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PREFACE 

 

As of late, the civil engineering community has shifted part of its attention towards rehabilitation, 

retrofitting and strengthening of existing structures. In fact, this subject is of utmost importance if 

we consider that many of the infrastructures needed today have been built over 50 years ago, 

and as time goes on, an increasing number of structures will require rehabilitation. 

Furthermore, several of those infrastructures have seen their load demands increase 

substantially, such as bridges serving important lifelines. 

In other cases, there have been several cases where project or construction errors have been 

committed, thus justifying the need for a strengthening system that is able to respond to the 

needs and design specifications. 

 

Obviously, as any other activity, civil engineering depends on a number of social, political and 

economical restraints, which must be taken into consideration. Ideally we should be able to 

intervene in our structures with minimum intrusion and distress for the users. 

This concern has boasted the interest of many researchers towards the development of new 

materials and techniques, able to provide a viable alternative at a low cost. External plate 

bonding is one of the techniques that has proven both effective and economically viable, 

whenever strengthening works are considered. 

In regard to the materials, even though the first cases of external plate bonding utilized steel 

laminates, it was observed that this material had several downsides to its application, due to 

handling, transport and duration. 

Originally developed by the space and aircraft industries, the fibre reinforcement polymers 

(FRP) present a very interesting possibility to replace steel. Even though their material costs are 

significantly higher, it has been proved that this is balanced by reduced construction costs.  

In order to assess the viability of such materials for civil engineering purposes, extensive 

experimental and analytical work has been performed, along with the development of different 

techniques for their application. 

 

The utilization of FRP in civil engineering has been hindered, seen as the design guidelines are 

not sufficiently complete yet. However, there has been an effort to produce some design 

standards that may be applied to strengthening and repair of existing structures. 

As of today, most design guidelines consider that the strengthened member’s failure is either 

conditioned by concrete crushing, tensile failure of the laminate or simple shear failure. 

However, many experimental works have brought evidence that, in most cases, debonding 

between the concrete and the laminate is responsible for failure and occurs before the ultimate 

design strength is achieved. 
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In this work, an experimental program on full scale reinforced concrete beams was utilized to 

provide further experimental data on this subject. The focus lied on the initiation and 

propagation of cracking responsible for the debonding mechanisms. Furthermore, the influence 

of precracking was investigated. 

 

I hope that this work might be useful in further studies, which may lead to the development of 

new strength models and eventually a complete design guideline, which will help the consultant, 

when considering the utilization of FRP for strengthening purposes. 

 

In the first chapter, an overview of the problem is made. The state of the art is also investigated. 

Finally, the objectives are established. The second chapter presents a review of the 

experimental work. The third chapter aims at the analytical calculation of several parameters, in 

regard to the experimental work. In the fourth chapter, the results obtained from the 

experiments are presented and commented. Finally, in the fifth chapter, an effort is made to 

discuss the obtained results, compare them with the analytical predictions and establish a better 

understanding of the fracture mechanisms responsible for intermediate crack debonding. 

 

 

 

Pedro Natário 

Lisbon, Portugal; Lyngby, Denmark, 2007 
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ABSTRACT 
 

The strengthening of beams by external bonding of fibre reinforced polymer plates to the tensile 

surface has proven to be a successful technique. However, the existing design guidelines are 

still insufficient and incomplete, in regard to debonding failure modes. 

This work presents an experimental program carried out on full scale reinforced concrete 

beams, strengthened by external bonding of Carbon Fibre Reinforced Polymer (CFRP) 

laminates to their soffit. 

More specifically, the aim of this study consisted on the observation of crack formation and 

debonding initiation and propagation, by means of utilizing a digital optical measurement system 

to document the strain field near the midspan region. In order to investigate the influence of 

cracking prior to strengthening, two specimens were damaged before the laminates were 

bonded, while two other specimens were strengthened without any previous damage. 

The beam specimens failed by concrete cover separation. The results indicate that 

strengthening successfuly increases the load capacity at the cost of ductility. Overall rigidity is 

also increased. Furthermore, the load capacity predictions, based on the existing guidelines, 

proved to be inaccurate, seen as debonding prevents ultimate load from being achieved. The 

optical equipment proved to be a valuable instrument for crack detection and width 

measurement. 

 

 

Key Words: Carbon fibre reinforcement polymer; Concrete repair; Debonding; Digital optical 

measurement systems 
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RESUMO 

 

O reforço de vigas através da colagem externa de folhas ou laminados poliméricos, reforçados 

com fibras, na face traccionada é uma técnica reconhecidamente bem sucedida. No entanto, a 

regulamentação existente, bem como os documentos de apoio ao dimensionamento, 

permanecem insuficientes e incompletos, no que respeita aos modos de rotura envolvendo 

delaminação. 

Este trabalho apresenta um programa experimental executado em vigas de betão armado, 

reforçadas exteriormente através da colagem de laminados de polímeros reforçados com fibras 

de carbono (CFRP), à sua face inferior. 

Mais especificamente, o objectivo deste estudo consistiu na observação dos mecanismos 

subjacentes aos fenómenos de fendilhação e de iniciação e propagação da delaminação. Para 

o efeito, um sistema fotogramétrico digital foi utilizado para documentar o campo de 

deslocamentos na região próxima do meio-vão. Com o intuito de investigar a influência da 

fendilhação previamente à aplicação do reforço, duas vigas foram danificadas antes da 

aplicação do sistema de reforço externo. Em contrapartida, duas vigas foram reforçadas sem 

qualquer dano prévio. 

A rotura deu-se através de separação do betão entre o laminado e a armadura de tracção. Os 

resultados apontam no sentido de que esta técnica de reforço confere uma capacidade 

resistente acrescida. No entanto, a ductilidade é severamente reduzida devido à natureza do 

modo de rotura. A capacidade resistente calculada teoricamente, baseada nas regras de 

dimensionamento existentes, conduz a valores largamente superiores aos verificados 

experimentalmente, o que decorre do facto de o modo de rotura assumido não ser o observado 

experimentalmente. Assim sendo, a capacidade última não é atingida. O equipamento 

fotogramétrico revelou-se de extrema utilidade no que respeita à detecção de fendas e ao 

cálculo da sua abertura. 
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1 

1. INTRODUCTION 

1.1. BACKGROUND 

1.1.1. Strengthening of Concrete Structures 

 

In the past decades, civil engineering has seen some of its attention drawn to reparation, 

retrofitting and strengthening of existing structures. Many concrete structures have suffered 

substantial damage due to ageing, exposition to extreme environmental conditions, accidents 

with natural or human cause, or even due to simple lack of maintenance. In some cases, errors 

occurring during the design and construction phases may cause structural problems requiring 

intervention, particularly reinforcement. 

 

From a different viewpoint, some structures may need to achieve new safety standards in order 

to support larger loads. As an example, many bridges have seen significant traffic increases, 

thus resulting in larger service loads. In these cases, strengthening of the existing infrastructure 

will present many advantages. Full structure replacement might have determinant economical 

disadvantages, not only due to the necessity of designing and building an entirely new structure, 

but also due to the disruptions and consequent public distress that might result from the 

demolition of the previous structure, e.g. fully replacing a bridge serving an important lifeline. In 

this context, structure retrofitting has thus gained increased attention in the civil engineering 

domain. 

 

Strengthening may be achieved in a number of different ways. Täljsten (2004) presents several 

interventions such as change of element cross-section, application of external pre-stress, 

introduction of new structural elements leading to changes on the static system or upgraded 

design utilizing accurate material data and service loads. However, focus has been increasingly 

placed on less intrusive and costly strengthening techniques, such as external plate bonding or 

fibre/fabric sheet wrapping. 

 

External plate bonding is a strengthening method that has grown mostly in Europe, Japan and 

North America (Täljsten, 2004). The first research works and field applications were based on 

steel laminates which were either bolted or bonded with epoxy resins. However, external steel 

plate bonding presents several disadvantages, mostly due to application and transportation 

issues and laminate exposure to the same environmental conditions, thus having limited 

durability due to corrosion. 

 

However, in the last two decades, several experimental and theoretical works have been 

developed in the field of fibre reinforced polymers (FRP) and their applications for civil 

engineering purposes. 
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1.1.2. Fibre Reinforcement Polymers 

 

The first studies on external plate bonding towards strengthening of existing structures date 

back to the late sixties. However, the first studies regarding utilization of fibre composites only 

started on the late eighties (Täljsten, 2004). 

 

Extensive experimental work brought to evidence that solutions based on steel plates presented 

numerous downsides, mostly related to outdoor applications. Many studies were developed in 

the eighties in the Swiss Federal Laboratories for Materials Testing and Research (EMPA), as 

mentioned by Meier (1995). 

 

This author highlights several disadvantages concerning in situ applications, related to 

transportation and handling. Plate size is heavily conditioned and is usually limited between 6 

and 10 meters (Karbhari and Engineer, 1996; Meier, 1995). Should it be required that longer 

plates are utilized, joints must be carefully studied, since welding is not viable due to high 

temperature effects in the adhesive. Furthermore, number of studies have been carried out, 

regarding the corrosion effects on bonding steel plates (Ladner et al. mentioned by Meier,1995) 

and it has been evidenced that corrosion in the laminate near the adhesive interface will cause 

premature debonding along this region, apart from the deterioration of the plate itself. (Karbhari 

and Engineer, 1996) 

 

The subject of partial substitution of steel plates for the new materials was already discussed at 

the EMPA in 1982 (Meier, 1995). The same author started investigation with carbon fibre 

polymers after comparing the existing alternatives and observing the superior properties of this 

composite when compared with the remaining options. Further studies were developed in the 

USA and Canada during 1993 on this subject and confirmed the advantages of CFRP for civil 

engineering purposes (Meier, 1995). 

 

Fibre Reinforcement Polymers were mostly developed by the aviation and space industries, 

much before discussion started on utilizing such materials on the civil engineering field. 

However, not only applications on civil engineering are recent, but also the context in which 

such materials are utilized is completely different. Whereas the polymers were firstly developed 

to sustain dynamic loads, applications on civil engineering relate to static loads in structures 

with a much longer life period, Täljsten (2004). 

 

The new materials present a serious challenge to investigators in regard to the actual structural 

member strengthening capacities and failure modes, which are of utmost importance when 

creating a complete design guideline. 
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The composites consist of a fibre phase embedded in a matrix. Orientation of the reinforcement 

fibres is determinant towards the composite behaviour. Several layers of fibres may be 

embedded in the matrix in different orientations, whereas fibres in the utilized laminates are 

oriented in the same direction. In this context, laminates will show higher resistance in the 

direction of the composite fibres. 

Three FRP alternatives are available in the market and differentiate themselves for the type of 

fibre present on the composite: glass, aramid and carbon. 

 

From the late nineties until today, strengthening with fibre reinforcement polymers (FRP) has 

been widely documented, along with increasing field applications for civil engineering purposes. 

FRP solutions are favourable for their low weight, increased strength and high corrosion 

resistance, thus offering a good alternative when compared to steel-based reinforcement. 

