars are 

bigger than CFRP rods due to the higher Young's modulus of steel. However, after 

steel yield, CFRP rods continued to carry the tensile load until specimens failed (see 

Figure 4-17 (d)). 
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Figure 4-17 Internal strain and stress distribution of cross section under tension 

The tensile forces in the steel and CFRP were found based on the measured strains. 

The sum of these forces is compared with the corresponding load applied. Good 
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agreement is obtained, indicating the reliability of the results. Table 4-4 shows the 

equilibrium check for sections of beam B2, B3 and B4 at the ultimate stage. 

Table 4-4 Equilibrium check for beam section 

Specimen 
Experimental 

load Pe 
(kN) 

Average 
steel strain 

(tc) 

Average 
CFRP strain 

(nc) 

Calculated 
load Pc 
(kN) 

Disparity 
(/o) 

B2 294.0 2171 2112 315.3 7.25 

B3 349.0 2621.7 3282.5 323.2 7.39 

B4 375.6 2481.3 2420.6 360.8 3.95 

4.3.3 Verification of normal stress on the fracture surface in middle blocks 

As discussed earlier, the middle blocks of specimens with different length cracked in 

different modes. In the shorter middle block (131 and B2), deep horizontal cracks 

suddenly occurred on the both sides of short middle blocks at the load around 270 kN. 

However, the longer middle block (B3 and B4), one vertical crack rather than 

horizontal one was observed in the centre of each middle block at the load around 155 

kN. To understand the mechanics of these various failure modes, calculations were 

performed for the normal stress on the fracture surface. 

The deep horizontal crack across the middle block for B2 is shown in Figure 4-18 (a). 

To work out the normal stress on the fracture plane, half of the top fracture part just 

above the reinforcing steel bars (shaded area in Figure 4-18 (b)) was taken out to be 

investigated. The simplified model of this part is shown in Figure 4-19. There is in 

fact a deep cantilever beam actually exists so that a simple beam theory is now used. 

It can be seen that eccentricity of FRP rod force Fp action on covercrete cantilever 

caused normal stresses at root of cantilever and eventually could cause fracture when 
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the normal stresses exceed concrete tensile strength. The limitation of this modelling 

approach does exist but still gives fundamental insight into the problem. 

CFRP rod 

(1) 

d 
ý 

FP 
Fracture plane 

Steel bar 

e=40-20/2=30mm 
h=40-12/2=34mm 
d=50mm/ 150mm 

(a) Crack picture (b) Elevation of middle block 

Figure 4-18 Crack patterns in middle block of B2 
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(a) 3D view of shaded area 
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(b) Elevation diagram 

Figure 4-19 Diagram of crack part 

The force Fp can be calculated from the difference of CFRP rods strains between the 

gauges at the mid-block cl and near the edge of middle block c2: 
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Fp'=dE xEfxAf=(E2 -Ed xElxAf 

(Equation 4-1) 

where Ef and Af are modulus and area of the CFRP rods respectively. 

The tensile force of concrete on the side of block FF should be equal to Fp to balance 

the horizontal forces: 

F, =Fp 

(Equation 4- 2) 

Then the moment of cantilever M can be interpreted as: 

M=I Fn xe-Fe xW2I=I (c2-cl) xEfxAlx (e -h/2)I 

(Equation 4- 3) 

where e is eccentricity of CFRP force from root of covercrete cantilever. 

Then the normal stress 0max on the fracture plane is: 

Umax =ýx xYmý-bdýl2xdl2= 
d 

x6 

(Equation 4- 4) 

where Ix is the inertia moment in x axis (on bottom plane) of covercrete cantilever an 

d ym is the maximum distance from the neutral axis. 

The results are presented in Table 4-5 and Table 4-6 for B2 and B4 respectively. As 

can be seen, for B2, the calculated maximum normal stress went up with the 

increasing of the load and reach as high as up to 6.94 N/mm2, which are higher than 

the tensile strength of the concrete and therefore caused the horizontal crack. As for 
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B4, the normal stress was up to 0.45 N/mm2, which is much lower than the tensile 

strength of the concrete. In this case, a horizontal crack in the middle block was not 

the originally observed mode of failure in the test. 

Table 4-5 Calculation of normal stress on the fracture plane for B2 

Load (kN) Fp (N) M(Nm) Normal stress a (N/mm2) 

77 10610 137.9 3.01 

127 15783 205.2 4.48 

171 19734 256.6 5.60 

212 22518 292.7 6.39 

278 24455 317.9 6.94 

294 22451 291.9 6.37 

Table 4-6 Calculation of normal stress on the fracture plane for B4 

Load (kN) Fp (N) M(Nm) Normal stress c (N/mm2) 

69 7035 91.5 0.22 

194 12870 167.3 0.41 

246 13095 170.2 0.41 

337 14265 185.5 0.45 

376 13590 176.7 0.43 

4.3.4 Axial strain and shear bond stress profiles along specimens 

The free body diagram for an infinitesimal length of rod is given in Figure 4-20. 
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Qf = Axial stress in the rod 

dQ f= 
Difference of rod axial stress between the two locations 

Figure 4-20 Free body diagram for infinitesimal length of rod 

The axial equilibrium equations emerging from Figure 4-20, along with the linear 

material constitutive expression for the FRP, produces the following relationship: 

afirRf+2i; rRfdx=(af+daf)7cRf 
2zdx= RfdQf 

z=Rf 
dE fE f 

T= 

2 dx 
RfEf der 

2 dx 
(Equation 4- 5) 

Where Ef is Young's modulus of CFRP and of is axial strain of CFRP rod. 

It is noted that, in the derivation of (Equation 4- 5), the axial force must be based on 

the average axial strain of rod at that section. Under ideal pure tensile forces, it may 

be argued that the average strain is, to a very good approximation, equal to the strains 

on the surface of the rod. 
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It is recognised that, in practice, gauges on the bonded surface of the CFRP rod and 

the accompanying leads through the adhesive will have the negative effect of 

introducing imperfections in the rod-to-concrete bond. Therefore, the number of 

bonded surface gauges used in practice should be a compromise between the need to 

determine representative values of the shear bond stress, whilst simultaneously not 

unduly weakening the bond. 

It should be. appreciated that no matter how gauges are closely spaced, the finite 

spacing of the gauges renders the bond stresses based on these gauge readings 

average, rather than point, bond stresses. Using the strains recorded from the strain 

gauges installed on the CFRP rods, the average CFRP-concrete bond stresses 

developed along the CFRP rods can be evaluated in Figure 4-21. 

A% 

Figure 4-21 Average bond stress rave in-between two consecutive strain gauges 

installed to the CFRP rod. 

Therefore, the average bond stress TQ,, g on the CFRP rods, in-between the strain gauges 

positions (SG' and SO2), was determined according to the following equations: 
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t_.. _ = 
RfEf(, v2 -ol) 

. 
uvg 2L 

(Equation 4- 6) 

where do is the difference in mid-plane axial strain of the plate between the two 

locations (c, - E2). In this treatment, it is assumed an average bond stress in-between 

the two strain gauges. 

Figure 4-22 to Figure 4-24 show, for different load levels, the axial strain profiles in 

the CFRP rod and the average shear stress profiles of specimens B2 to B4. 

For B2 and B4, strain gauges were respectively bonded to the two CFRP rods inserted 

into the opposite faces of the concrete block. Then the average reading of two strain 

gauges on the positions with same distance from mid-span was taken to represent the 

strain distributions. However, strain gauge F44 did not work well so that there are 

only three strain values for each load step for B4. 

(a) B2 strain gauge location on CFRP rods 
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(c) B2 adhesive shear stress distribution 

Figure 4-22 CFRP axial strain and adhesive shear stress distributions for B2 
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(a) B3 strain gauge location on CFRP rods 
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(c) B3 adhesive shear stress distribution 

Figure 4-23 CFRP axial strain and adhesive shear stress profile for B3 
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Figure 4-24 CFRP axial strain and adhesive shear stress profile for B4 
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From Figure 4-22, it can be seen that the CFRP strains for B2 generally increased 

with the distance from mid-block. However, just before specimen failure at P= 294 

kN, the strain inside middle block with 10 mm distance from the edge suddenly went 

up while the strain inside side block dropped. It could be possibly explained by the 

massive cracks occurred in the concrete block at this load stage which induced the 

eccentric loading of specimen and subsequently caused the local bending of the CFRP 

rods. The sudden change also cause unrealistically high deducted shear stress (around 

9 N/mm2) while other shear stresses reasonably varied between 0 to 4 N/mm2. 

It can be seen from Figure 4-23 that the CFRP strains for B3 increased with the 

distance from mid-block before P= 127 kN. However, after first vertical crack at mid- 

block, higher CFRP strains are found at mid-block than those at the position near 

block edge. The shear stresses varied from 0 to 4.5 N/mm2 which are relatively 

reasonable. Similar trends are found in Figure 4-24 for B4 and it tell from the figure 

that the first vertical crack load at mid-block for B4 is around P= 136 kN. 

4.3.5 Load-strain profiles 

Figure 4-25 shows the comparisons of load-CFRP strain plots among B2 to B4 for 

various locations. From Figure 4-25 (a), it can be seen that at the mid-block position, 

the load-strain plot for B2 keep linear up to failure, which is according with the 

observation that there is no vertical crack found in concrete at this area. For B3 and 

B4, the plots are similar and keep linear until the vertical cracks were observed in the 

middle concrete block at the mid-block area. After concrete crack, B3 has higher 

strains than B4 at the same load since there are double amount of the CFRP rods in B4 

to undertake the loads. 
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Figure 4-25 (b) indicate the load-strain plots for strain gauges putting on the CFRP 

rods inside middle concrete block with 10 mm distance from the edge. The gradient 

for each specimen is close with each other. The reversing strain in B2 at around P= 

210 kN is possibly due to the occurrence of a deep horizontal crack in the middle 

concrete block. 

By comparing the plots in Figure 4-25 (c), we can see that both B2 (the specimen with 

shorter middle block) and B3 (the specimen with double amount of strengthening 

CFRP rods) have higher strains than B4 at the same load. From Figure 4-25 (d), the 

strain in B2 reverses due to the horizontal cracks in the side blocks. 
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Figure 4-25 Load - CFRP strain profile for B2 to B4 

Figure 4-26 shows the load-steel strain profile for specimen BI to B4. As shown in 

Figure 4-8, one strain gauge was put on each exposed steel rod and the locations of 

the strain gauges have the same distance to mid-block for each specimen. The average 

steel strain was then taken to represent the typical steel strain for each specimen. 

According to Figure 4-26, the curves are almost linear until failure and there is no 

obvious yield stage for the steel in this area. 
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Figure 4-26 Load - external steel strain profile for B1 to B4 

A few strain gauges were closely attached to the steel bars inside the middle block. 

However, these gauges produced erratic readings. The load-internal steel strain curves 

are given in Figure 4-27. It can be seen that not only tensile strains but also high 

compressive strains are found for the steel bars embedded inside the concrete block. 

The reason for these erratic load-strain curves could possibly due to the internal 

cracking of the middle concrete block because these strain gauges behaviours are 

strongly influenced by the surrounded concrete. 
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Figure 4-27 Load - internal steel strain profile for beam B1 to B4 

4.4 Conclusions 

Four NSM CFRP strengthened RC blocks have been fabricated and tested to failure. 

The parameters varied between the specimens include the length of middle block, the 

amount of reinforcing CFRP rods, and the near surface groove size. Commercial 

materials were used in all tests, to increase the realism of the lab simulations. All 

blocks failed by sudden brittle separation failure. 

From the physical observations made and data collected during these experiments, the 

following general points may be made: 

" When the length of middle blocks increased from 100mm to 300mm, the ultimate 

load of B3 is 24.5% higher than that of B1 while the load of B4 is 31.7% higher than 

that of B2. 

" The ultimate failure loads were not influenced by the amount of strengthening CFRP. 

With the same length of middle block, the ultimate load of B4 increased slightly 9% 
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more than B3 when the CFRP rods doubled from 2 to 4 rods. Both B1 and B2 failed 

at very similar loads in spite of doubling the strengthening CFRP rod on both sides. 

" Specimens were observed to fail in two brittle separation modes. The fractural 

separation took place either in the concrete layer horizontally due to shear cracks 

propagated along the side blocks or at the adhesive-rods interface. 

" Being consistent to the failure modes, the cracks typically occurred either through a 

30mm thick concrete layer adjacent to the reinforcing steel rod or on the bond line 

between the adhesive and CFRP rods. Fewer cracks were observed in BI and B2 

compared to B3 and B4 before failure, indicating that specimens with shorter middle 

block are more brittle than those with longer middle block so that they fail under the 

smaller loads without showing too much ductility. 

" Beam theory was used to investigate the mechanism of horizontal cracks on the 

middle block. The calculated results of normal stress on the fracture plane are 

consistent with experimental observation, which gives fundamental insight into the 

reasons of various crack modes. The calculated maximum normal stress for B2 went 

up with the increasing of the load and reached as high as up to 10.25 N/mm2 at the 

load P= 278 kN, which are higher than the tensile strength of the concrete and caused 

the horizontal crack at the middle block. However, throughout the loading period, the 

normal stress of B4 stayed up to 1.12 N/mm2, which is much lower than the tensile 

strength of the concrete. Therefore, no horizontal crack was observed in the test. 

" According to the experimental data, the CFRP strains for B2 (specimen with shorter 

middle block) generally increased with the distance from mid-block. However, the 

CFRP strains for B3 and B4 (specimens with longer middle blocks) increased with the 

distance from mid-block before vertical crack at mid-block. After then, higher CFRP 

strains are found at mid-block than those at the position near block edge. The shear 

stresses varied from 0 to 4.5 N/mm2 which are relatively reasonably. 
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" With the same length of middle block, the specimen with double the amount of 

strengthening CFRP rods (B4) generally has smaller CFRP and steel strains under the 

same tensile load comparing to B3, especially after concrete block crack. The 

reversing strain in B2 at around P= 210 kN is possibly due to the occurrence of a 

deep horizontal crack in the middle concrete block. 

The experimental analysis discussed in this chapter gives insight into the stress 

transfer characteristics between strengthening CFRP and concrete both near the mid- 

span and end zones. The next chapter is going to describe finite element analysis 

verified by the test data recorded in this chapter, along with a comprehensive 

investigation into the influence of more parameters on specimen failure behaviour. 
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Finite element analyses of experimental specimens 

5.1 Introduction 

Chapter 4 presented a series of experiments conducted on RC specimens retrofitted 

with CFRP rods by the NSM technique to investigate the strengthening performance, 

failure modes, bond mechanisms and effects of some important design parameters 

such as length of middle block and the amount of strengthening CFRP rods. In what 

follows, these blocks are analysed using commercial FEA program DIANA. The 

distributions of both the reinforcing steel bar strains and CFRP rod strains along with 

the adhesive stresses for the four blocks are illustrated and compared to the 

experimental data. The FE analyses are also used to identify load-displacement curves 

which were not investigated in the lab tests. Subsequently, further parameters 

regarding the geometry and material properties of the specimens were chosen and 

their effects on structural behaviour are analysed and presented. 



Chapter 5 Finite element analyses of experimental specimens 

5.2 Finite element analyses of the specimens 

5.2.1 Specimen configuration and FEA modelling 

Geometry details of the specimens and test procedures are discussed in detail in 

Chapter 4. The test set-up is schematically represented in Figure 5-1. The specimen is 

composed of three parts: two side blocks, where the CFRP rod is inserted into the 

concrete along the anchorage length of 850 mm; and the middle block, where the 

CFRP rod is bonded to concrete over a length varying from 100 mm to 300 mm. To 

focus the investigation on the middle block, the side blocks are not considered in the 

following simulations. 

Stiff channel sections with plates 

,ý 

Concrete 
0 

P/2 
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P/2 -: 4 
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P/2 

Reinforcing steel bar a 

CFRP rod 

Figure 5-1 Loading and set up of test specimen 

In this Chapter, 3D models were employed for simulating the CFRP NSM 

strengthened specimens. Taking advantage of symmetry of the models to achieve the 

balance between the speed of analysis and the accuracy of results, only one eighth of 

the original middle block was analysed with appropriate boundary conditions and the 

applied load in the FE program. The eight-noded brick element HX24L is used for the 
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modelling of concrete beam, reinforcing steel bars and adhesive layer while the six- 

noded brick element TPI 8L is used for CFRP rods due to their round shape. The FEM 

meshes can be seen in Figure 5-2. 

-1 ýC ý\ ý ýý ýý Iý 
f 

\ý 

\ Iý 
ýI 

\ýy\ 
\\ 

II\ý 
\\\\. 

y 

II 
ýý - "I ýr\ 

I 
I 

k. - 
NýI 

ýý 

ý 

I 
I I 

-L - 

(a) Geometry for BI or B3 

, zr. y, , 
: ýý iý 

ýi 
ýý 

ii \i, 

I 

I--, 

IL: 
l 

- 

I---- 

Finite element anall, ses of experimental specimens 

J-I 

ý 
- . ý; ý, 

,I ý-`, '. J C--l- 
ýi_ý _ý ý 

i. ýs, p: ̀cý 
\ 

ý. ý 

2 

(c) Geometry for B2 or B4 

(h) Mesh for III or 113 

(d) Mesh for 112 or 114 

Figure 5-2 Geometry and mesh of the middle block for 131 to 114 

The material properties input to the FF models are based on the data from lab tests 

described in Chapter 4. Please refer to Chapter 3 (3.2.2 Material properties) for the 

corresponding modelling technique. Because Young's modulus of concrete is not 

available from the lab test, the value is assumed to he 28 kN/mm2 according to the 

I 

compressive strength as 40 N/mm2. Both the steel bar and CFRP rod samples were 
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not tested to yield in the lab. In this case, the yield strength of steel bar is assumed to 

be 500 N/mm2. The summary of material properties is given below: 

Concrete block: E, = 28 kN/mm2, vv = 0.2, fýý = 40 N/mm2, fý =3 N/mm2 

Steel rod: E, 200 kN/mm2, vs = 0.3, fs= 500 N/mm2 

Adhesive: E� =8 kN/mm`, v� = 0.35, feu = 50 N/mm2, fu = 6.5 N/mm` 

FRP: Ef -- 150 kN/mm2, of = 0.3 

5.2.2 Equilibrium check for finite element model 

To make sure the FEA results are reliable, it was considered essential to perform 

equilibrium checks on the FE output. Figure 5-3 shows the elevation view of the FF 

model for the block with symmetrical constraints and assigned loading. 

Horizontal constraint 
[) 

I'/4 

Figure 5-3 Elevation view of FE mesh 

Section A-A was chosen to be investigated because there is no concrete stress to he 

taken into account in that area. As described before, the blocks were under pure 
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tensile load. By multiplying the steel and CFRP strains by the corresponding elastic 

moduli and then by areas, the forces in the steel and FRP rods were found. The sums 

of the tensile forces are then compared with the initial loading. Table 5-1 shows the 

calculations and comparisons for each model at every load step. It can be seen that the 

tensile force equilibrium is very nearly satisfied by the results. 

Table 5-1 Equilibrium check for Elements at region A-A 

(a) BI 

Initial load 
F. i (kN) 

Force at 
section A 
FQ (kN) 

Error 
(Fl - FQ )/ Fi 

% 

Reaction force 
at boundary 

Fb (kN) 

Error 
(F, - Fb )/ Fi 

32.70 32.85 0.46% 32.70 0.00% 

64.27 64.64 0.57% 62.28 3.10% 

93.60 94.20 0.64% 89.69 4.18% 
122.65 123.56 0.74% 116.80 4.77% 
152.65 153.85 0.78% 140.75 7.80% 
180.42 181.54 0.62% 172.24 4.54% 
210.26 212.29 0.96% 198.30 5.69% 
239.54 241.23 0.70% 226.27 5.54% 
268.62 270.73 0.79% 254.69 5.19% 

, 297.67 300.23 0.86% 283.08 4.90% 
(b) B2 

Initial load 
F, j (kN) 

Force at 
section A 
FQ kN 

Error 
(F, - FQ )/ F, 

% 

Reaction force 
at boundary 

Fb (kN) 

Error 
(F, - Fb )/ F, 

31.94 32.20 0.67% 31.94 0.00% 
63.20 63.62 0.67% 62.32 1.39% 
93.38 94.12 0.79% 87.54 6.25% 
121.71 122.69 0.81% 116.13 4.59% 
151.24 152.92 1.11% 140.49 7.10% 
179.93 181.59 0.92% 166.78 7.31% 
208.40 210.39 0.95% 195.39 6.24% 
236.83 238.43 0.67% 224.28 5.30% 
265.36 267.86 0.94% 252.88 4.70% 
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0.94% 281.07 4.37% 

(c) B3 

Initial load 
Fr (kN) 

Force at 
section A 
Fa (kN) 

Error 
(F, - Fa )/ F, 

(%) 

Reaction force 
at boundary 

Fb kN 

Error 
(F, - Fb )/ F! 