Application of such composite laminates is rather easy when compared with steel solutions, 

mostly due to the weight difference. 

 

Furthermore, even though the material costs associated with fibre reinforced polymers are 

considerably higher, construction costs, which involve time, labour and equipment costs, are 

quite inferior. Meier (1995) states that, when structural repair is considered, material costs only 

represent about 20% of the construction cost, which proves that FRP solutions are economically 

competitive. 

 

 

1.1.3. Failure Modes 

 

Although there is a wide selection of literature concerning the failure mechanisms of 

strengthened beams with external plate bonding, other mechanisms involving bond failure 

should be subjected to further research. In this particular, design guidelines do not yet present 

an extensive analysis on brittle failure types caused by bond failure between the concrete and 

the strengthening laminate. 

 

There exists a wide range of literature regarding failure modes of strengthened reinforced 

concrete beams. Several authors have proposed different ways of organizing the observed 

failure modes occurring in FRP plate bonded reinforced concrete beams. However, the 

technical report developed by the FIB Task Group 9.3 FRP (2001) and Teng et al. (2002) 

present clear descriptions of such failure types. 
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Group 1 

 

The first group consists of failure modes where composite action between concrete and FRP 

prevails. Typically, such failure modes will be ductile, provided the steel reinforcement yields 

prior to the failure. 

 

a) Concrete crushing in the beam’s compressive zone with or without yielding of the steel 

reinforcement. The last case should be avoided in order to prevent a brittle failure; 

b) FRP laminate failure with steel yielding, usually when low steel and external plate 

reinforcement are utilized; 

c) Shear failure occurring whenever the stresses exceed the shear capacity before any 

kind of flexural failure occurs; 

 

Group 2 

 

In this group, failure modes involving loss of composite action are included. The most 

recognized failure modes within this group are debonding and bond failure. Such failure 

mechanisms may start from localized debonding, which is limited to a small area. However, the 

localized bond failure may extend itself, causing the loss of composite action. In such case, the 

external reinforcement plate no longer contributes to the member’s strength, leading to a brittle 

failure, if no stress redistribution from the laminate to the interior steel reinforcement occurs. 

 

Debonding occurs between the external laminate and the concrete. However, the most common 

interfaces are either a weakened layer in the concrete near the surface or along the inner steel 

reinforcement (concrete cover separation). Further reference on these failure modes may be 

taken from Figure 1.1. 

 

d) Debonding occurring at the laminate’s short end also referred to as plate end interfacial 

debonding. This failure mode is caused by bond shear fracture in the concrete, which 

propagates towards the laminate end. 

e) Whenever the debonding interface is closer to the embedded reinforcement, the 

previous failure mode is usually referred to as concrete cover separation or peeling-off. 

In general, these failure types are classified as plate end debonding. 

f) Peeling-off caused by propagation of a midspan flexural crack, within the concrete, 

horizontally, causing bond failure between the concrete and the laminate at midspan. 

g) Peeling-off caused by intermediate shear/flexural crack, causing similar interfacial 

debonding as e). 

h) Rough or uneven concrete along the adhesion surface may lead to local debonding, 

which may expand and cause a general bond failure. 
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i) Shear failure may occur at the plate’s short end, starting with a sub vertical crack 

expanding into an inclined shear crack. This failure mode usually occurs when using 

short laminates, leaving a considerable area between the reinforcement and the 

supports. In some cases, stirrups might stop the shear crack and it will grow along the 

longitudinal steel reinforcement, causing a failure mode referred to as concrete rip-off. 

 

 

 

 

Figure 1.1- Failure modes with loss of composite action 
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Other debonding failure modes may occur in different layers, namely in the adhesive or inside 

the FRP laminate itself (FIB, 2001). The first case only becomes conditioning provided the 

adhesive strength becomes lower than that of the concrete, for instance when the member is 

exposed to high temperatures. Delamination on the strengthening plate is described, but 

considered to occur after bond failure has initiated in the concrete, thus not being conditioning 

towards bond strength in most cases. 

 

Täljsten (2004) refers the primary failure modes considered when designing reinforced concrete 

members with external plate bonding. Seven primary failure modes are considered when 

designing for bending: concrete crushing, yielding of tensile or compressive reinforcement, 

laminate failure, anchorage failure, peeling in concrete and delamination within the 

reinforcement plate. Design for shear takes into consideration three other failure types: concrete 

crushing, fibre failure in the most stressed fibre and anchorage failure. 

 

Determination of ultimate strength values for strengthened members is possible when 

considering classical failure modes, such as concrete crushing in the compressive zone or 

tensile rupture of the external reinforcement. However, debonding failure modes will occur prior 

to the member reaching its ultimate strength. The most commonly observed debonding failures 

have two different origins. Debonding may result from considerable stress concentration near 

the laminate’s short edge or it may start due to the horizontal propagation of concrete initiated 

flexural and shear cracks at midspan. 

 

End peeling - failure modes d) and e) - is a failure mode which starts at the external bonded 

plate short edge and propagates towards midspan. The mechanisms are initiated through 

concentration of both shear and normal stresses near the plate’s end. 

In this point, the concrete shows axial strains, while the FRP laminate has no axial 

deformations. Such is not compatible and the adhesive has to bring the strain within the FRP 

laminate to values similar to those on the concrete. Hence, the shear stresses in the adhesive 

will raise and propagate to the concrete cover. These stresses might exceed the strength of the 

concrete layer attached to the adhesive, thus causing interfacial debonding. 

 

However, concentration of shear and out-of-plane stresses near the embedded steel 

reinforcement might become determinant in the development of a failure mode where the 

reinforcement is exposed. This corresponds to failure mode e), and is usually referred to as 

concrete cover separation (Tumialan et al., 1999) or peeling-off (Benjeddou et al., 2007). 
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Figure 1.2 – Midspan debonding model: (a) Inclined crack formation; (b) Local bending and 
vertical pull – “dowel action” (Sebastian, 2001) 

 

On its turn, midspan debonding – failure modes f) and g) – occurs within the maximum bending 

moment area and the cracks propagate towards the laminate’s end. Sebastian (2001) observed 

fracture mechanisms associated with midspan debonding and defined two stages: the initiation 

stage starts with inclined crack formation (Figure 1.2 (a)) in the covercrete near the bottom of 

the flexural concrete initiated cracks. The inclined cracks will then cause a “dowel action” local 

bending of the plate (Figure 1.2 (b)) – which pulls the adhesive and covercrete vertically 

inducing a horizontal crack; the second phase consists of the propagation of such crack towards 

the plate end. FIB (2001) proposes that midspan debonding might likely occur between two 

flexural cracks, if the bond stresses exceed the strength. 

 

Debonding results in a brittle failure, since the concrete cover shows, as mentioned earlier, the 

lowest strength within the bond and the material has little ductility. On this particular subject, 

Lee et al. (2004) developed a design guideline following a ductility criterion, but debonding 

failure modes were neglected, thus not presenting a solution towards ductile design with 

consideration for the referred failure types. However, Camata et al. (2004) based on the 

observations by Sebastian (2001), Tumialan et al. (1999) and Fanning and Kelly (2001), state 

that midspan debonding is, in fact, a ductile failure mode, since the tested specimens presented 

steel reinforcement yielding before failure occurred. Pham and Al-Mahaidi (2004) also observed 

steel yielding prior to failure by debonding. Furthermore, Coronado and Lopez (2006) stress that 

the beam specimens retain residual strength and ductility similar to those of un-strengthened 

beams. 

 

The discussed failure modes are still poorly analyzed in the existing design guidelines. Further 

investigation is thus necessary and in the last few years several articles have been published 

concerning stress transfer between the concrete-laminate interface, along with extensive 

laboratory experiments. More specifically, research has focused both on the development of 

theoretical formulations and models towards calculation of interfacial stresses, as well as 

laboratory investigation aimed at the understanding of the fracture mechanisms behind these 

failure modes. 
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1.2. LITERATURE REVIEW 

1.2.1. Experimental Background 

 

In order to validate either analytical or numerical models, an extensive experimental database 

has been developed by several researchers. Full scale bending tests on strengthened beams 

have showed that both end peeling and midspan debonding failures may occur, effectively 

reducing the ultimate strength of the strengthened beam. 

 

Arduini and Nanni (1997) set up an extensive laboratory program, which aimed at a better 

understanding of the behaviour of precracked beams strengthened with CFRP sheets bonded 

to the tensile surface. While debonding failure modes were observed throughout the tests, the 

main objective of this study was to compare the strengthening performance on damaged beams 

with that on virgin beams. It was concluded that the strengthening effects are much similar. 

 

An extensive experimental program was developed by Tumialan et al. (1999), where several 

parameters such as the number of CFRP plies, the bond area, span length and CFRP wrap 

contribution were studied in order to obtain insight in two cover delamination failure modes – 

debonding starting at cut-off point of the laminate referred to as mode I; failure mode II 

corresponded to delamination starting at an intermediate flexural crack. This study evidenced 

that the concrete cover separation is more common than the interfacial peeling. 

 

 

 

 

 

 

 

 

    (a)          (b) 

Figure 1.3 – Experimental pictures documenting: a) failure mode I and b) failure mode II 
(Tumialan et al., 1999) 

 

Fanning and Kelly (2001) studied the relationship between bonded laminate length within the 

shear span, with the load level at which peel-off failure occurs. The experimental program 

consisted of ten reinforced concrete beams, which were subjected to a 4-point bending test. All 

the strengthened specimens failed through debonding, either by end-peeling (Figure 1.4(b)) or 

by concrete cover delamination at midspan (achieved when CFRP laminates were bonded to 

the soffit of the beam in its entire length, with the support reactions thus preventing peeling-off – 

Figure 1.4(a)). 
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Rahimi and Hutchinson (2001) developed an extensive experimental program with reinforced 

concrete beams strengthened with externally bonded FRP prepreg tapes on the tensile surface. 

Some specimens were under-reinforced in shear, thus presenting classical shear failure. In a 

different batch, which was reinforced sufficiently in shear, failure shifted to the cover concrete, 

close to the point loads within the shear span (4-point bending test). It was observed that the 

failure moved towards the plate end as the plate thickness was increased. The authors stress 

that debonding failure modes depend on a limiting principal stress at the concrete-plate 

interface. However, the location of such stress depends, as previously mentioned, on the plate 

thickness, amongst other parameters. 

 

(a) 

(b) 

Figure 1.4 – Delamination failure modes: (a) shear crack in the beam’s soffit and (b) peeling-off 
(Fanning and Kelly, 2001) 

 

Pham and Al-Mahaidi (2004a) worked on full-scale beams strengthened with two plies of CFRP 

on the tensile surface. The experimental results were utilized to develop a finite element beam 

model, which was utilized to obtain two theoretical predicting models, respectively for end-

peeling and midspan debonding. Further investigation by the same authors resulted in a finite 

element model for reinforced concrete beams strengthened with CFRP fabrics (Pham and Al-

Mahaidi, 2005). The model was able to predict the beam’s behaviour, crack patterns and 

identified debonding failure modes. 
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Kotynia (2005) set up an experimental program on reinforced concrete beams strengthened 

with CFRP laminates. The tests included reinforcement with CFRP sheets in order to increase 

the laminate’s anchorage, such as lateral laminate bonding (Figure 1.5). The mainly observed 

failure modes were concrete cover separation and midspan debonding. 