50.24 50.29 0.09% 50.25 0.00% 

94.10 94.20 0.11% 93.08 1.07% 

128.91 128.92 0.01% 125.44 2.69% 

160.71 160.40 -0.19% 146.53 8.82% 

188.42 188.28 -0.07% 163.70 13.12% 

218.74 219.25 0.24% 191.22 12.58% 

256.02 256.42 0.15% 224.64 12.26% 

290.85 291.71 0.30% 260.17 10.55% 

325.06 325.78 0.22% 296.23 8.87% 

358.78 359.85 0.30% 332.46 7.34% 
(d) B4 

Initial load 
F, (kN) 

Force at 
section A 
Fa kN 

Error 
(F, - FQ )/ F, 

% 

Reaction force 
at boundary 

Fb (kN) 

Error 
(F, - Fb )/ F, 

51.81 51.92 0.21% 51.75 0.11% 

97.25 97.28 0.04% 96.19 1.09% 

134.01 133.87 -0.11% 131.45 1.91% 

168.01 167.62 -0.23% 153.69 8.52% 

197.59 197.23 -0.18% 170.66 13.63% 

231.62 231.55 -0.03% 196.62 15.11% 

265.92 265.87 -0.02% 238.51 10.31% 

303.60 304.26 0.22% 274.01 9.75% 

339.41 339.44 0.01% 311.17 8.32% 

374.83 375.25 0.11% 348.46 7.04% 

5.3 Comparisons with experimental results 

5.3.1 Tensile strain in steel reinforcement 

For the specimens B1 to B4, axial strains of steel reinforcement from the FE models, 

are presented and analyzed in Figure 5-4 and Figure 5-5. 
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Figure 5-4 Comparisons between test data and FEA results of load- Steel strain 

for B1 to B4 

The experimental data of steel strain were collected from the strain gauges on the 

middle area of the exposed steel rods. As can be seen Figure 4-7, the strain gauges are 

symmetrically located and have the same distance to the mid-block. As discussed 

earlier on Chapter 4, for each specimen, average values were taken from these 

readings to represent the typical strain at this location. In the FE analysis, one eighth 

of the specimen was modelled due to symmetry of the specimens, which means that 

only one steel rod was modelled and one strain reading could be taken from the 

corresponding location. In this case, the maximum, minimum and average strain 

gauge readings from test data are taken for each specimen and compared to the FEA 

results. Comparisons of the load-steel tensile strain plots between the FEA results and 
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the experimental data are then shown in Figure 5-4. Good agreements were found 

between the average value and the FE results. 
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Figure 5-5 FEA results of Steel strain distributions for 131 to B4 

Figure 5-5 shows the steel strain distributions along the bar from FEA results. Clearly, 

the strain increased with the distance away from the middle of the block and then kept 

constant in the exposed area of CFRP rods. The smaller strain was found inside the 

block than the exposed area, which may be due to the fact that part of the tensile force 

in the former area is partly taken by the concrete. 

5.3.2 Tensile strain in CFRP rods 

The experimental data of FRP strain were collected on the CFRP rods in a short 

distance from the mid-block. The locations of the strain gauges are shown in Figure 4- 

22 to Figure 4-24 in Chapter 4. The FE results were then taken at the corresponding 

locations. 

The comparison between test data and FEA results of CFRP strain distribution for B2 

to B4 at certain load stages are then shown in Figure 5-6. There is no comparison for 

B1 because the CFRP strains from test data of for this specimen are absent. In general, 

the strain distributions of both the test data and the FE models have similar trends. 

Very good correlation was found at the lower load stages. But at the higher load 

stages, the FEA results show certain level of difference from the test results. The 
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adhesive shear stress from FEA results are also compared with the shear stress 

deducted from measured CFRP strains from test data. However, the comparisons are 

not very good. 
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The inconsistency between the FEA results and test data is possibly due to a few 

reasons. 

The first reason is the local bending of CFRP rods where the strain gauges are located. 

It cannot be guaranteed that the specimen set-up in the lab are under a perfectly axial 

loading scheme. In this case, the local bending may exist on the CFRP rods, which, 

could cause high tensile strain. Basically, it can be seen that for the FEA results, the 

CFRP tensile strains increase with the distance from the mid-block to the edge of the 

block due to the tensile force inside of block is partly taken by concrete. On the 

exposed area, the CFRP strains remain nearly constant. However, as seen from the 

test data in Figure 5-6 (b) and (c), the CFRP strains on the exposed area for B3 and B4 

are up to 1000 micro strains higher than those near the edge of the block. This may 

plausibly be explained by the existence of local bending near the mid-block because if 

there is no local bending exists on the exposed CFRP rods in the lab test, the strains 

on the exposed area should keep constant as FEA results. 

To moderately lower the effect of local bending, strain gauges can be put on the two 

CFRP rods on the opposite sides of the middle concrete block and taking the average 

reading of the corresponding strain gauges, which has been done for B2 and B4. As 

can be seen in Figure 5-6, B2 and B4 show better agreements between FEA results 

and test data than B3 does. In addition, the effect of local bending could also be 

eliminated by putting two strain gauges on the opposite sides of the same section on 

the CFRP rods and then taking the average reading of both values. To avoid damaging 

the bonding between FRP rod and surrounding adhesive, such arrangement of strain 

gauges should be used with care. It could be considered in future investigations. 
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Another possible reason is the local effects caused by the major cracks which took 

place close to the strain gauge locations in the experiment, while the smeared cracking 

approach is used in the FE analyses. 

For B2, the local bending of CFRP rods in test could also be caused by the deep 

horizontal cracks on the middle block. As seen from Figure 5-6 (a), at load P= 294 

kN, the CFRP strain at midspan is 600 micro strain smaller than that near the block 

edge which resulted much higher shear stress than the FEA results. 

However, for B3 and B4, the vertical cracks of surrounding adhesive and concrete in 

close proximity to the strain gauges at mid-block can cause the inconsistent 

distribution of CFRP strains. The mechanism of crack influence is illustrated below. 

Pf .,.... i. ..,.. 
_ -ý 

----------------- ------ ----------------- --t- 
f 

ý(a) Typical cracking 

4-44 
I i 

Bond stresses on adhesive 

--Bond stresses on 
CFRP 

i 

Variation of tension force in 
CFRP 

fP 

(b) Cracked adhesive section 

(c ) Bond stresses acting on 
CFRP rod 

(d) Variation of tensile force in 
CFRP rod 

Figure 5-7 Variation of tensile force in CFRP rods near surrounding adhesive 
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In the experimental specimen at a sufficiently high load, the adhesive and concrete 

may (ail to resist tensile stresses only where the cracks are located as shown in Figure 

5-7 (a) and (b). Between the cracks, the adhesive and concrete resist moderate 

amounts of tension introduced by bond stresses acting along the interface in the 

direction show in Figure 5-7 (c), which reduce the tensile forces in the CFRP rods, as 

illustrated by Figure 5-7 (d). 
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Figure 5-8 Development of tensile force in the CF121' for finite element models 

Figure 5-8 then shows the development of the tensile force in the ('FRP rods fi)r the 

FE models. In the smeared cracking approach, the smeared cracks spread over the 

region where the principal tensile stresses in the adhesive elements exceed the 
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ultimate tensile strength rather than having discrete cracks, as shown in Figure 5-8 (a) 

and (b). Therefore, the tension in the CFRP elements for the FE model does not vary 

as in the actual block specimen but remains constant across each element (Figure 5-8 

(c)). For this reason, CFRP strains of the FEA results could be different from those of 

lab test. 

5.3.3 Adhesive shear stress distribution 

Distributions of adhesive shear stresses along CFRP rods are presented in Figure 5-9. 

Generally, the models with same length of middle block have the similar trend of 

stress distribution, e. g. the distribution curves of BI resemble those of B2 (Figure 5-9 

(a) and (b)), while the distribution curves of B3 resemble those of B4 (Figure 5-9 (c) 

and (d). 

For shorter blocks B1 and B2 (100mm), the adhesive shear stresses of both models 

fluctuate along the bond line and peak near the end of block, ranging from 2.0 N/mm2 

to 4.0 N/mm2. Basically, B2 (with two CFRP rods on each side) shows nearly half of 

the stress value compared to B1 (with one CFRP rod on each side). 
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(b) B2 adhesive shear stress distribution 

(c) B3 adhesive shear stress distribution 

(d) B4 adhesive shear stress distribution 

Figure 5-9 FEA results of adhesive shear stress distribution for B1 to B4 

Peak shear stress values are also found near the end of the block for the longer blocks 

B3 and B4 (300 mm). The maximum value ranges from 2.0 N/mm2 (B4) to 4.0 
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N/mm2 (B3). In addition, higher shear stresses near the mid-block were found in B3 

and B4 than B1 and B2. 

It is stated earlier in Chapter 3 that the shear'stress could vary across the thickness of 

adhesive layer. The similar variations were also found in these FE analyses. 

Basically, four layers of brick elements are put. through the thickness of each adhesive 

layer with the distances to the FRP rods are 0.5,1.5,2.5 and 3.5 mm respectively. The 

variations of the adhesive shear stress distribution for B4 are shown in Figure 5-10. 

As can be seen from Figure 5-10 (a), at lower load stage P= 52 kN, the adhesive 

shear stresses went up to 1.0 N/mm2 and there are a little bit variations found between 

different layers. When the load went up, much bigger different is found between 

adhesive layers in load stage P= 168 kN. The stress variations along the bond line 

decreased with the increment of layer's distance to the CFRP rods. When the load 

went further and specimen is near failure, at P= 375 kN, the variations between layers 

are even bigger and the shear stress peak at 1.5 N/mm2. 

(a)P=52kN 
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(b)P=168kN 

(c) P=375kN 

Figure 5-10 Variations of adhesive shear stress distributions through thickness 

for model B4 

5.3.4 Load-displacement plots 

Due to the shortage of equipment, the displacements of specimen were not recorded in 

the lab test. For the FE analyses, the horizontal displacements are measured at the 

point D in Figure 5-3, where is the centre between the middle block and the side block 

for each specimen. Figure 5-11 shows load-displacement plots from the FE analyses 

for all four specimens, with the displacements shown on the horizontal axis and the 

loads shown on the vertical axis. The stiffness of the structure can be illustrated by the 
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gradient of the load-displacement curves. The bigger gradient reflects the larger 

stiffness of the specimen. 

By comparing the load-carrying capacities of the models, the blocks with longer 

middle block generally have higher load carrying capacities than those with the 

shorter middle blocks. The figure also shows that the stiffness of each blocks is 

approximately the same as other's in the linear range. After first cracking at around P 

= 50 kN, the stiffness of the models with shorter middle block are approximately 20% 

higher than those with longer middle blocks. Both the shorter specimens kept nearly 

linear afterwards until failure at around P= 280 kN. 
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Figure 5-11 Load-displacement curves for B1 to B4 

However, there are several factors that may cause the higher stiffness in the finite 

element models. Micro cracks produced by drying shrinkage and handling are present 

in the concrete to some degree. These would reduce the stiffness of the actual blocks, 

while the finite element models do not include micro cracks. Perfect bond between the 

concrete and reinforcing element is assumed in the FE analyses, but the assumption 

would not be true for the actual blocks. As slip between two materials occurs, the 
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bond is reduced. Thus, the overall stiffness of the actual specimens could be lower 

than what the FE models predict, due to factors that are not incorporated into the 

models. . 

5.4 Parametric analysis 

In practice, there are materials of various properties available to construct and 

strengthen the structures. How do these material properties affect the performance and 

failure behaviour of the strengthened structure? A clear explanation of these 

influencing factors is essential to an effective application of NSM FRP technique in 

practice. 

In the present study, the original FE model of NSM FRP rods strengthened blocks 

discussed earlier on this chapter was used to investigate the effect of relevant 

parameters on the structural performance and failure behaviours of the blocks. 

The parameters are including concrete tensile strength f1, NSM rod Young's modulus 

Ef, adhesive Young's modulus Ea, tensile strength ft,, and the ratio of ultimate strain to 

crack strain cu / Ear, as shown in Table 5-2. 

Table 5-2 Material properties for the Finite Element Analysis 

Materials Concrete Adhesive Steel CFRP 

Young's modulus (kN/mm2) 28 2-20 200 15-150 

Poisson's ratio 0.2 0.35 0.3 0.3 

Yield strength (N/mm2) -- -- 500 -- 
Compressive strength (N/mm2) 40 50 -- 

Tensile strength (N/mm2) 3-6 4-16 -- -- 
Eu / Ecr 5 2-10 -- -- 
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According to the values identified by test data and the FEA results presented earlier in 

this chapter, the values such as fc=3 N/mm2, Ef= 150 kN/mm2, Ea =8 kN/mm2, fa = 

8 N/mm2 and Eu / Ecr =5 were chosen as reference values for the material properties of 

strengthened structures. As shown in Table 5-2, the concrete tensile strength fc was 

varied from 3 to 6 N/mm2 to simulate the concrete of different grade. The 

strengthening rod tensile strength Ef was varied from 15 to 150 kN/mm2 to simulate 

the NSM rods with different moduli, such as glass FRP, carbon FRP and steel rods. 

The adhesive material properties Ea, to and c,, / Ecr were varied from 2 to 20 kN/mm2,4 

to 16 N/mm2 and 2 to 5 respectively to simulate different types of adhesive. 

Table 5-3 Main parameters investigated in FE analyses 

Name Concrete FRP Adhesive mechanical parameters 
M i l il Y ' 

Of ater a tens e oung s Young's Tensile 
models parameters strength 

(N/mm) 
modulus Ef 
(kN/mm2) modulus Ea strength; a 

Eu 
E /mm /mm cr 

CT3 3 
A 150 

CT6 6 8 

FE4 15 
Ef 

FE5 150 8 

AE2 2 

AE8 Ea 8 
5 

AE20 20 
3 

AT4 4 150 

AT8 fa 8 

AT16 8 
16 

AS2 
ýu 2 

AS5 - 8 5 ý AS 10 Cr 10 
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As shown in Table 5-3, the models are named according to the varying material 

parameters. Firstly, CT3 means model with weaker concrete tensile strength f=3 

N/mm2 while CT6 means model with stronger f, =6 N/mm2. Secondly, FE4 means 

model with lower strengthening rod's Young's modulus Ef= 1.5 X 104 N/mm2, while 

FE5 means model with higher Ef= 1.5 X 105 N/mm2. Thirdly, AE2 means model with 

lower adhesive Young's modulus as EQ =2 kN/mm2; AE8 means model with 

moderate EQ =8 kN/mm2. while AE20 means model with higher E,, = 20 kN/mm2. 

Fourthly, AT4 means model with weaker adhesive tensile strength fQ=4 N/mm2, AT8 

means model with moderate f,, = 8 N/mm2 while AT16 means model with stronger fa 

= 16 N/mm2. Finally, AS4 means model with smaller ratio of ultimate strain to crack 

strain su /E,, = 2, AS5 means model with moderate Eu /Ecr =5 while AS 10 means 

model with largest su /cc, =10. 

5.4.1 Effect of concrete tensile strength f,, 

Figure 5-12 demonstrates the effect of concrete tensile strength f,, on the load- 

displacement behaviour of the strengthened blocks. 

Figure 5-12 Load-displacement curves for various concrete strengths 
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It can be seen that the stiffness of both blocks are the similar in the linear stage. After 

concrete cracking, around P= 70 kN, the stiffness of the block with weaker concrete 

tensile strength f=3 N/mm2 (CT3) became 20% smaller than the one with fc=6 

N/mm2 (CT6). However, both curves joined at P= 310 kN after yield of steel bars. 

Then the nonlinear behaviours of both models' steel strain corresponding to different 

loading stages are discussed. As can be seen from Figure 5-13 (a), the steel strains of 

both models are nearly the same at the position outside of the middle concrete block 

under the same load. However, there is big difference between the two curves at the 

position inside of the middle concrete block (Figure 5-13 (b)). Under the same load, 

the steel strain decreased with the increment of concrete tensile strength under the 

same load because concrete with higher tensile strength can carry a larger share of the 

tensile load so that steel rebar could take smaller loads. 

(a) Outside of concrete block near loading end 
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Figure 5-13 Load-steel strain curves for various concrete strengths 

Figure 5-14 shows the strain distributions of steel rebar for the two models. It can be 

seen clearly that under the lower load P= 100 kN, when the concrete just began to 

crack, both curves are relatively close to each other. With the increment of tensile 

load, the difference between both curves increased. Under the same load, the strains in 

model CT3 is up to 700 µE bigger than the strains in CT6. The similar trends of strain 

distributions are found for the FRP bars in Figure 5-15 and Figure 5-16. 
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The adhesive shear stress distributions of both models are shown in Figure 5-17. The 

curves for two models are very close to each other and fluctuate between -4.2 to 0.3 

N/mm2 under the load P= 100 kN. However, at P= 200 kN when cracks occurred on 

both concrete and adhesive materials, the adhesive shear stresses in model CT6 

became higher than those in model CT3 and the difference between two models range 

from 1 to 3 N/mm2. The differences became even bigger under higher load P= 300 

kN. The reason for these differences may due to that the stiffer concrete body because 

more stress transfer between concrete and inserted FRP bars. 

(a)P=100kN 

(b)P=200kN 
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(c)P=300kN 

Figure 5-17 Adhesive shear stress distributions for various concrete strengths 

5.4.2 Effect of Young's modulus Ef of strengthening FRP bars 

Figure 5-18 demonstrates the effect of Young's modulus of FRP bars (Ef) on the load- 

displacement behaviour of the NSM strengthened block. It can be seen that the 

stiffness of block with Ef=150 kN/mm2 (FE5) keeps constantly bigger than the model 

with Ef= 15 kN/mm2 (FE4). The model FE5 also reaches ultimate load 70 kN higher 

than the model FE4 does which due to the strengthening FRP rod with higher 

Young's modulus can undertake more load. 
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Figure 5-18 Load-displacement curves for various FRP Young's moduli 
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Figure 5-19 exhibit the nonlinear behaviour of steel strain developments under load 

for different locations. It can be seen that there is a big difference between the strain 

curves of the two models. At the position inside of middle concrete block, both the 

curves remain similar at the linear stage. However, after the cracking of concrete, 

bigger strain was found in the model FE4 rather than FE5 under the same load (Figure 

5-19 (a)). At the position outside of middle concrete block, both the load-strain curve 

keep linear before material's yielding while the strain under same load increases with 

the decrement of FRP Young's modulus Figure 5-19 (b)). 
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Figure 5-19 Load-steel strain curves for various FRP Young's moduli 
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Figure 5-20 Steel strain distributions for various FRP Young's moduli 

Figure 5-20 show the steel strain distributions for the two models. It can be seen 

clearly that both the steel strain distributions have the similar trends but the model 

with higher FRP Young's modulus (FE5) constantly shows higher strain than the 

model FE4. The differences are up to 500 µc. 

Similar trends are found in Figure 5-21 and Figure 5-22 for FRP strains. In particular, 

the FRP strains in model FE5 increased suddenly up to 1000 " at the position outside 

of the concrete block due to the loss of concrete constraint. 

(a) Inside the concrete block near mid-block 

Finite element analyses of experimental specimens 
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Figure 5-21 load-FRP strain curves for various FRP Young's moduli 
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Figure 5-22 FRP strain distributions for various FRP Young's moduli 

The adhesive shear stress distributions of both models are shown in Figure 5-23. Both 

distribution curves are fairly close to each other and fluctuate between -3.5 to 1.5 

N/mm2 under the load P= 100 kN and between -1.5 to 1.5 N/mm2 under the load P= 

200 kN. 
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(a)P=100kN 

(b) P= 200 kN 

Figure 5-23 Adhesive shear stress distributions for various FRP Young's moduli 

5.4.3 Effect of adhesive parameters 

Three parameters regarding adhesive material properties, adhesive Young' moduli Ea, 

tensile strength ft,, and ratio of ultimate strain to crack strain c, /s" 
, were investigated 

in the FE Analyses and their influences on the strengthened block models' behaviour 

were presented. 