 

 

Figure 1.5 – End peeling in a beam strengthened with lateral and soffit bonded CFRP laminates 
(Kotynia, 2005) 

 

Recently, several studies have focused on identifying parameters that might influence the 

initiation and propagation of debonding failure modes. Wu and Yin (2003) have observed 

debonding failure mechanisms in full-scale bending tests. Several bond parameters were 

selected, such as interfacial bond strength, fracture energy of the adhesive layers and fracture 

energy and tensile strength of the concrete. The study presents important findings relating to 

the relationship between some of the parameters and crack and bond interface behaviour. 

 

Coronado and Lopez (2006) performed a sensitivity analysis on a finite element numerical 

model. The authors concluded that the concrete tensile strength is not a relevant failure 

parameter, if considered on its own. The fracture energy on the concrete-adhesive interface 

was considered to be crucial. Similar conclusions are presented by Niu et al. (2006). 

 

Recently, Benjeddou et al. (2007) presented an experimental study where a batch of damaged 

reinforced concrete beams was tested in a 4-point bending set-up, to analyze the effectiveness 

of CFRP plate bonding on the concrete soffit, varying the damage level, laminate width and 

concrete quality. The authors concluded that external plate bonding proved to be an effective 

way to achieve better mechanical performance, at the cost of ductility. Most interestingly, 

concrete cover peel-off and interfacial debonding were the observed failure modes and 

experimental results showed a relation between the laminate width and the failure type: 

interfacial debonding will most likely occur when low width laminates are utilized. 

 

Obviously, experimental tests have been utilized, not only to identify the parameters involved on 

the fracture mechanisms behind debonding failures, but also to develop strength models 

intended for design purposes. 
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Such is the case presented by Teng and Yao (2005). In order to develop a guideline aimed at 

the design of soffit bonded laminate strengthened members, the latter authors have developed 

distinct predictive models for pure flexural debonding on a plate end located in a pure bending 

region and for pure shear debonding on a plate end located in a high-shear and nule (or low) 

bending moment. The case where both stresses are present was considered as a combination 

of the previews models. The models presented good accordance with experimental results. 

Relying on experimental validation with bond tests and full scale beam tests, Casas and 

Pascual (2007) proposed an equation to compute a value for the ultimate force per unit width in 

the laminate, in order to prevent debonding failure modes for members in bending. 

 

 

(a) 

 

(b) 

Figure 1.6 – Plate end debonding on repaired RC beams with CFRP laminates: a) concrete 
cover separation (peeling-off) and b) interlaminar peeling (Benjeddou et al., 2007) 

 

 

1.2.2. Mechanisms behind debonding failure modes – slip-bond models 

 

Whenever debonding failure might occur, it has become clear that the strength of the concrete-

plate interface, and thus the study of interfacial stresses, is crucial in regard to the 

understanding of the involved failure mechanisms. In this particular aspect, investigations have 

followed either one of the following approaches: strength of materials method; linear elastic 

fracture mechanisms and nonlinear fracture mechanisms (Wang, 2007). 
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The first approach was utilized to study debonding mechanisms by several authors. These 

models present themselves as being rather simple, while providing recognizable insight on the 

discussed failure modes. Utilizing this particular approach, Roberts (1989) and Roberts and 

Haji-Kazemi (1989) considered a staged analysis to the problem. These solutions, valid for 

uniformly distributed loads, consider the deformation resultant from the initial interfacial stresses 

and recalculate additional stress due to the deflection between the laminate and the beam. 

Malek et al. (1998) presented a solution for the calculation of interfacial stresses considering 

directly deformation compatibility conditions and later on, Smith and Teng (2001) proposed 

another simplified solution based on the review of the previously mentioned works, with 

references to other works based on a linear elastic theory, such as the one presented by 

Täljsten (1997). 

 

The latter author presents an analytical model, based on the linear elastic theory, derived for 

shear and peeling stresses, aiming at calculation of critical stress levels at the short end of an 

external reinforcement plate bonded to a reinforced concrete beam subjected to a point load. 

Smith and Teng (2001) stress that these solutions assume that the shear stress at the end of 

the adhesive layer is null. In order to avoid such assumption, an high-order analysis such as the 

one developed by Rabinovich and Frostig (2000) should be considered. However, Shen et al. 

(2001) question the correctness of the results obtained by the latter, while criticising the 

previous solution for the lack of explicit expressions, thus having little application on developing 

a design guideline. 

 

Finite element modelling has been utilized by some researchers to model the interfacial 

stresses occurring at the laminate’s cut-off edges. Ascione and Feo (2000) proposed a model 

for the bonding region capable of calculating shear and normal stresses on end peeling failure 

modes, and eventually midspan debonding. Yang et al., 2003 established a numerical finite 

element model of the debonding mechanism, utilizing a discrete crack modelling based on a 

linear elastic fracture mechanics bond-slip relation. Ye and Yang (2005) present a new 

simplified formulation for the interfacial stress calculation based on a rigorous elasticity solution 

(Yang and Ye, 2005). The load case is considered arbitrary and the simplified solutions are 

rather simple and thus appropriate for computational use. However, the authors stress that 

further numerical validation and experimental calibration is required before it may be effective 

for design purposes. Even though experimental background has shown that midspan debonding 

is a relevant failure mode on structural members strengthened with FRP laminates or sheets 

bonded to the tensile surface, it is widely recognized that the mechanisms behind midspan 

debonding are rather more complex. 
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On this particular, Sebastian (2001) performed a large-scale experimental program utilizing 

CFRP strengthened reinforced concrete beams and a crack-inducer with which a crack was 

located at midspan. Conclusions were that the failure mechanism started on a flexural concrete 

initiated crack, which expands horizontally to both sides, eventually leading to delamination of a 

mortarcrete layer before reaching the final bond failure stage. 

 

The mechanism is induced mainly by shear stress transfer from the FRP laminate to the 

concrete through the adhesive and it should become conditioning, when compared with end 

peeling, whenever thin plates are used and shear span loads are significant. The observed 

failure mode as been referenced to as mode II in the literature, and corresponds to intermediate 

crack induced debonding. 

 

Seen as concrete initiated flexural cracks are determinant in the debonding failure mechanisms 

occurring in the concrete-laminate interface, several investigators have tried to utilize simple pull 

tests to represent these failure modes. FIB (2001) technical report presents a simple double 

shear test, aimed at the understanding of the bond behaviour in the latter interface. Lu et al. 

(2005) presents a good review on studies involving pull tests. 

 

 

Figure 1.7 – Scheme of simplified bond test (FIB, 2001) 

 

Several experimental programs with shear pull tests have been performed, in order to obtain 

significant stress-deformation strength models. Chen and Teng (2001) utilized single and 

double bond tests (Figure 1.7) to develop a new analytical nonlinear slip-bond strength model, 

aimed at the calculation of the bond strength and effective bond length. Teng et al. (2003) 

based their own research on cracked section analysis and on the work by Chen and Teng 

(2001) to present a new bond strength model. However, the authors stress that there may be 

flaws, as a number of parameters were neglected. More specifically, bending deformations, 

influence of steel flexural reinforcement and the interaction of multiple cracks were not 

considered. 
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Furthermore, slip-bond models assume a plane section to relate the bending moment in the 

structural member with the plate stress, whereas such hypothesis is not valid near a major 

crack, such as the one that is considered to initiate the debonding fracture mechanism. The 

authors agree that the results obtained through the model lack some accuracy due to 

debonding mechanism uncertainty. 

 

Utilization of non-linear fracture mechanics, also known as the cohesive zone model, has been 

considered by an increasingly number of authors to describe the stress-slip relation on the FRP-

plate interface. One example of a non-linear stress-slip curve on the bond interface was 

presented by Ahmad et al. (2006). The research was based on an experimental program 

consisting on single bond tests. Interestingly, the authors utilized a digital image correlation 

technique to observe the complete strain field. 

 

In general, the non-linear stress-slip models can be divided in two separate stages: a first stage 

where interfacial stresses increase with the slip until a maximum value is reached and a second 

stage where the interfacial stress decreases with the slip, also referred to as softening. (Wang, 

2007) On this particular, Lu et al. (2005) recognized, through finite element modelling and 

experimental background on single bond tests, that stress-slip curves are characterized by an 

ascending branch followed by a descending region, leading to a null shear stress in the 

interface when the slip has become sufficiently large. The latter authors propose two further 

bond-slip simplified models obtained through initial infinite stiffness simplification and utilization 

of a bilinear curve. (Figure 1.8) Such curves have been utilized by other authors, such as 

Seracino et al. (2005), to propose generic models towards the calculation of the intermediate 

crack (mode II) debonding force. However, the latter authors stress that the bilinear model may 

be simplified to a linear softening curve for design purposes, seen as the induced error is not 

significant in the softening region. Niu and Wu (2005) also utilized a bilinear relation to develop 

a numerical model to analyze the implications of multiple or distributed flexural cracks on 

debonding initiation and propagation. 

 

Figure 1.8 – Stress-slip curves taken from a finite element simulation and proposed models by 
Lu et al. (2005) 
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Other non-linear curves have been presented, in the last few years, to model the interfacial 

stresses and the bond strength between concrete and the strengthening plates. Dai et al. (2005) 

utilized pullout experimental tests on reinforced concrete specimens strengthened with FRP 

sheets, similar to the single bond tests, to develop and calibrate a non-linear bond-slip relation. 

 

In the field of the numerical solutions, the non-linear stress-slip curves have been utilized to 

model the concrete-plate interface. Ferracuti et al. (2006) presented a finite element model 

based on a non-linear stress-slip curve, which presented good agreement with experimental 

results. On a different approach, Niu and Wu (2005) utilized a discrete crack finite element 

analysis based on non-linear fracture mechanics, in order to obtain further insight on the 

interfacial bond mechanisms responsible for the behaviour of reinforced concrete beams 

strengthened with bonded FRP sheets in bending. 

 

It has become clear that stress-slip relations involve three basic parameters: maximum shear 

stress that initiates debonding, initial residual stress right after debonding occurs and a 

parameter that takes into consideration the shear stress reduction with sliding, Leung and Tung 

(2006). In fact, the latter has been referenced to as shear stress softening due to an interlocking 

effect (Pan and Leung, 2007) and has been effectively observed and considered in several 

other stress-slip relations – the shear stress softening corresponds to the decreasing branch on 

a shear-slip curve. 