Figure 5-24 shows the effect of various adhesive Young's moduli Ea on the structural 

behaviour of the NSM strengthened blocks. It can be seen that the load-displacement 
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plots stay nearly the same for different models. As for the steel rebar and FRP rod, the 

strain distributions are almost same except for a few minor differences. 

Similarly, the other two adhesive parameters, i. e. fl,, and Eu /Ec, 
, 

have little influence 

on the load-displacement plots, steel/CFRP strain distributions of different models. 

The adhesive shear stress distributions with various adhesive material parameters are 

shown in Figure 5-25 to Figure 5-27. The curves for different FE models do vary from 

each other in certain degree but the trends remain similar. 
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Figure 5-24 Effects of various adhesive Young's moduli on structural responses 
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(c) Under load P= 300 kN 

Figure 5-25 Adhesive shear stress distributions for various adhesive Young's 

moduli 

(a) Under load P =100 kN 

(b) Under load P= 200 kN 
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(c) Under load P= 300 kN 

Figure 5-26 Adhesive shear stress distributions for various adhesive tensile 

strength 

(a) Under load P= 100 kN 

(b) Under load P= 200 kN 
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Figure 5-27 Adhesive shear stress distributions for various adhesive ratios of 

ultimate strain to crack strain 

Basically, Ea affects the adhesive shear stress distributions most. From Figure 5-25, it 

can be seen that the value of adhesive stress varied twice or three times while the Ea 

increased 10 times from 2 kN/mm2 (AE2) to 20 kN/mm2 (AE20). 

As can be seen from Figure 5-26, the models with various adhesive strength show 

nearly the same shear stress distribution under the lower load P=100 kN. Then the 

shear stress of model increased with the increment of adhesive strength as the loading 

goes up. 

The influence from ratio of adhesive ultimate strain to crack strain are shown in 

Figure 5-27. It can be seen that the distribution curves have the similar trend and 

fluctuate from -3.5 to 2.5 N/mm2. 

5.5 Conclusions 

In this chapter, the NSM strengthened RC blocks discussed in Chapter 4 were 

analysed in the FEA program DIANA for both verification study and parametric study. 
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In the first part, the specimens B1 to B4 from lab test were modelled and investigated 

in FE analysis. Eight-noded brick element HX24L was employed in 3D modelling and 

the material properties obtained from lab tests were input into the different parts of the 

FE models separately. The FEA results were presented, including the strains of both 

reinforcing steel bars and NSM CFRP rods, the adhesive shear stresses, as well as the 

load-displacement curves for the four specimens. By comparing to the experimental 

data, it is found that the trends of the FEA results and the test data are similar. 

In the second part, FE models are used to characterize the influence of various 

material parameters on the structural behaviour of the same specimen configuration. 

These parametric effects are yet unknown or under investigated but very important in 

the development of an efficient strengthening method with NSM FRP rods. A series 

of parameters such as concrete tensile strength f ,, NSM rod's Young's modulus Ef 

and adhesive's tensile strength ft,,, Young's modulus Ea and ratio of ultimate strain to 

crack strain Cu /c, are varied to investigate the corresponding effects on the critical 

strain distributions load-displacement behaviour. The following conclusions can be 

drawn from the FE analyses and may be used as knowledge for practical design: 

" The structural behaviours of the NSM strengthened blocks are influenced by the 

variation of concrete strength fl, At the linear stage, before the crack of weaker 

concrete, both the models behaved similarly. However, at the post-cracking stage and 

before steel yielding, the model with higher concrete strength (CT6) shows 20% 

higher stiffness than the model with lower one (CT3). Both the steel and FRP strains 

outside the middle block keep close to each other. However, inside the concrete block, 

both the steel and FRP strains decrease with the increment of the concrete strength 

because concrete with higher tensile strength can carry a larger share of the tensile 

load so that reinforcing bars could take smaller loads. The influence of concrete 
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tensile strength on adhesive shear stress distributions between two models increased 

with load which may due to that the stiffer concrete body cause more stress transfer 

between concrete and inserted FRP bars. 

" The Young's modulus of FRP rod Efhas a significant effect on the structural response 

of the strengthened blocks. Basically, it is found that the FRP rod with higher 

Young's modulus can improve more load capacity for the same strengthened 

specimen. However, despite the ten times of difference of FRP Young's modulus 

between the two models, the adhesive shear stress distributions of both models are not 

influenced much and fairly close to each other. 

" The variation of adhesive material properties discussed in this thesis hardly affects the 

ultimate load or strain distributions of reinforcing steel/CFRP rods. For the 

distribution of adhesive shear stress, the influence dose exist but not significant. For 

example, the adhesive stress varied twice or three times while EQ increased 10 times 

from 2 kN/mm2 (AE2) to 20 kN/mm2 (AE20). It can be concluded that when choosing 

the adhesive among the ranges discussed in this thesis, the variation of adhesive 

material properties dose not matter too much. 
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Finite element predictions for FRP-concrete 

hybrid members 

6.1 Introduction 

Many finite element analyses (FEA) have been presented in the preceding chapters. 

Both Chapter 3 and Chapter 5 gave a few verification studies by comparing the FEA 

results with experimental and theoretical data from the literature and from the lab tests 

of this PhD study. Furthermore, Chapter 5 presented parametric analyses for the 

specimen models discussed in Chapter 4. 

According to the analytical results discussed earlier on, the reliability and validity of 

the FEA have been established. The FE technique will now be used in this chapter to 

set up more models of various structures and to predict their responses to certain loads. 

First, the effects of initial cracks on the behaviour of these structures are investigated 

carefully. In the following sections, FRP plate-strengthened RC beams are analysed 

with either vertical (flexural) or inclined (shear) cracks under both point loads and 

uniformly distributed loads (UDL). Then a composite bridge specimen composed of 

GFRP decking adhesively bonded to a RC beam is modelled and investigated. The 
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model is also investigated with an initial crack in the concrete underneath one of the 

loading pads. The FEA results are then presented and interpreted in detail. 

The FEA program's capabilities are also extended to deal with the bond-slip 

behaviour of the interface between steel reinforcement and concrete in 3D FE 

modelling. A steel-concrete connection is modelled by 8-noded surface interface 

elements with multi-linear bond slip properties based on experimental data. The FEA 

results agree reasonably well with the measured and calculated test data. 

6.2 Reinforced concrete beam with cracks 

6.2.1 RC beam with flexural cracks under UDL 

The cracked beams investigated in this prediction study are based on the prototype of 

the uncracked RC beam discussed in the verification study of Chapter 3. The 

geometrical dimensions and material properties of the cracked beams are the same as 

the original un-cracked beam, except that there are either vertical flexural cracks near 

the midspan (Figure 6-1) or inclined cracks near the ends of the plate (Figure 6-8). 

Fine meshes are employed in the critical areas such as plate ends and near cracks 

(Figure 6-2). Specifically, 16 layers of elements are put through the thickness of the 

adhesive layer. Material properties are appointed to the different parts of the model 

according to the existing analysis data. 

In this section, the flexural cracked beam (FCB) is subjected to 15 N/mm UDL 

throughout the length of the beam (Figure 6-1). The three flexural cracks near 

midspan are modelled by 3 columns of 1mm wide plane stress elements (Q8MEM). 

The mesh is shown in Figure 6-2. The material properties of these elements are 

chosen to be the same as those of elements in the remainder of the concrete, except 
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that the tensile strength is set to the very low value of 0.01 N/mm2, to allow cracks to 

form easily in these areas. 
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Figure 6-2 Mesh of F CB 

It was observed from the FE results that the adhesive interface stress distributions 

along the beam length in the FCB, including those near the plate ends, are very similar 

to those in the un-cracked beams. I lowever, the adhesive stresses of the cracked beam 

in the region around the three flexural cracks differed from that of the un-cracked 

beam in the same region. In particular, the variation of the stress along the adhesive- 

concrete (AC) interface is even greater than that along the plate-adhesive (1, A) 

interface, which may be due to the concrete cracking and stress concentration. 

As shown in Figure 6-3, the normal stresses of the un-cracked beam in this amid-span 

area, both along the AC and PA interface, stayed near zero. I lowevcr, ti)r the cracked 

beam, the normal stress peaks at 0.14 N/mm2 along the AC interlace and 0.03 N/mm2 

along the PA interface. 
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Figure 6-3 Adhesive normal stress distributions around mid-span cracks in both 

the cracked beam model and un-cracked beam model under UDL 

0 

Similarly, as shown in Figure 6-4, the shear stress of the cracked beam varied 

significantly around cracks, with the peak value of 0.28 N/mm2 along the AC 

interface and 0.04 N/mm2 along the PA interface respectively, while the shear stress 

of the un-cracked beam just increases linearly. 
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Figure 6-4 Adhesive shear stress distributions around mid-span cracks in both 

the cracked beam model and un-cracked beam model under UDL 

Of course, with load increasing, these shear and normal peak stresses at the cracks 

could easily reach levels that induce failure at the adhesive connection. 
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6.2.2 RC beam with flexural cracks under point load 

In this section, the FCB used in the last example is subjected to a point load of 36 kN 

at midspan instead of the UDL (Figure 6-5). The FE model is the same as the former 

example (Figure 6-2). 
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Figure 6-5 Geometry of FCB under point load 

{ 

Similar to the above analysis, the interface stress distribution of the adhesive layer of 

the cracked beam under midspan point loading generally agrees with that of the un- 

cracked beam under the same load, except within the critical zones around the cracks, 

which can be seen in Figure 6-6 and Figure 6-7. 

The cracks clearly introduce local and significant bond stress concentrations at the AC 

interface. These concentrations do not feed through to the PA interface. It should be 

noted that such concentration of bond stresses at cracks is pronounced. If loads 

increase, especially if steel yields, then bond stresses will rise even further. 

i 300mm 800mm 
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Figure 6-6 Adhesive normal stress distributions around mid-span cracks in both 

the cracked beam model and un-cracked beam model under point load 
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Figure 6-7 Adhesive shear stress distributions around mid-span cracks in both 

the cracked beam model and un-cracked beam model under point load 

6.2.3 RC beam with inclined cracks under UDL 

In practice, FRP plated beams are susceptible to a brittle form of failure named End 

Peel, in which the plates peel away from the beam starting at the ends of the plate. 

Therefore, besides the flexural cracks at mid-span of the beam, the inclined cracks at 

the plate's ends also need investigation. The details of the inclined crack in the beam 

are shown in Figure 6-8. 

"""""" PA Interface, cracked beam 
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Using symmetry, half of the beam is modelled and analysed as shown in Figure 6-9. 

Proper constraints are applied on the FE model according to the original supports. The 

inclined cracks were modelled by the same technique used in the F('13 examples. 
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Figure 6-9 Mesh of SUB 

'I'hc analytical results show that the adhesive stress distributions along beam length 

both along AC interface and PA interface agree with each other generally except the 

area around shear cracks. As shown on Figure 6-10, in the area around cracks, both 

the adhesive shear stress and normal stress around cracks varied dramatically which 

may be due to nonlinearities caused by concrete cracking and stress concentration. 
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Figure 6-10 Adhesive stress distributions around shear crack around plate end 

6.3 Composite bridge specimen 

6.3.1 Geometry and material properties 

Figure 6-11 shows the geometry of the composite bridge specimen comprising 

triangulated GFRP deck adhesively connected to a RC beam. The whole was 

subjected to four-point loading. Some verification studies of this structure have been 

discussed in Chapter 3. In this section, further investigations are done on the issue of 

stress transfer between the GFRP deck and the RC beam through the adhesive. 

6.3.2 Preliminary modelling of the GFRP deck using beam elements 

Before performing the 2D modelling of the bridge specimen using a fine mesh of the 

plane stress elements, a preliminary FE modelling was done for the top GFRP deck 

using the two-noded beam element (L6BEN) in a linear analysis. This analysis can 

help, at the fundamental stage, to gain a preliminary idea as to demonstrate the tension 

or compression status of each component (top flange, bottom flange and webs) of the 

GFRP deck as well as to find out the most critical areas with maximum axial force, 

shear force and bending moment. These results could complement the 2D fine mesh 

r 
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modelling of the bridge specimen due to the following reasons: (a) the model with 

plane stress elements does not reveal these results (axial force, shear force and 

bending moment of each component) directly; (b) use of this information can display 

the critical area of the specimen and help to set up the model with initial crack 

discussed in the later sections. 
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Figure 6-11 Geometry of the composite bridge specimen 

As seen from Figure 6-12, the loading on the model was distributed among four nodes 

equally. As for the boundary condition of GFRP deck, the ends of the GFRP deck 

were subjected to the pin and roller supports respectively, while the other bottom 

nodes were connected to both horizontal and vertical 2-noded spring elements SP1TR 
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with corresponding stiffness to represent the constraint from the adhesive and 

concrete beam. 

P=100 kN 
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Figure 6-12 Modelling of GFRP deck using two-noded beam clement 

For the horizontal spring elements, the stiffness kh could be defined as: 

k Galw 
_ 

Ea lw 
h_ to 2(l+Va) ta 

11 

(Equation 6-1) 

Where Ga is the shear modulus of adhesive, l is the length of a single GFRP beam, iv 

is the width of GFRP deck, to is the thickness of adhesive layer, Ea is Young's 

modulus of adhesive and va is Poisson's ratio of adhesive. 

For the vertical spring elements, the stiffness kv could be defined as: 

kV = 
Ef Af 

1xn 
(Equation 6-2) 

Where Ef is Young's modulus of GFRP, Af is the cross sectional area of the bottom 

flange of the GFRP deck and n is the times of stiffness of vertical spring elements to 

the bottom flanges. A few parametric analyses were done by choosing the different 

values for n, e. g. n=1,5 and 10. It is found that the variation of n value does not 
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influence the tension or compression status of each component but slightly changes 

the value of maximum forces. 

Figure 6-13 shows the axial force diagram of the GFRP deck and the locations of 

maximum values for axial force. The maximum axial forces peaking at around 28.9 

kN were found in the thicker webs because members with higher stiffness could 

attract more loads. In addition, it can be seen that all the thinner webs are under 

compression. Although the maximum compression forces in the thinner webs are 

around 10 kN lower than those in the thicker webs, it still can cause buckling due to 

the lower stiffness. 
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+-+-+------f-ý 

_12 cIN 

-28.7 kN -'"'" ""' -28: 9 kN -17.7 kN 

Figure 6-13 Axial force diagram of GFRP deck 

High bending moments are found at the joints of webs and flanges near the midspan, 

which could cause joint failure around that area. The shear forces in the members are 

relatively small and negligible. The locations of maximum shear force and moment 

are shown in Figure 6-14 respectively. 

M- =36 Nm 
Q=o. ttkN 

Q:. r 0.12 kN 

Figure 6-14 Location of maximum shear force and bending moment 
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Test observations show that failure of the FRP bridge deck-concrete beam specimens 

occurs by splitting at the joints within the decking itself. The results also show that the 

bending moments at the joints are indeed significant. Therefore, the use of this 

preliminary 2D Fl analysis was meant to predict local bending / shear effects in the 

deck - especially near/at the joints -which might have been responsible for the stresses 

causing this joint splitting failure. In further work, the use of more involved 

FEanalysis to give detailed stress states at the joints is needed. 

6.3.3 21) FEA model of the composite bridge structure 

'file 2D FE, mesh of the composite bridge specimen is shown Figure 6-15. The füur- 

noded plane stress element QBMEM was used for modelling the R(' beam and 

adhesive layer, while the three-noded plane stress element TWIN was used for 

modelling the GFRP deck and the two-noded truss element I. 2'I'RI1 was used fir the 

reinforcing steel bars. 

Uniformly distributed load 

"TR Mil 

14ý1 

Pin support 
Rol l rr sur)pnrt 

Figure 6-15 21) fine mesh model of the composite bridge specimen 

6.3.4 CFRP bridge deck without any initial crack 

Figure 6-16 to Figure 6-18 show the results from the FE analysis for the GIRT' bridge 

deck without initial crack under the load P= 100 kN. 
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The distributions of both shear and normal stresses of the adhesive layer were 

represented in Figure 6-16. Note the near anti-symmetric nature of the distribution of 

the shear stress. This is because the shear bond stresses reverse direction across the 

mid-span in order to achieve zero net horizontal force. The shear stresses peak at 0.8 

N/mm2. The small value at the both ends is expected from the free face boundary 

condition and complementary shear stress considerations. As for the normal stress, the 

value oscillated around zero, ranging from -1.5 N/mm2 to 0.5 N/mm2. 

0.8 

ý 0.6 
ý 0.4 

0.2 
+. + 

0.0 
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(a) Shear stress distribution 

(b) Normal stress distribution (plus tensile, minus compressive) 

Figure 6-16 Adhesive shear and normal stress distribution 
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Note that the distributions are not exactly symmetric because of the asymmetry of the 

above GFRP deck. The spikes of both shear and normal stresses may stem from the 

sudden injection of force from the GFRP decks webs. The joints of the GFRP web 

increase the adhesive layer stresses much more than other areas. 

In some cases, people may use equivalent beam models with top & bottom flanges 

and web to predict the structural behaviours of such composite bridges. For example, 

Keller et al (2004) brought forward an approximated equation to calculate the shear 

stress in the adhesive layers: 

T= 
Elyb 
VESy 

(Equation 6-3) 

Where V= shear force, b= cross-sectional width of the adhesive layer, ESy = 

corresponding static moment of components, weighted by the Young's modulus, and 

Ely = bending stiffness of components. The following two can be calculated by using 

equations below: 

EIy = E[ Ei x(Iyi + Asi x Zsi 
j (Equation 6-4) 

ESl, = E[ Et xAS, x zsiJ (Equation 6-5) 

For simplification, both values for Ely and ESy are assumed to be constant along the 

longitudinal length of bridge deck in this model, Therefore, this model would not 

allow for spikes and normally end up as smooth lines somewhere between two 

envelope lines in Figure 6-16 (a). Because the spikes are significant in magnitude and 

could cause brittle fracture of structures, this modelling method may not be a safe 

approach to design connections. 
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For the cover concrete of the beam attached with the adhesive layer, the distributions 

of horizontal and vertical stresses are shown in Figure 6-17. The distribution of 

horizontal stress follows the shape of the global moment diagram. The maximum 

stress is near midspan and in compression with the value of around 4 N/mm2. As for 

the vertical stress, the distribution is similar to the one of adhesive normal stress and 

the spikes could be found under the joints of the GFRP web. 

(a) Horizontal stress distribution 

(b) Vertical stress distribution 

Figure 6-17 cover concrete horizontal and vertical stress distribution 

The distributions of axial stress for reinforcing steel bars both on the top and bottom 

are also shown in Figure 6-18. It can be seen that the axial stress of the top steel is 
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mostly in compression up to 13 N/mm2, which means the neutral axis of the 

composite cross section composed of GFRP deck and RC beam is still below the top 

steel. The axial stress of bottom steel is in tension and increase rapidly within middle 

zone, where the bending moment is the highest and many smeared cracks were found 

in that area. 

(a) Axial stress distribution for top steel reinforcing bar 

(b) Axial stress distribution for bottom steel reinforcing bar 

Figure 6-18 top and bottom steel reinforcement axial stress distribution 
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6.3.5 GFRP bridge deck with initial crack in RC beam 

Vertical cracks can be found near the highest tension area of the RC beam. To 

investigate the effect of initial crack on the behaviour of the composite bridge, one 1 

mm crack was modelled in the concrete beam underneath the loading pad with the 

bottom steel reinforcing bar going through without breaking (Figure 6-19). The 

concrete elements inside the crack area were taken off from the analysed model to 

model the void crack. 

uniformly distributed load 

7Lvz7/vLv7L7Lvzv2vLvzzvLvLv 
pin joint discrete crack roller support 

Figure 6-19 2D model of GFRP Bridge deck with initial discrete crack 

Figure 6-20 to Figure 6-22 show the results from the FE analysis for the GFRP bridge 

deck with the initial crack under the load P= 100 kN. 