 

 

1.2.3. Midspan debonding – flexural and flexural/shear cracks 

 

Several authors have stated that flexural-shear cracks are more significant than flexural cracks, 

in regard to midspan debonding initiation. Whereas initial discussion related to intermediate 

crack debonding, many experimental studies have brought to light that a critical diagonal crack 

is, in fact, preponderant to the development of midspan debonding. In the experimental field, an 

interesting peel test was performed by Karbhari and Engineer (1996) where the peeling angle 

from the concrete was varied. This test effectively represents a mixed mode debonding, which 

is more representative of the actual conditions in field applications, specifically on structural 

members subjected to shear and bending. 

 

Chen and Teng (2001) stress that midspan debonding is a failure mode caused by opening of 

inclined cracks, thus not purely flexural. In such case, not only shear stresses are conditioning, 

as normal stresses are also present perpendicular to the bond, induced by bending effects in 

the concrete cover. (Camata et al., 2004) Therefore, simple pull tests only model shear stress 

concentration such as that observed on intermediate flexural crack debonding (mode II), 

whereas it has been observed that both opening and sliding along the cracks contribute towards 

debonding failure – mixed mode debonding. 
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Camata et al. (2004) compare the simple shear test with another set-up proposed by Lee (2003) 

– a simple shear/normal test (Figure 1.9) intended at experimentally modelling the fracture 

mechanisms and stresses which occur during debonding failure modes. The authors conclude 

that the bi-axial test successfully models the crack openings and force transfer mechanisms 

observed in reinforced concrete beam specimens. 

 

This subject has been analyzed through numerical models as well, such as the one presented 

by Kishi et al. (2005). The authors conducted a three-dimensional elasto-plastic numerical 

analysis to model reinforced concrete beams strengthened with FRP sheets failing by 

debonding. Concrete cracking was modelled using smeared crack approach. However, this 

approach is considered to be inappropriate to observe the effect of cracks on debonding failure 

modes, since it is difficult to exactly trace the crack location (Niu and Wu, 2006). 

 

 

Figure 1.9 – Scheme of Shear/Normal bond test (Camata et al.,2004) 

 

Even though non-linear fracture mechanics have been considered in several bond-slip relations, 

there has been little application of this approach when considered mixed mode debonding. Niu 

et al. (2006) studied diagonal crack induced debonding mechanisms with a finite element 

numerical model. The interfacial stress-slip relation was modelled with a softening bi-linear 

curve. The authors varied a number of parameters such as the concrete tensile strength and 

tensile fracture energy, interfacial stiffness, bond strength and fracture energy and the effect of 

tributary cracks. It is concluded that critical diagonal cracks are responsible for local bond 

fracture – mode I debonding - by promoting the concentration of peeling stresses, while the 

fracture propagation follows a mode II debonding. 
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However, the model does not consider the combined effect of mode I and II specific stress-slip 

curves. It is proposed that a reduction factor could be applied to the existing predictive models 

for intermediate crack induced debonding, to take into account the effects of diagonal cracks. 

 

Spalling and peeling resistance have been studied by Wu et al. (2005). The experiment 

consisted on applying load directly to the CFRP sheet through a notch. In addition, a theoretical 

approach to the experiment was developed. The analytical peeling load, taken from theoretical 

load-deflection curves, showed good agreement with the experimental values. 

 

 

Figure 1.10 – Schematic comparison between debonding initation on intermediate flexural and 
critical shear/flexural diagonal cracks (Niu et al., 2006) 

 

Further study on this topic has been performed by Pan and Leung (2007), who developed 

laboratory experiments using a different set up. The latter authors utilized a test set up, which 

causes a peeling effect by inducing vertical displacements on the FRP sheet. (Figure 1.11). An 

analytical debonding model is obtained based on a non-linear stress-slip relation. 

 

 

Figure 1.11 – Experimental set up utilized by Pan and Leung (2007) to evaluate debonding 
under combined peeling-pulling effects 

 

The latter studies are founded on the assumption that debonding will occur once the stresses 

involved on the fracture mechanism exceed a critical value. 
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A different approach is proposed by Wang (2007), who, in his turn, utilizes a common energy-

based criterion. Such approach allows a significant advantage, which is the fact that such failure 

criterion does not depend on the debonding mode, thus becoming more suitable towards the 

study of mixed mode debonding. The author utilizes an improved non-linear bond-slip law to 

model the concrete-plate interface and the results present excellent agreement with 

experimental data.  

 

 

1.2.4. Midspan debonding – effect of multiple cracks 

 

The effect of multiple cracks has been stressed as one of the parameters responsible for the 

differences between simple shear tests and intermediate crack debonding. The latter was 

highlighted by Teng et al.(2003). 

 

Interestingly, Kishi et al. (2005) do not refer to the effect of multiple cracks. However, the 

authors took this aspect into account, when comparing the effects of critical diagonal cracks 

with flexural cracks, by means of discretizing combinations of either flexural, splitting and critical 

diagonal cracks or just dominant flexural and splitting cracks. Alfano et al. (2005) present new 

insight on numerical models, stressing that the crack pattern should be explicitly modelled in 

order to obtain accurate stress values in the concrete-laminate interface. In this particular, the 

finite element model consisted of a beam with several predefined vertical cracks. However, it 

appears that the simultaneous effect of shear/bending seems to be neglected as vertical cracks 

were considered. 

 

Chen et al. (2007) studied intermediate crack debonding, when several other cracks exist 

between the main crack initiating debonding and the plate end. The authors stress that the 

behaviour of such failure mode is rather different than that observed on simple pull tests, since 

in the latter case, the effect of multiple cracks is obviously neglected. A simple model is 

proposed (Figure 1.12) and the key difference lies on the fact that both ends of the plate are 

tensioned, thus modelling the effect of two adjacent cracks. 

 

 

Figure 1.12 –Model for interfacial behaviour between two adjacent cracks (Chen et al., 2007) 
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1.2.5. Prevention of debonding failure modes 

 

Some investigators have tried to utilize external fibre reinforced composite sheets to wrap the 

beam specimens, in order to prevent debonding failure modes, or at least to delay the related 

fracture mechanisms. Previous works already proved that U-wrappings may prevent end 

peeling (Tumialan et al, 1999; FIB, 2001) but appeared to be ineffective in preventing midspan 

debonding and premature concrete crushing. Leung (2006) reaches a similar conclusion and 

comments further on the optimal position of the U-wrap system – the sheet “stirrups” placed at 

laminate’s cut-off edge may not always be the adequate solution. 

 

Pimanmas and Pornpongsaroj (2004) investigated experimentally the failure behaviour on beam 

specimens wrapped with different configurations of CFRP sheets.  Utilizing L and X-wrappings, 

midspan debonding was prevented and the beams failed by concrete crushing, which ultimate 

strength value may be calculated accurately considering current design guidelines (Figure 

1.13). 

 

 

Figure 1.13 – L and X-wrappings. Stress transfer model (Pimanmas and Pornpongsaroj, 2004) 

 

Pham and Al-Mahaidi (2006) analyzed an experimental test database and concluded that the U-

strapping is effective to prevent end debonding and not the other debonding failure mode. 

However, U-straps may be attached to the beam along the shear span with a discretized 

spacing and significantly delay intermediate span debonding by limiting flexural-shear cracks 

opening. In fact, rupture occurs in the FRP sheets firstly, then allowing the beam to fail by 

delamination of the concrete cover at midspan. 

 

Xiong et al. (2007) proposed a new strengthening technique combining both carbon and glass 

fibre sheets. The CFRP sheets are bonded to the beam’s soffit, while bi-directional GFRP 

sheets are utilized to U-wrap the beam continuously. Such solution may prevent debonding 

failure modes and presents higher fracture load, allows larger deflections and is cheaper when 

compared to beams fully strengthened and wrapped with carbon sheets. 
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1.2.6. Portuguese Literature 

 

Debonding failure modes have been studied in Portugal in the last few years. Juvandes et al. 

(1998) present one of the first publications on the performance of reinforced concrete beams 

strengthened with carbon fibre reinforced polymer laminates. Furthermore, Dias et al. (2002) 

tested a batch of reinforced concrete beams, which were strengthened with bonded CFRP 

sheets or laminates to the beam’s soffit. In addition, exterior tensile reinforcement was anchored 

with CFRP sheet wrapping or steel frames. The wrappings were placed based on a Morch trellis 

stress model with a 38º angle. The 4-point bending tests showed that debonding mechanisms 

were conditioning when adequate anchorage systems were neglected. Interlaminar peeling at 

the laminate cut-off edge occurred when no external anchorage was utilized, while debonding 

through the adhesive-laminate interface or between the laminate and the concrete occurred 

when external anchorage system was placed at the laminate’s end. 

 

Other works involving CFRP laminates or sheets have been developed for reinforced concrete 

slabs. In this particular, Dias et al. (2004) analyzed the effect of pre-cracking on slab lanes 

strengthened with CFRP laminates and sheets. The experimental program included the 

cracking of a limited number of specimens prior to the strengthening. Once again, debonding 

near the laminate’s end was the observed failure mode. However, when utilizing CFRP sheets, 

failure was due to CFRP tensile rupture. The authors concluded that strengthening effectively 

increases the overall ultimate strength, along with gains in terms of stiffness and deformation. 

Furthermore, the load required to begin cracking (on the uncracked specimens) was higher. 

Finally, it was concluded that the strengthening performance was not significantly changed by 

the precracking. 

 

In regard to the investigation of the fracture mechanics responsible for debonding, Neto et al. 

(2004) presented a study on the mode II fracture in concrete, providing insight on its influence 

on the interfacial behaviour between concrete and CFRP. The latter author utilized the 

experimental results taken from simple shear tests to develop a finite element model, which was 

then inspected to study the mode II fracture and the corresponding fracture energy. In fact, this 

is one of the pioneer studies developed, where a cohesive crack approach was utilized to model 

the interface, along with bilinear, linear and exponential slip-bond curves. Furthermore, a rather 

complete parametric study was carried out, which allowed the calculation of material properties 

such as the shear stiffness of the interface, concrete cohesion and the mode II fracture energy, 

which the author considers to be determinant when analyzing the interface between concrete 

and the strengthening plate. It is also concluded that the bilinear softening curve presents a 

good approach to the experimental results obtained from shear tests. Moreover, the importance 

of mode II fracture was evidenced. 
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In the past couple of years, attention has shifted to a new strengthening technique, NSMR 

(Near Surface Mounting Reinforcement). Research on this technique was performed by Barros 

et al. (2004), who stressed the inconvenience of debonding failure occurring in external bonded 

laminate strengthening solutions. Barros et al. (2007) compared the performance of the new 

technique with externally bonded reinforcement. Experimental results showed debonding failure 

modes on the specimens with externally bonded strengthening, whereas specimens 

strengthened with NSMR failed in a less brittle manner. Barros and Fortes (2005) analyzed the 

flexural strengthening of concrete beams with CFRP near surface mounted laminates and the 

observed failure modes consisted of a concrete cover delamination, sometimes reaching above 

the embedded steel reinforced, which yielded. Concrete cover failure is also referred to by Sena 

Cruz and Barros (2004), who presented a slip-bond model between near-surface mounted 

laminates and concrete. The same authors present further insight on the topic by developing an 

experimental program with pulling-bending tests. Specimen failure occurred in the concrete-

adhesive or in the adhesive-laminate interfaces. Such works have brought to evidence that, 

even though the new technique might present several advantages including less brittle failure 

modes, debonding is still conditioning. 
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1.3. AIM AND SCOPE 

 

As previously mentioned, debonding failure modes have been subject of several research 

programs. However, current design codes do not yet analyze such rupture mechanisms 

sufficiently. Furthermore, experimental evidence has shown that bond failure usually occurs 

prior to classical failure modes such as a laminate tensile failure or concrete crushing in the 

compressive region of the beam, thus preventing the member to sustain the predicted ultimate 

load bearing values. 