It can be seen from Figure 6-20 that the adhesive stress distributions along the beam 

length are very similar to those in the model without initial cracks, except that the 

stress concentrations are found near the crack area. The adhesive shear stress above 

the crack location almost doubled the value, going up from around 0.45 N/mm2 to 

0.85 N/mm2. Then the adhesive normal stress above the crack location varied from 

zero to around 0.5 N/mm2, indicating the initial crack put a great influence on the 

stress distribution at this area. 
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(a) Shear stress distribution 
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Figure 6-20 Adhesive shear and normal stress distribution 

From Figure 6-21, obvious stress concentration was found near the crack area for the 

stress distribution of top cover concretes near adhesive layer. Figure 6-21 (a) shows 

that the horizontal stresses of the elements near the crack are in tension and the zero 

value at the crack is expected from the free crack face boundary condition. 
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(a) Horizontal stress distribution 

(b) Vertical stress distribution 

Figure 6-21 cover concrete horizontal and vertical stress distribution 

Figure 6-22 shows the axial stress distributions for both the top and bottom 

reinforcing steel bars. As can be seen from Figure 6-22 (a), the axial stress of the top 

steel near the crack area became tensile rather than compressive in order to preserve 

the increase of axial stress in the bar towards the crack from both sides, pushing the 

neutral axis up above the top reinforcing bar near the crack area. The maximum 

tensile stress is as high as 50 N/mm2. For the same reason, a spike was found for the 

bottom steel bar near the cracked area in Figure 6-22 (b). The tensile stress in that area 

almost doubled the value by increasing from around 60 N/mm2 to 120 N/mm2. Hence 

Crack 
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the initial crack makes a big difference on the stress distribution in the original 

structures. 

Crack 

cracked results 

-"""-" partial uncracked results 

5000 l,. 

Distance from the left end of beam (mm) 

(a) Axial stress distribution for top steel reinforcing bar 

0 1000 ' 2000 3000 4000 
Distance from the left end of beam (mm) 

5000 

(b) Axial stress distribution for bottom steel reinforcing bar 

Figure 6-22 Top and bottom steel reinforcement axial stress distribution 

6.4 Double pullout test by Kankam (1997) 

6.4.1 Geometry and material properties 

A few 3D modelling investigations have been done in the earlier chapters, in which 

the specimens were modelled by using 8-noded brick elements. In certain situations, 
however, it maybe inappropriate to assume the rigid connection of nodes between 
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FRP bars and surrounding material because there is slip between them in addition to 

the fracture of adhesive itself. The attention is then brought forward on the simulation 

of this bond-slip relation between FRP and adhesive rather than assuming rigid bond. 

A tentative study was then done by Kankam (1997) on a double pullout specimen 

(150 mm square) with a transverse anchor bar in the centre. The embedment was 

chosen to be 200 mm to represent a crack spacing to allow a satisfactory variation of 

stress in the reinforcing bar. The set up of the specimen and material properties 

according to the experimental data are shown in Figure 6-23. 

ý 

I. 

ýý 

a'ý'ý' 
E 
ý 
ý .. 

k 200mm I 150mm 

Concrete prism: EE = 20 kN/mm2, f,, = 33 N/mm2, f,, =3 N/mm2; 

Steel bars: ES = 200 kN/mm2, f3= 500 N/mm2. 

Figure 6-23 Set up of double pullout test 

6.4.2 Measurement and calculation of experimental data 

According to Kankam (1997), the strain gauges were put on the steel bar and the steel 

strains under different load stages are measured. Then the local bond stresses and 

local slips are computed based on the strain distributions along the bond length. 
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Considering a single circular bar of diameter D, the local bond stress r can be 

expressed as follows: 

Z(x) 
D 

Es 
dx 

(Equation 6-6) 

Where ES is the modulus of bar, s is the axial strain of the bar and x is the coordinate 

along the bond length, respectively. 

With discrete strain readings, the above expression for the shear stress located half 

way between two strain gauges becomes: 

D en+1 - en 
Zn+t- 

4-Es Ol 
(Equation 6-7) 

where Al is the distance between two gauges. Using (Equation 6-7), Kankam (1997) 

deduced shear bond stresses based on the reinforcing steel bar strain data. 

Local slip is defined as the relative displacements between the steel bar and the 

concrete prism. The distribution of slip along the embedded length of reinforcing bar 

was obtained by numerical integration of the steel strain curve, then anchored 

midpoint being the origin of the curve (i. e., zero slip). The contribution of concrete 

strain was neglected. This assumption resulted in at most 10% error in slip within the 

service range when an equivalent (transformed) concrete section was used to evaluate 

the concrete strain, varying linearly from zero at the ends to a maximum at the 

anchored midpoint (Kankam (1983)). The slip then can be expressed as 

s(x) _ c(x)dx (Equation 6-8) 

With discrete strain readings, the above expression becomes: 
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Sn+1 = Sn +2 (en + Cn-1)DI 

r--25m 

Then the relationship between bond stress and slip at different positions along the bar 

are examined. Six different positions were selected at 12.5 mm intervals along the 

embedded length of bar between the loaded end and the anchored midpoint. For each 

position the bond stress and slip values were obtained from the respective curves 

corresponding to several increments of tensile load. Thus the pertinent data for the 

relationship between bond stress and slip were obtained for each of the positions. 

Figure 6-24 shows the local bond-slip relationship for the specimen. It is evident that 

the bond stress for a given amount of slip increased in magnitude with the distance 

from the loaded ends of specimen. This would be expected due to the greater 

longitudinal steel stress at the loaded ends. 
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(Equation 6-9) 
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Figure 6-24 Bond-slip responses between concrete and steel bar 

6.4.3 3D FE analyses of the specimen 

Due to the symmetry of the structure, only one eighth of the prism was analysed with 

the appropriate boundary conditions and the applied load (Figure 6-25). The concrete 

x=50mm x=62.5mm 
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prism, steel bars were modelled by the 8-noded brick element HX24L. The 8-noded 

surface interface element Q241F (Figure 6-26) was used to connect the concrete and 

steel elements so that their bond-slip behaviour can be captured. The element 

describes a relation between the tractions and the relative displacements across the 

interface. The bond-slip responses of the interface element were varied along the bond 

length according to experimental data, as shown in Figure 6-24. 
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Figure 6-25 Mesh of double pull out test 
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Figure 6-26 Q241F surface interface element 

Figure 6-27 shows curves of the steel strain distribution along the length of steel bar 

for several static tensile load stages. Although the specimens are designed to be 
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symmetric, the strain distributions on both sides are not exactly the same as each other. 

Therefore, the experimental data from both left and right sides are presented in the 

same quadrant and compared to the FEA results. 

The typical strain distribution curve indicates a general decrease in slope towards the 

central anchored point. The differences of strains between the ends and the central 

anchored point showed a consistent increase with an increasing applied load. The 

FEA results agree very well with the experimental data while the gradients of 

experimental plots are slightly greater than those of FEA results. 
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(c)P=80kN 
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Figure 6-27 Steel strain distribution along the length of steel bar 
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Using Equation 6-4, the shear bond stresses deduced from the experimental 

reinforcing steel bar strain data for different applied loads are shown in Figure 6-28 (a) 

to (d). Also shown in Figure 6-28 are the FE predicted bond stresses. As the tensile 

load increased, the form of the distribution curve generally changed. Nevertheless, it 

was impossible to describe the curves by any simple consistent form. In general, 

reasonable agreements in magnitude between FEA results and experimental data are 

found but fluctuating shapes are different. 
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Figure 6-28 Bond stress distribution along the length of steel bar 

Based on Equation 6-6, the slip could be deduced from the experimental reinforcing 

steel bar strain data for different applied loads. Both the deduced experimental data 
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and FEA results of slips are shown in Figure 6-29. As can be seen, the FEA results are 

constantly smaller than the experimental data, which may be due to the 10% error 

from the neglecting of concrete strain in experimental data. 
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Figure 6-29 Steel bar slip distribution along the length of steel bar 

6.4.4 Parametric study 

In the general FEA prediction studies, it could be inconvenient and inappropriate to 

define various bond-slip relationships for different locations of embedded 

strengthening bars. For simplification, one specific bond-slip response should be used 

to uniformly represent the behaviour of the interface elements along the bond length. 
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A parametric study was then performed by using alternative bond-slip responses for 

the interface elements. In this case, two bond-slip response plots were chosen from the 

experimental data and presented in Figure 6-30. As can be seen, uniform I has larger 

gradient than uniform 2 which means under the same bond stress, the slip in uniform 

1 is smaller than that in uniform 2. 

Figure 6-30 Two bond-slip responses used in parametric studies 

Their computational results are presented and compared with those from FEA model 

with varying bond-slip responses. The comparisons are shown in Figure 6-31 to 

Figure 6-33. 

As can be seen from Figure 6-3 1, the plots are relatively close to each other while the 

model with various bond-slip responses stay between the models with uniform bond- 

slip responses. Basically, the model with stiffer bond-slip relationship shows smaller 

steel strains. 
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Figure 6-31 Comparison of steel strain distribution along the length of steel bar 

As for the bond stress distribution (see from Figure 6-32), at lower load stage, the 

bond stresses in two models with uniform bond-slip responses increase almost linearly 

with the distance from midpoint while the nonlinear behaviour was found for the 

model with various responses. However, the serious nonlinear plots are found for all 

the models at higher load stage. 
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Figure 6-32 Comparison of bond stress distribution along the length of steel bar 
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-ý- uniform I 

-s-uniform2 

-h-varying 

For the steel bar slip, larger slips were found for the model with smaller bond-slip 

gradient (Figure 6-33). Again, the model with various bond-slip responses show slips 

between the other two models. 
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Figure 6-33 Comparison of steel bar slip distribution along the length of steel bar 

The application of the 3D interface element Q241F on modelling the bond-slip 

relationship between steel bar and concrete was identified as a useful starting point for 

modelling the bond-slip relationship between FRP bar and adhesive layer in NSM 

FRP strengthened structure. However, according to the verification results, the input 

of bond-slip relationship into the FE analyses did not generate very satisfying 

comparisons with experimental data. Therefore, further effort should be made in this 

area. An extension study could be done on combining both interface element to model 

bond-slip action and multi-layer brick element to model through thickness stress 

variation across the adhesive layer. 

6.5 Conclusion 

In this chapter, FE analyses of three specific hybrid structural forms with internal 

connections and their responses to applied loads have been presented. 
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The first analysis is based on a RC beam discussed in the verification study of Chapter 

3. The dimensions and material properties of the cracked beams are the same as the 

original beam, except that either vertical (flexural) cracks near the midspan or an 

inclined (shear) crack near the support were modelled into the concrete beam. The 

adhesive layer was modelled as 16 layers of plane stress elements through thickness to 

achieve more detailed results. The distribution of adhesive stress along the beam 

length either in the layer near the concrete (AC interface) or near the plate (PA 

interface) have been presented. In particular, the stress distributions near the cracks 

were emphasized and interpreted. 