 

The objective of this project is to provide further insight on crack formation and debonding 

initiation and propagation in both reinforced and repaired concrete beams, strengthened with 

Carbon Fibre Reinforced Polymer laminates applied to the beam’s soffit. In order to carefully 

observe the fracture mechanisms, an optical technique was utilized to measure crack 

dimensions. This system thus allowed observation of flexural-shear cracks and their influence 

on the formation of interlaminar cracks. 

 

Furthermore, there is an interest in comparing the behaviour between precracked repaired 

beams and strengthened beams (without precracking). The results obtained from the 

experimental work constitute an important background considering future research. More 

specifically, the gathered database will prove fundamental for comparison purposes, when 

developing sophisticated analytical or numerical models in regard to crack and interfacial stress 

behaviour, prevention of debonding failure modes and eventually models for load capacity 

prediction for members in bending. 

 

The bottom-line of such experimental programs is to act as background experimental database 

for the creation of an appropriate design guideline for members in bending, that successfully 

incorporates debonding failure modes in the ultimate load bearing capacity, thus providing the 

consultant engineer with an effective and complete tool for strengthening design. 
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1.4. CONTENTS 

 

In order to give a overview on the present document, a brief description of each chapter is 

made. 

 

In Chapter 2, an extensive description of the experimental program is given. Aspects such as 

the tested specimens, the utilized materials, the test set-up and the auxiliary measurement 

equipment are discussed. 

 

It is important to have a theoretical background, which may be used to compare results with the 

experimental observations. The latter is accomplished in Chapter 3, where a theoretical 

approach is utilized to calculate the load bearing capacity of the strengthened specimens, along 

with other relevant parameters such as the applied load responsible for crack initiation and the 

crack width due to the precracking load. Furthermore, a bond strength model is utilized to 

calculate a reduced laminate strength, which effectively takes into account the intermediate 

crack debonding mechanism. Finally, another model is considered to obtain the shear stress 

distribution in the adhesive. 

 

Chapter 4 shall focus on the experimental results. The latter include the observed failure modes 

and the load level responsible for the failure, sectional strain distribution and the strain 

distribution along the CFRP. Then, an important focus is given to the photogrammetric results 

obtained through Aramis, to analyze concrete crack formation and its influence on the initiation 

and propagation of debonding cracks. 

 

The experimental work is discussed in Chapter 5. The main comparisons between theoretical 

predictions and experimental results are made. Furthermore, the experimental set-up is 

criticized and suggestions for future investigations are made. 

 

Finally, the last chapter contains the most important conclusions drawn from this experimental 

work. 
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2. EXPERIMENTAL WORK 

2.1. SPECIMENS 

 

In regard to the objectives of this project, an experimental program was established. The 

laboratory work consisted of five full scale bending tests on reinforced concrete beams, cast 

with the same concrete and embedded steel reinforcement. In this section, the specimens are 

discussed in terms of number and properties. They were tested up to failure, and may be 

organized as follows. 

 

a) The first beam was tested without CFRP strengthening – reference beam. It shall be 

referenced to as Beam 1. 

 

b) Two beams were precracked and repaired with external strengthening. In order to 

induce cracking, these specimens were loaded on a first stage with a load of 10 kN, 

prior to the application of the CFRP laminates. These specimens shall be identified as 

Beam 2 and Beam 3. 

 

c) The remaining two beams were immediately strengthened, without any load stage prior 

to the application of the external reinforcement. The last specimens will be referenced 

to as Beam 4 and Beam 5. 

 

 

Figure 2.1– Geometry of a strengthened beam 

 

Figure 2.1 represents the strengthened beam specimens schematically. The beams were 120 

mm wide, 170 mm high and 2000 mm long. The internal reinforcement consisted of two 10 mm 

diameter steel rebars on both tensile and compressive zones working as flexural reinforcement, 

and 6 mm of diameter steel stirrups for shear reinforcement. The concrete cover presented a 

thickness of 30 mm in the tensile face and 25 mm in the compressive zone. 

 

The spacing between stirrups is as detailed in Figure 2.1. In regard to the shear reinforcement, 

it was considered of utmost importance to prevent a classical shear failure, which has been 

achieved through the prescribed stirrup spacing. 
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Concerning the external reinforcement, a Carbon Fibre Reinforcement Polymer (CFRP) sheet 

was wrapped on the beam in order to prevent debond failure from occuring on the side where 

the wrapping was applied. The sheet was 300 mm wide and covered all four surfaces of the 

beam. 

 

The soffit of the beam was strengthened with two CFRP laminates 50 mm wide and 1800 mm 

long. The solution was thought to reduce the ammount of external reinforcement in the tensile 

surface, which eased the application. This was considered relevant, as laminates, adhesive and 

concrete were needed in the same plane. 

 

In order to ensure correct application of the external strengthening materials, it was considered 

necessary to improve the concrete surface characteristics on the contact areas to be bonded. 

As a first measure, the beam was sand blasted in the contact surfaces, leaving the coarse 

aggregate exposed. Such measure prevented the bonding with low resistance concrete, usually 

due to cement laitance. Surface preparation followed with a careful clean up to ensure no dust 

or other particles remained, and was completed by applying a primer. 

 

 

 

 

Figure 2.2 – Detail of a precracked specimen 
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2.2. TEST SET-UP 

 

The beam specimens were tested under the same set-up. The beams were subjected to a 3-

point bending test and the load was applied at the beam’s mid-point. In this particular aspect, 

the beams were tested with displacement control, with a rate of 0,7 mm/min. The testing 

equipment was an Instron universal test machine with 5 MN capacity. 

 

 

Figure 2.3 – Static system of the reinforced beam 

 

 

Figure 2.4 – Beam support 

Figure 2.5 – Two views of the test set-up 
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2.3. INSTRUMENTATION 

 

Instrumentation was utilized throughout the tests in order to provide information on the beams’ 

behaviour from rest until failure. More specifically, the observations included displacements, 

strains and crack formation. The measurements were immediately registered to a computer 

through a data logger, while the surface observations were saved by the Aramis optical 

measurement system. 

 

 

2.3.1. Deflection and Support Settlement Measurement 

 

Deflections were measured by means of utilizing Linear Variable Differential Transformers 

(LVDTs). Location of such systems was conditioned by the loading equipment and, as such, the 

LVDTs were located 250 mm from the midspan for practical reasons. Furthermore, the support 

settlements were measured with LVDTs located precisely over the supports. Figure 2.6 

presents a scheme of the LVDT location. 
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Figure 2.6 – Location of LVDTs 

 

 

2.3.2. Strain Measurement 

 

The CFRP laminate behaviour was one of they key aspects which were observed during the 

test program. Regarding this particular aspect, it was considered important to analyze the strain 

behaviour and distribution along the CFRP plates. 

Strain gauges were installed in the embedded steel reinforcement in both the compressive and 

tensile levels, in two different sections. In regard to the strain measurement in the laminates, ten 

gauges were placed from the middle section towards the left side (without the CFRP sheet 

wrapping). They were spaced 40 mm apart, while another one was mounted over section II. 

Further reference on the strain gauge location may be taken from  
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Figure 2.7 - Location of strain gauges in CFRP laminate and steel reinforcement 

 

 

2.3.3. Optical Measurement Equipment 

 

The utilization of optical measurement equipment on such tests has been hardly reported. 

However, it is our belief that such equipment presents numerous advantages, in regard to the 

analysis of surface strain fields and crack formation. The observation of the crack mechanisms 

occurring prior to failure was considered of utmost importance for this study and as such, the 

optical measurement system played an important role. 

Ahmad et al. (2006) utilized a similar optical system in simple shear tests to document the strain 

field in the CFRP sheets. However, the experimental work described in this paper utilized 

photogrammetry equipment to observe crack formation and debonding, which relates the work 

by Pease et al. (2006), who utilized the same system to observe cracking on concrete and 

concrete-steel interfaces. 

 

The utilized optical measurement equipment was Aramis, supplied by GOM mbH. Such system 

allows strain calculation by digital image comparison over a measurement surface, while the 

specimen is subjected to an increasing load. The measurement surface was taken as a strip 

starting at midspan towards the left and required preparation prior to the test. An adequate 

contrast on a greyscale had to be obtained in order to ensure correct system utilization. The 

area was smoothened and sprayed with white and black paint creating a spatter pattern, which 

enabled the equipment to recognize any point in the observation zone. Furthermore, the surface 

was illuminated with two regular white light sources, in order to achieve constant light intensity. 

 

The photogrammetry equipment consists of two digital cameras which capture photos of the 

surface on predefined time intervals, connected to a computer which stores the images for later 

analysis. Prior to the testing, both cameras were set in position horizontally, focusing on the 

measurement area while standing from different angles. Calibration of the equipment was done 

utilizing a calibration panel supplied by the manufacturer. Figure 2.8 is a picture of the cameras 

and the lighting equipment. 
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Figure 2.8 - Detail of the photogrammetric system cameras 

 

Description of the strain and displacement calculation is well detailed in Pease et al. (2006). 

Computation of such parameters is accomplished through comparison with an initial image of 

the captured surface. Firstly, the Aramis software applies a computational mask to the initial 

image taken from the camera standing on the left. This mask consists 15x15 pixel facets which 

overlap the neighbouring facets by two pixels. Such image will then be related with the 

greyscale image. The image taken with the camera on the right is then corresponded with the 

previous image by comparing the facets showing the same greyscale image. From this point on, 

the software is able to observe deformations while the specimen undergoes deformation. 

Displacements are measured by means of comparing the image taken at a given instant with 

the initial figure. Such task is simplified as the software analyzes the changes for each and 

every individual facet. Calculations may then be performed for any point on the observed 

surface, hence allowing crack analysis by means of measuring the displacement between 

points standing in each side of the crack. 

 

 

Figure 2.9 – Detail of the photogrammetric system cameras and measurement surface 
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Furthermore, the software proved to be crucial in terms of identifying the load level for crack 

formation and crack evolution. In regard to the problem considered in this paper, such 

equipment proved to have undeniable interest in terms of observing interlaminar cracks. 

 

 

 

Figure 2.10 – Detail of the cameras, measurement surface and load cell 
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2.4. MATERIAL PROPERTIES 

2.4.1. Reinforcing Steel 

 

The embedded reinforcement consisted of longitudinal steel rebars and stirrups, as described 

on section 2.1. Hot rolled steel was utilized, as proven by the stress-strain curves presented in 

Appendix 1, which may be compared with figure 3.7 a) of the European Standard prEN 1992-1-

1, usually referred to as Eurocode 2. In accordance with the latter document, simple tensile 

strength tests were performed on six ø10 samples and four ø6 samples, referring to the 

longitudinal rebars and stirrups, respectively. 

 

The properties to be evaluated were both the yielding strength, yf , and the modulus of elasticity, 

sE . In accordance to Eurocode 2, the design value for the elastic modulus may be assumed to 

be 200 GPa. In regard to the yielding strength, the standard clearly stresses that the design and 

detailing rules prescribed by Eurocode 2 are valid for a yield strength range between 400 MPa 

and 600 MPa. However, test results present yield strength values superior to the upper bound. 

For purposes related to this study, it was assumed that the design guidelines presented in 

Eurocode 2 may be utilized, seen as the specified mechanical properties will be considered 

when predicting simple analytical values for the load bearing capacity of the specimens and 

bond strength, which may be compared with the actual experimental results. 

 

The yield strength was assumed to be the mean value between every tested sample. The 

results are as follows. 

 

 a) ø10 hot rolled steel bars: ymf = 676 MPa 

 b) ø6 hot rolled steel bars: ymf = 605 MPa 

 

The yield strain was also observed for both batches. 

 

 a) ø10 hot rolled steel bars: ymε = 3,7‰ 

 b) ø6 hot rolled steel bars: ymε = 3,4‰ 

 

2.4.2. Concrete 

 

Determination of the concrete’s mechanical properties was achieved through testing of twelve 

cylinder samples with diameter 100 mm and height 200 mm. The size is as prescribed by the 

European Standard EN12390-1. 
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Eurocode 2 displays extensive information on the calculation of the concrete properties, usually 

classifying the concrete in different classes, accordingly to the characteristic compressive 

strength determined by compression tests on concrete cylinders at 28 days. However, following 

the purpose of material properties calculation, the analytical values to be obtained should rely 

on information referring to the actual time when the full scale beam specimens were tested. 

 

The beam specimens and cylinder samples were cast in the beginning of December, 2006, 

whereas the reference beam and testing and two beam precracking took place in the beginning 

of April, 2007 and the testing on the repaired and strengthened specimens was performed in 

early May, 2007. Due to laboratory constraints, the cylinders were tested in compression in 

early July, 2007. It is considered that the concrete does not improve its mechanical properties 

significantly after 28 days, thus considerable strength variations should not be expected. The 

actual results obtained from the cylinder tests are presented in Appendix 2. The mean 

compressive strength, cmf ( t ), at the age of 210 days (considering an average of 30 days in 

each month) was 54,3 MPa. 

 

The latter value relates with the strength at 28 days, cmf , by means of the following expressions, 

taken from Eurocode 2. Equation (2.1) refers to a coefficient depending on the age of the 

concrete, t. The factor s depends on the cement type, which in this case was a class CEM 53,5 

N, in which case s assumes a value of 0,20. 

 

 

 ( ) ( ) cmcccm  ftβtf =  (2.1) 
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The value obtained for the time dependant coefficient was approximately 1,135. Following 

expression (2.1) the mean compressive strength at 28 days was obtained – 47,8 MPa. In such 

case, the specimen concrete is quite similar to a class C40/50 concrete. The main purpose of 

obtaining the mean compressive strength is to calculate the characteristic compressive 

strength, the mean tensile strength and the mean elastic modulus of the concrete. 

Table 2.1 is based on Table 3.1 of the European Standard prEN 1992-1-1 and resumes the 

remaining mechanical properties of interest. In reference to the comment in Table 3.1 of 

Eurocode 2, it should be mentioned that quartzite aggregates were utilized. 
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The latter document states that for concrete aged over 28 days, the characteristic compressive 

strength value should be taken as the latter at 28 days, whereas for concrete aged 28 days, the 

characteristic compressive strength may be taken from the mean compressive strength by 

means of (2.3). 

 

Table 2.1 – Concrete properties at 28 days (Concrete class C40/50) 

 

Concrete 

t (days) fcm [MPa] fck [MPa] Ecm [GPa] fctm [MPa] 

28 48 40 35 3,5 

 

 8 MPacmck −= ff  (2.3) 

 

However, as explained previously, the purpose of the material values is to obtain predictive 

values for post comparison with the experimental data, thus more accurate values should be 

considered, rather than values usually observed in design. As such, the following expressions 

should be considered. 

 

 ( ) ( )( ) ctmccctm  tt fβf
α=  (2.4) 

 

 ( ) ( ) cm
0,3

cmcmcm  )/(t EftfE =  (2.5) 

 

 

In regard to expression (2.4) it should be noted that the exponent α should be taken as 2/3 for t 

over 28 days, according to Eurocode 2. 

 

Table 2.2 – Concrete mechanical properties at different stages of the experimental work 

 

Concrete 

t (days) Comment 
fcm 

[MPa] 
fck 

[MPa] 
βcc[ ] 

Ecm 
[GPa] 

fctm 
[MPa] 

28 C40/50 (Eurocode 2 - Table 3.1) 48,0 40 1,000 35,0 3,5 

150 reference beam; precracking 53,8 40 1,120 36,4 3,8 

180 repaired and strengthened beams 54,2 40 1,129 36,5 3,8 

210 cylinder tests 54,5 40 1,135 36,6 3,8 
 

 

As a final note on the concrete properties, it should be considered that the density was 

measured by the laboratory. A value of 32353kg/m  was obtained. The relevant mechanical 

properties are presented in Table 2.2 
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2.4.3. Epoxy Adhesive 

 

The epoxy adhesive utilized was StoPox Sk 41, provided by Sto Scandinavia AB. 

 

This material was utilized for bonding purposes between the concrete surface and the CFRP 

laminates. Testing was not performed to evaluate the material’s mechanical properties. The 

manufacturer provides such parameters and further reference was taken from that source. The 

following table presents the relevant mechanical properties in question. 

 

Table 2.3 – Adhesive mechanical properties 

 

Adhesive Pox SK 41 

Compressive Strength [MPa] 100 

Flexural Strength [MPa] 30 

Young’s Modulus [GPa] 11 
 

In regard to the calculation of the interfacial shear stresses, other properties shall be 

considered. During the strengthening system application, the adhesive thickness was set as 

approximately 1 mm. 

The other parameter that should be inspected is the adhesives Poisson’s Ratio, which is 

necessary to obtain the material’s shear modulus. In this particular aspect, the value 0,30 is 

commonly used when designing strengthening systems with FRPs. Regarding equation (2.6), 

the shear modulus shall be taken as 4,23 GPa. 

 

 
( )ν
E

G
+

=
12
a

a  (2.6) 

 

 

2.4.4. CFRP plates 

 

The CFRP laminates were provided by the same manufacturer as the epoxy adhesive. Such 

situation is always recommended, since the manufacturer has tested both parts of the 

reinforcement together and the products are designed to optimize the reinforcement as a whole. 

On this subject, Täljsten (2004) stresses that whenever the adhesive is provided by a different 

supplier than the one who produced the CFRP plates, the system should be carefully observed 

and, if possible, tested in order to ensure that both phases are compatible. 

The plates utilized were StoFRP E 50 C. Respective mechanical properties were provided by 

the manufacturer, and are presented in Table 2.4. 
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Table 2.4 – Carbon Fiber Reinforced Polymer laminate mechanical properties 

 

CFRP Plate E 50 C 

Tensile Strength [MPa] 2000 

Young’s Modulus [GPa] 155 

Thickness [mm] 1.4 

Failure Strain [‰] ~15 
 

Further reference on carbon fibre strength may be taken from Bohot (1999), who presents an 

extensive review on the material properties of CFRP. 
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3. ANALYTICAL WORK 

3.1. LOAD CAPACITY OF THE SPECIMENS 

3.1.1. Introduction 

 

Establishing a comparison between the experimental results and the existing theoretical 

approaches to the problem is of utmost importance. In this section, the objective is to obtain the 

load bearing capacity of the tested specimens, which will be compared with the actual results 

from the laboratory work. The reference beam calculations consist of a simple reinforced 

concrete beam problem and are thus discussed in Appendix 3. 

 

The calculations are, to great extent, based on the existing design guidelines, whereas design 

material properties were substituted with mean material values, which were described in the 

previous chapter. Being so, the design for strengthening in bending should consider two 

separate stages (Täljsten, 2004): 

 

a) The first stage corresponds to the condition of the strengthened member prior 

to the application of the external reinforcement; 

 

b) The second stage refers to the design of the strengthened member in terms of 

increased bending moment capacity. 

 

There are several conditions that should be observed, namely the considered hypothesis, prior 

to the calculations (Täljsten, 2004). The latter involve the following clauses: 

 

a) Bernoulli’s hypothesis is deemed valid, which means that strain varies linearly 

along the cross-section. In such case, considering full composite action 

between the materials, the strain value occuring in every material at a certain 

level is exactly the same; 

 

b) The concrete stresses depend on the material’s characteristic curve, and the 

compressive failure strain is taken as 3,9 ‰ε cu = , in accordance with the 

mean value of the failure strain observed in the tested cylinder specimens; 

 

c) If the concrete cross-section is cracked, the residual tensile strength is 

neglected; 
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d) Stresses in the embedded steel reinforcement are taken from the material’s 

characteristic curves. In regard to the strains, these may not surpass the failure 

strain; 

 

e) In a similar way, the stresses on the laminate depend on its characteristic curve 

and the strain may not exceed the laminate’s failure strain. Furthermore, it is 

considered that the laminate behaves as linear elastic up to failure. 

 

As a comment to the first hypothesis, one must consider that the tensile reinforcement is not 

expected to cause the failure. Considering the tensile test results presented in Appendix 1, the 

previous statement verifies if one considers that the ultimate failure strain, suε , is usually 

considered to be around 10‰. In such case, while the failure strain in the laminate is 15‰ and 

the compressive failure strain in the concrete is 3,9‰, it is not possible to achieve steel failure, if 

the Bernoulli’s Hypothesis is considered. Further development on this topic is accomplished 

ahead in this section. 

 

Before the actual calculations may be presented, some parameters must be previously 

calculated. First of all, the dead load, corresponding to the beam’s self-weight, must be taken in 

consideration. In reference to the previous chapter, the concrete’s density was 32353kg/m . In 

order to account for the increased steel density, a value of 32500 Kg/m=ρ  was utilized instead. 

In such case, a uniformly distributed load exists, with a value N/m 500=p . 

 

 

Figure 3.1– Beam cross-section 

 

In regard to Figure 3.1, the distance between the steel reinforcement centroids and the upper 

beam side, d  and cd , is a function of the concrete cover and the rebar diameter itself. 