The second analysis focused on a composite bridge structure, being composed of a 

GFRP deck and concrete beam connected to each other by an adhesive layer. 2D 

modelling was employed and both four-noded plane stress element Q8MEM and 

three-noded plane stress element T6MEM were used to model the bridge deck. To 

investigate the effect of initial cracks on the behaviour of this composite bridge 

specimen, a vertical flexural crack was modelled in the concrete beam underneath the 

loading pad. Then, the distributions of adhesive stresses, cover concrete stresses and 

reinforcing steel bar axial strains along the specimen length were presented and 

interpreted. 

The last analysis is of a 3D model of a double pullout specimen with a transverse 

anchor bar in the centre. The shear stress-slip relation between anchoring steel bar and 

surrounding concrete was modelled by using an 8-noded 3D interface element Q241F 

rather than assuming rigid bond between them. Good agreement was found with test 

data from the literature. 

From the results of the above FE analyses, the following points have emerged: 
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The presence of initial cracks in the concrete beam can cause stress concentrations in 

the vicinal area. Up to 0.5 N/mm2 increment of stresses is found for the cracked RC 

beam and up to 4 N/mm2 is found for the composite bridge deck due to the stress 

concentration near cracks. It should be noted that such concentration of bond stresses 

at cracks is pronounced. If loads increase, especially if steel yields, then bond stresses 

will rise even further. 

" The plane stress element Q8MEM in 2D modelling of the adhesive layer can help 

achieve more precise results at certain critical positions, such as the ends of the 

adhesive layer or near concrete beam cracks, which are the zones of connection stress 

concentration. For the cracked RC beam models, the cracks clearly introduce local 

and significant bond stress concentrations at the AC interface. These concentrations 

do not feed through to the PA interface. 

" 3D interface element Q241F was identified as an important element in modelling the 

bond-slip relationship between steel bar and concrete. Its potential could be extended 

to model the bond-slip relationship between FRP bar and adhesive layer in NSM FRP 

strengthened structure. More studies could be done on combining both interface 

element to model bond-slip action and multi-layer brick element to model through 

thickness stress variation across the adhesive layer. 
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Chapter 7 

Conclusions 

Conclusions 

This chapter summarises the issues addressed throughout this thesis and outlines the 

main findings of the work. Finally, suggestions are made for extension of this work. 

7.1 Summary 

There is currently a significant requirement for enhancement of existing reinforced 

concrete (RC) structures. Due largely to the economic advantages of enhancing the 

existing structures rather than rebuilding them, a number of structural strengthening 

methods have been developed. This thesis is concerned with two of these 

strengthening methods, namely the near surface mounted (NSM) technique and the 

external bonded reinforcing (EBR) technique. In particular, this thesis focuses on both 

the experimental and FE analysis of stress transfer between the concrete and the 

strengthening materials and the corresponding brittle separation failure modes. 

A survey of the literature identified that there was considerable scope for further 

research in relation to the following: 
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Much of the work has been done for FRP plates bonded to concrete, while the stress 

transfer along the bonding line of concrete members with NSM FRP bars remains less 

investigated; 

Finding a suitable element to model the epoxy adhesive layer between concrete and 

FRP bars to simulate the through-thickness stress variation across the connection; 

Gaining a detailed understanding of the mechanics of brittle separation failure modes 

both at the mid-span and ends of the beam; 

Imperfections can arise in the adhesive connection layer and concrete members for a 

variety of reasons. Therefore, the effects of initial cracks on the behaviour of these 

structures need to be investigated carefully. 

In order to investigate these issues, four CFRP NSM RC specimens were fabricated 

and tested to failure at the Bristol University structures laboratory. The specimens 

consist of one middle block and two side blocks under pure tensile load to obtain the 

local bond stress distribution instead of the whole length of beam. Such design 

enables the research to focus on the mechanical characteristics of a FRP NSM 

enhanced beam at the mid-span region near flexural cracks on the middle block and at 

the end region on the side blocks respectively. In addition, FE analyses were used to 

verify the experimental results and to investigate the influence of material property 

parameters on the mechanisms of structural behaviour. More FE analyses were done 

to predict the performance of other structures too. 

The main conclusions drawn from these experimental and theoretical studies are 

presented in the next section. 
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7.2 Conclusions 

From the results of the work presented in this thesis, the following points should be 

highlighted: 

Good predictions of the stress transfer behaviour between steel/FRP and concrete in 

the composite structures were provided by the advanced FEA package DIANA. 

Strains of FRP plates and steel bars, bond stress slip and slip distributions are reliably 

determined. 

In 2D FE modelling, it appears that the quadrilateral plane stress element shows better 

performance in modelling the adhesive layer rather than the line interface element. By 

using a few layers of plane stress elements across the thickness of the adhesive, the 

effects of adhesive through-thickness stress variation can be clearly demonstrated, 

especially at certain critical positions, such as the ends of adhesive layer or the bond 

near concrete beam cracks, which are the zones of connection stress concentration. 

The interface element is more suitable for modelling the surface between two 

materials rather than one certain material such as adhesive, while the surface 

preferably has no thickness or has ' much smaller thickness than the surrounding 

materials. 

" In the 3D model, the brick elements are employed to model the adhesive layer, as well 

as concrete block and FRP bars. Reasonable agreements were found between FEA 

results and test data so that this modelling technique could be further used in other 

analyses. , 

" Although these results from FE analyses are presented for elastic response, the ideas 

also apply probably in magnified form after any material nonlinearity (e. g. steel yield 

or concrete in high compression) occurs. 
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Two brittle separation modes were observed on the four RC blocks strengthened by 

NSM CFRP rods. The brittle separation took place either in the concrete layer 

horizontally due to cracks propagating along the side blocks or at the adhesive-rod 

interface. Consistent to the failure modes, the cracks typically occurred either through 

a 30mm thick concrete layer adjacent to the reinforcing steel rod or on the bond line 

between the adhesive and CFRP rods. Fewer cracks were observed in the specimens 

with shorter middle block before failure, indicating that they are more brittle than 

those with longer middle block so that they fail under the smaller loads without 

showing too much ductility. 

" When the length of the middle block increased from 100mm to 300mm, the ultimate 

loads of the specimens with longer middle block are 24.5% to 31.7% higher than 

those with shorter middle block. The ultimate failure loads were not influenced by the 

amount of strengthening CFRP. With the same length of middle block, the ultimate 

load increased by a meagre 9% in spite of doubling the strengthening CFRP rod on 

both sides. 

" Beam theory was used to investigate the mechanism of horizontal cracks on the 

middle block and the calculated results are consistent with experimental observation. 

The calculated maximum normal stress for the specimens with shorter middle block 

went up with the increasing of the load and reached as high as up to 10.25 N/mm2 at 

the load P= 278 kN, which are higher than the tensile strength of the concrete and 

caused the horizontal crack at the middle block. However, throughout the loading 

period, the normal stress of the specimens with longer middle block stayed up to 1.12 

N/mm2, which is much lower than the tensile strength of the concrete. Therefore, no 

horizontal crack was observed in the test. 

" 3D FE modelling was performed for the specimens from the lab test and good 

agreements were found between the FEA results and the average experimental data, 
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including the strains of the reinforcing steel bars and CFRP rods, the shear stresses of 

adhesive, as well as the load-displacement curve for the four specimens. 

Parametric FE analyses were done to investigate the influence of material property 

variations on the structural responses of the, strengthened RC blocks to the load. 

Generally, higher stiffness and ultimate load were found in the models with higher 

concrete strength or higher FRP Young's modulus, especially at the post-cracking 

stage and before steel yielding. Inside the concrete block, both the steel and FRP 

strains decrease with the increment of the concrete strength because concrete with 

higher tensile strength can carry a larger share of the tensile load so that reinforcing 

bars could take smaller loads. Despite the ten-fold difference of FRP Young's 

modulus between the two models, the FRP strain remains similar inside the concrete 

block. However, the strain in the weaker model increased suddenly up to 1000 µE 

outside of the concrete block due to the loss of concrete constraint. The influences of 

adhesive material properties variations on adhesive shear stress distributions increased 

with the load and higher shear stress values are found in the models with higher 

adhesive Young's modulus, tensile strength, and ratio of ultimate strain to crack strain. 

" The presence of initial cracks in the concrete beam can cause stress concentrations in 

the vicinal area. Up to 0.5 N/mm2 increment of stresses is found for the cracked RC 

beam and up to 4 N/mm2 is found for the composite bridge deck due to the stress 

concentration near cracks. It should be noted that such concentration of bond stresses 

at cracks is pronounced. If loads increase, especially if steel yields, then bond stresses 

will rise even further. 

"A composite bridge structure, composing a GFRP deck and concrete beam connected 

to each other by an adhesive layer, was analysed and good agreements were found 

between the FEA results and test data. Further investigation of the effect of initial 
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cracks on the behaviour of this composite bridge specimen found obvious stress 

concentration near the crack area for the stress distribution of cover concretes. 

The FEA program's capabilities are also extended to deal with the bond-slip 

behaviour of surface between steel reinforcement and concrete in 3D FE modelling. 

The steel-concrete connection is modelled by the 8-noded surface interface element 

with multi-linear bond slip material property input based on experimental data. The 

FEA results agree in certain degree with the measured or calculated experimental data 

but further investigation is still required. 

7.3 Future work 

The following ideas may form the basis of extension of this research : 

" High shear bond stresses were found in the lab test, which may due to local bending 

of the rods caused by self-weights of middle beams. Such local bending effect could 

be mitigated or corrected by also attaching strain gauges to the opposite surfaces of 

the rod to the existing one, which could be done in the future study; 

" More work has to be done on the bond-stress slip simulation to reliably predict the 

load carrying capacities and the corresponding deflections of FRP-reinforced RC 

members; 

" More experimental tests should be taken to verify the influence of material properties 

variation on the failure behaviour of NSM strengthened concrete members as 

discussed by the FEA study in Chapter 5. Further, the performance of strengthened 

members under fatigue loading should be investigated and understood; 

" FE analysis, incorporating interface elements with proper bond-slip behaviour not 

only between the plate and concrete, but also between the embedded steel and the 

concrete, should be done in the future. Use of fracture energy concepts to follow 
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incremental propagation of brittle separation should also be a key feature of such 

analysis; 

" More investigation in the FE analyses, taking pre-stressing of strengthening rods and 

temperature effects into account, should be done. Proper elements as well as material 

properties should be chosen carefully. 
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