Concrete cover thickness for tensile and compressive reinforcement was 30 mm and 25 mm, 

respectively. The steel reinforcement consists on 10 mm diameter bars, as known. 
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At this point, it is important to perform a simple geometrical analysis of the cross-section, prior to 

the external strengthening with CFRP. Firstly, the position of the horizontal centroid axis (neutral 

axis) shall be inspected. When considering the reinforced concrete specimen, before the 

external laminate bonding, the position of such axis from the beam’s upper side is given by 

equation (3.1a). Expression (3.1b) shall be observed for the strengthened cross-section. 
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The following equations (3.2a) and (3.2b) shall be considered when calculating the second 

moment of area of the cross-section. While the first equation is for the reinforced concrete 

beam, the second one refers to a strengthened specimen. 
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One should notice that, in the previous equations, the second moment of area of both the steel 

and the CFRP laminate, about the respective local axis, were not considered, as such values 

may be neglected when compared with the component about the entire section gravity 

horizontal axis (Langrage-Steiner component). 

 

Following is the uncracked cross-section analysis, in terms of the stress and strain distribution. 

First of all, it is known that concrete, steel and composite have an elastic behaviour, as long as 

the yielding (steel; concrete) or failure (CFRP) stress values are not achieved. 

 

In the linear elastic region, the Hooke’s law is used to describe the relation between stress and 

strain, as presented in equations (3.3a), (3.3b) and (3.3c). 
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It is also a fact that the strain at a given level in the cross-section must be equal, regardless of 

the material. Being so, if expressions (3.3b) and (3.3c) are compared with (3.3a), the following 

proportionality factors may be achieved. 
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In order to calculate the stress at a given level of the cross-section due to the section bending 

moment, expression (3.5) is to be considered. The stress is calculated for a level standing at a 

distance y from the centroid, in accordance to the axis system presented in Figure 3.1,  

 

 
11I

M y
σ =  (3.5) 

 

Finally it is important to study further on the consequences of the Bernoulli’s hypothesis in the 

cross-section. For this purpose, a strengthened uncracked section is investigated (Figure 3.1), 

as it presents a general case. In order to obtain the strain at the certain level, the only 

requirement is that the neutral axis position is known, as well as a strain value in any other 

location. Considering the uncracked section, the neutral axis coincides with the horizontal 

gravity centre axis. 

 

The procedure to obtain a strain or stress level in these conditions is based on a simple 

proportion relation between the known strain at a certain level and its distance from the neutral 

axis, with the deformation value at the level we wish to study and its respective distance to the 

referred axis. 
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Figure 3.1 – Stress and strain distribution for a strengthened uncracked section 

 

As an example we shall suppose the concrete compressive strain is known, and it is intended to 

calculate the strain at the embedded tensile reinforcement level. In such case, expression (3.6) 

could be used. 
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The Bernoulli’s Hypothesis is also applied to cracked section analysis, when inspecting the 

stress and strain distribution. The difference will lie on the neutral axis position, seen as the 

concrete in tension is neglected in such case. 

Once one or more materials have reached yielding, the overall section behaviour is no longer 

elastic. As such, the linear stress distribution may no longer be considered. However, the strain 

distribution remains linear, which means the Bernoulli’s Hypothesis remains valid for the 

deformations, as long as the ultimate strain in any material is not exceeded. Otherwise failure 

would have occurred. 
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Figure 3.2 – Loads and moment diagrams in the beam 
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Finally, it is important to define the load cases to be considered. At any moment, two distinct 

loads are present in the beam during the test: the self weight load and the mechanical load 

applied by the testing equipment. (Figure 3.2) 

 

The maximum bending moment occurs at mid span and is calculated as follows. 
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3.1.2. Precracking Load and Crack Width 

 

This section will aim at the analytical calculation of the load responsible for crack initiation on 

the beams prior to strengthening. Furthermore, the crack width shall be inspected in accordance 

to the specifications contained in Eurocode 2. 

 

Firstly, the calculation of the cracking load is presented. As described in the previous chapter, 

precracking was performed on a group of two beams. The concrete’s mean tensile strength was 

evaluated based on the compressive strength results from laboratory tests on cylinder samples, 

and the following value was calculated at 150 days – 3,8 MPactm =f . Assuming such tensile 

stress has been achieved in the bottom side fibre, the latter value may be inserted in equation 

(3.5), thus allowing the calculation of the mid span bending moment, which initiates cracking. 

The result is approximately 2367 Nm. The uniformly distributed load, corresponding to the 

beam’s self weight, is known, as well as the cracking moment. Using expression (3.7), the 

applied load P, theoretically responsible for cracking initiation is slightly over 4509 N. Seen as 

the precracking was accomplished by applying 10 kN, it is definitely proved that cracking was 

achieved. 

 

At this stage, it is considered important to predict the crack width, kw . Such may be investigated 

by means of considering the guidelines contained in Eurocode 2, while substituting the design 

material values for the actual mean values obtained through laboratory testing. The following 

expressions were taken from section 7.3.4 of the latter document. 
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The previous expressions present several parameters that require further explanation. The 

latter are described as follows, in accordance to Eurocode 2. 

 

maxr,s  is the maximum spacing between cracks; 

smε  corresponds to the mean strain in the tensile steel reinforcement, additional to 

the state of zero strain of the concrete at the same level, including the effects of 

both imposed deformations and tension stiffening; 

cmε  is the mean concrete strain between cracks. 

 

c  is the concrete cover thickness (in the particular case 0,030m); 

1k  is a coefficient depending on the bond properties between steel reinforcement 

and concrete. It shall be taken as 0,8 as the value proposed for high bond bars; 

2k  is a coefficient that takes into consideration the nature of the strain distribution 

in the cross-section. Seen as the section is subjected to pure bending, the 

coefficient is 0,5; 

Φ  corresponds to the steel reinforcement diameter; 

 

sσ  is the stress in the tensile reinforcement considering a cracked section; 

tk  is a coefficient, which depends on the duration of the load. The conditioning 

load that induces cracking is applied by the testing equipment and may thus be 

considered as a short term load. In such case, the coefficient is to be taken as 

0,6; 

effct,f  is the mean value of the concrete’s tensile strength, when cracking is expected 

to occur. In order words, this parameter shall be taken as equivalent to the 

mean tensile strength of the concrete, at the moment when the beams were 

precracked; 
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e α  stands for the relation between steel and concrete elastic moduli. The concrete 

modulus was taken as 36,4 GPa, calculated for the precracking moment. The 

relation between both moduli gives 5,495; 

effp,ρ  is the relation between the steel reinforcement area and the effective concrete 

area in tension around the rebars ( effc,A ); 

effc,h  is the height of the effective concrete in tension around the tensile steel 

reinforcement; 

x  is the position of the neutral axis, from the cross-section’s upper fibre. In this 

case, the neutral axis must coincide with a horizontal axis going through the 

cracked section gravity centre. 

 

In order to calculate the crack width, a cracked section analysis was used. (Figure 3.3) 

 

It is considered that both tensile reinforcements and the concrete in compression remain elastic, 

thus the neutral axis position may be calculated under the same principle utilized for the 

uncracked section, provided the concrete in the tensile region is neglected. The neutral axis is 

coincident with the cracked section gravity centre axis, seen as the section is subjected to pure 

bending. As such, the position of the neutral axis, x, may be calculated using the geometrical 

relation presented in equation (3.14). The obtained value is approximately 0,0366 m, which 

means that the neutral axis stands not too far below the compressive steel reinforcement. 
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Figure 3.3 – Stress and strain diagrams for a unstrengthened cracked cross-section 

 

As previously discussed, knowledge of the neutral axis position is fundamental to calculate the 

strain distribution in the section. The following equation (3.15) establishes the relation between 

the strains in the tensile and the compressive reinforcement levels. 
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As to obtain the stress in the tensile reinforcement, the strain at that level needs to be 

calculated. Equation (3.16) presents the moment equation on the cross-section and may be 

utilized to achieve the strain value at the tensile reinforcement level. The stress may then be 

calculated considering equation (3.3b). It should be noted that, for a load of 10 kN, the resultant 

moment at midspan is 4975 Nm, in accordance to equation (3.7). 
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The deformation occurring at the tensile reinforcement level is about 1,3‰, meaning the 

assumption that the tensile reinforcement is not yielded is valid. The corresponding stress in the 

tensile reinforcement is approximately 260 MPa. Finally, Table 3.1 resumes the calculated 

results and presents the predicted dimension of the cracks caused by the precracking load of 10 

kN. 

 

Table 3.1 - Crack width calculation results 

 

hc,eff [m] Ac,eff [m
2
] ρp,eff [ ] εsm-εcm [‰] sr,max [m] wk [m] 

0,044 0,0053 0,0294 0,00085 0,15975 0,00014 
 

 

3.1.3. Load Capacity of the Strengthened Beams 

 

As mentioned in the introductory section, the calculation of the load capacity of a strengthened 

member by external plate bonding may be divided in two stages. In the first one, stresses and 

strains prior to the application of the external laminates must be calculated. More specifically, 

the maximum concrete compressive strain, c0ε , strain in the steel tensile reinforcement, s0ε , 

and the strain on the concrete’s tensile surface, u0ε , are the usual parameters to be inspected. 

However, in the particular case of the laboratory program that was set for this work, it shall be 

considered that the specimens were not subjected to any imposed deformations prior to the 

strengthening. In fact, while the CFRP laminates were applied, the beams had their bottom side 

facing upwards, in order to ease the strengthening application procedure. In this case, the strain 

field would be completely opposite of that obtained if calculations were done considering the 

beam in the correct position. Furthermore, the initial deformations due to self weight are rather 

insignificant when compared with the ultimate load achieved by the strengthened specimens. 
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A validation of the previous affirmations is presented as follows, considering the dead load is 

not significant enough to cause cracking or yielding of the tensile reinforcement. 

 

The maximum bending moment due to the dead load occurs at mid span with a value of 225 

Nm. This value may be inserted in expression (3.5) to calculate the stress level at the beam’s 

tensile edge, giving approximately 0,36 MPa, which stands far from the concrete’s tensile 

strength. This value may be related with the maximum concrete tensile stress, by means of 

equation (3.3a), which gives an approximate of 0,0099‰ for u0ε . Therefore, comparing this 

value to any of the material failure strains involved, it appears reasonable to consider that the 

initial strain distribution, prior to strengthening, may be neglected. 

 

A similar explanation may be utilized to assume that precracking should have little influence on 

the load capacity and, consequently, the strain distribution prior to strengthening should be 

neglected in this case, as well. The only difference lies on the fact that a cracked section 

analysis would be needed to calculate the strain distribution before strengthening was applied. 

 

 

Figure 3.4 – Stress and strain diagrams on the strengthened cross-section 

 

In the second stage, the aim is to achieve the increased moment capacity due to strengthening, 

which, as explained previously, should be equal for both the precracked and the uncracked 

specimens. Calculation of the maximum bending moment in the strengthened and repaired 

specimens depends on the failure mode. In this case, two primary failures are considered in 

design: concrete crushing in the compressive zone and tensile failure of the laminate. 

 

The expected failure mode should be concrete crushing. Actually, as mentioned in the previous 

chapter, the amount of external reinforcement was limited by means of utilizing two laminates 

with inferior width, instead of strengthening the entire beam soffit. 

 

However, the experimental results proved that such measure was insufficient, as the laminate 

area was still exaggerated. Nevertheless, both failure modes shall be inspected. 
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Furthermore, the condition of the embedded steel reinforcement when failure occurs is 

conditioning, in regard to the actual calculations. It must be specified whether the internal 

compressive reinforcement has yielded when failure occurs. As for the tensile reinforcement, it 

shall be considered that yielding is achieved in any case. 

 

As a comment to Figure 3.4, one should notice that the concrete stresses have been depicted 

as a simplified rectangular distribution, equivalent to the actual stresses in the section. 

 

The calculations are based in two main conditions, effective regardless of the failure mode: the 

equation for horizontal force equilibrium and a moment equation on the section. 

The most important parameters to be determined consist of the neutral axis position, x, the 

failure moment, rM , and the section stress distribution. The latter will be utilized to verify the 

yielding conditions established for the steel reinforcement. 

 

 

Failure by laminate’s tensile rupture, with compression steel reinforcement yielding 

 

Regarding the first case, the following expressions (3.12) and (3.13) must be considered. The 

first equation is utilized to obtain the position of the neutral axis, while the second one will allow 

the calculation of the resistant moment, which consequently gives an estimate for the beam’s 

load capacity. Notice that the moment is calculated about the concrete stress resultant centre. 
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In this particular case, due to the fact that the tensile reinforcement matches the compressive 

reinforcement, expression (3.17) may be simplified, as such terms are equivalent and may thus 

be erased from the expression. 

 

 

Failure by concrete crushing, with compression steel reinforcement yielding 

 

The expressions to be utilized in this case are as follows. It is a fact that rupture occurs in the 

upper fibre, and the respective strain value is also known. However, in the bottom fibre, i.e. the 

laminate, the strain is unknown. 

This is solved by using a linear relation with the concrete ultimate strain. The strain in the 

concrete bottom fibre is then considered to be equal to that of the composite. 
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Failure by laminate’s tensile rupture, without compression steel reinforcement yielding 

 

The main issue here consists on the fact that the compressive reinforcement did not achieve 

yielding and, as such, the stress value is unknown. This is solved by means of calculating the 

strain in the compressive reinforcement, by means of a linear relation with the strain in the 

concrete’s underside, which is taken equal to the ultimate laminate strain. 

 

 0.0,8 0 ufymstfu
c

ssccmh =++







−

−
−−⇔=∑ fAfA ε

xh

dx
EAxbfF   (3.21) 

 

 ( ) ( ) ( ) rufymstcfu
c

sscr 0,40,4f0,4 MxhfAxdAdx ε
xh

dx
EAMM =−+−+−








−

−
⇔=∑   (3.22) 

 

 

Failure by concrete crushing, without compression steel reinforcement yielding 

 

The last case is somewhat a mixed case between modes 2 and 3. In other words, the 

particularity of this failure mode stands in the fact that, both the stress in the compressive 

reinforcement, as well as at the laminate level are unknown. As such, the coefficients found in 

the previous two cases are found on this specific one, with a slight difference - the factor 

referring to the strain value in the compressive reinforcement level is now a function of the 

concrete failure strain instead. 

 

 0.0,8 0 cuffymstcu
c

ssccmh =







++







 −
−−⇔=∑ ε

x

x-h
AEfAε

x

dx
EAxbfF   (3.23) 

 

 

( ) ( )

( ) rcuff

ymstccu
c

sscr

0,4

0,4f0,4 

Mxhε
x

x-h
AE

xdAdxε
x

dx
EAMM

=−







+

+−+−






 −
⇔=∑

 

 

 (3.24) 

 

Table 3.2 presents an overview on the performed calculations and results. 
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It is seen that, from the failure modes presented, only Mode 4 shows compatible strains with the 

considered hypothesis. In fact, the strain at the compressive steel level is below the yielding 

value and at the tensile steel level it is well over the yielding strain, while the strain at laminate 

level is inferior to the characteristic failure value. Any of the other cases are not valid, as the 

failure mode assumed leads to an incompatible strain distribution. 

 

Table 3.2– Ultimate moment and strain distribution for different failure modes 

 

Beam specimens 

Failure Mode Mode 1 Mode 2 Mode 3 Mode 4 

x [m] 0,0538 0,0451 0,0548 0,0438 

Mr [N.m] 52722,45 46792,65 52656,21 49205,59 

εc [‰] 6,95 3,90 7,13 3,90 

εsc [‰] 3,07 1,30 3,22 1,23 

εst [‰] 10,48 7,78 10,44 8,13 

εf [‰] 15,00 10,81 15,00 11,25 

 

 

The calculated moment will be achieved in the mid span section, seen as the largest moment 

occurs in that specific location. Being so, equation (3.7) may be utilized to obtain the load 

capacity. The result is approximately 103 kN. 
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3.2. BOND STRENGTH 

3.2.1. Proposed Model 

 

The bond strength is a very important parameter regarding the overall capacity of an externally 

strengthened member. This is mostly due to the fact that, it has been evidenced by numerous 

experimental studies that the traditional failure modes involving either the laminate failure or the 

concrete crushing are rarely conditioning. In this section, the calculation of the bond strength, 

i.e. the stress in the bond region that induces a debonding failure shall be calculated. 

 

Simple shear tests have been utilized by several authors to model the bond behaviour between 

the laminate and the concrete. The results of such tests have been used to develop models 

aimed at the calculation of the bond strength. Such is the case presented by Chen and Teng 

(2003), who proposed an analytical model to predict the interlaminar shear stresses responsible 

for a bond failure in simple shear tests. The model was then applied to intermediate crack 

debonding. 
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The model established by the latter authors considers that the interlaminar stress depends on 

the laminate’s material properties – thickness, ft , width, fb , and elastic modulus, fE , and on 

the concrete cylinder compressive strength, cf , and width, b . Furthermore, the parameter Lβ  

takes into consideration the anchorage properties of the strengthening system, by means of the 

effective bond length (equation 3.27). 
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The coefficient α was obtained through calibration with the experimental results from simple 

shear tests, developed by the authors. A value of 0,48 was recommended for application on 

cracked section analysis. 

 

This method is applied once the critical sections of the strengthened member have been 

identified. In this particular case, the midspan section shall be considered as it presents the 

maximum bending moment location. The first and most important cracks occur in this region, 

where the critical crack responsible for debonding initiation shall be present as well. 

The bond length is identified by bL  and is taken as the distance between the critical section and 

the laminate’s closest cut-off edge. 

 

The authors add some important comments to their model, which shall be discussed here. 

Obviously, the shear tests are only a experimental model of the actual debonding mechanism 

and, as such, there are significant differences when compared with the actual case. Firstly, it 

has been considered that the shear tests may present a good approach to the intermediate 

flexural crack debonding. Although, several authors have shown their concerns regarding this 

subject, as it has been evidenced that the debonding mechanisms are more likely to be a mixed 

mode failure, involving both shear and bending effects. In regard to this, Chen and Teng (2003) 

state that the peak stress observed in the laminate, when debonding occurs, should be similar, 

regardless of the critical crack nature. The second remark is that the shear tests do not model 

the bending deformations that occur in an actual full scale bending test, as well as the steel 

reinforcement is neglected. Furthermore, many authors have concluded that multiple cracks 

influence the debonding mechanisms and, once again, such condition is not present on the 

shear tests. Finally, considering the Bernoulli’s Hypothesis to relate the moment with the 

laminate stress near the critical crack, where the concrete has debonded from the laminate, will 

induce errors, as such assumption is no longer valid. However, the authors believe that this 

hypothesis is still reasonable when debonding propagation starts. 

 

The latter model was further utilized to develop a guideline for calculation of the load bearing 

capacity on strengthened members. The method is based on a reduced ultimate plate stress, 

which shall be presented in the following section 3.2.2. 

 

 

3.2.2. Bond Strength Calculation and Revised Load Bearing Capacity 

 

The model presented in the previous section is aimed at the design of strengthened members. 

Once again, the purpose of this calculation is to develop an estimate for the interfacial stress 

value, which may then be applied to calculate a load bearing capacity prediction for the beams. 
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First of all, it is important to present some pointers regarding the values that shall be utilized in 

the calculations. Regarding the concrete compressive strength, it was taken as the mean 

compressive strength calculated for 180 days, i.e. when the tests were carried out on the 

strengthened beams. This value is 54,2 MPa. 

The bond length was taken as half of the laminate’s length, as the mid span section was 

considered to be critical. As such, the parameter bL  shall be taken as 900 mm. 

In regard to the material dimensions, the CFRP width, fb , was taken as 100 mm, and the 

concrete length, b , as 120 mm. The laminate thickness, ft , is 1,4 mm. 

The expressions presented in the previous section are calibrated for length units in millimetres. 

Stress and elastic modulus units are utilized in MPa. 

The remaining material properties may be found on Chapter 2. 

 

In order to obtain an estimate for the load bearing capacity of a strengthened member, three 

stages shall be considered. 

In the first stage, equations (3.25), (3.26), (3.27) and (3.28) are utilized. The ultimate plate 

stress, bicσ , is taken equal to the bond stress equation (3.25). The results are presented in 

Table 3.3. The effective length is inferior to the bond length and, being so, the coefficient Lβ  is 

unitary. 

 

Table 3.3 – Reduced composite failure stress calculation 

 

Le [mm] βL [ ] βf [ ] σbic [MPa] 

171,7 1 0,798 345,7 
 

The second stage consists on obtaining a reduced laminate tensile strength. The latter shall be 

taken as the minimum value between the materials ultimate strength, uf , and the calculated 

ultimate plate stress, bicσ . As such, the tensile strength of the laminate, rfrp,f , is 297,8 MPa. 

 

 { }bicurfrp, min σ;ff =  (3.29) 

 

In the final stage the specimen load capacity may be recalculated, with the reduced CFRP 

strength. As a consequence, the composite failure strain should also be recalculated through 

equation (3.3c). 

 

Obviously, the concrete crushing failure modes are not influenced by the reduced laminate 

strength. This is explained by the fact that the equations for such failure types are governed by 

the concrete failure strain. However, the reduced CFRP failure strain becomes incompatible 

with the deformation distributions presented by both failure modes. (Modes 2 and 4) 
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Table 3.4 – Ultimate moment and strain distribution considering a reduced laminate strength 

 

Beam specimens 

Failure Mode Mode 2 Mode 3 Mode 4 

x [m] 0,0451 0,0190 0,0438 

Mr [MPa] 46792,65 13772,72 49205,59 

εc [‰] 3,90 0,24 3,90 

εsc [‰] 1,30 -0,14 1,23 

εst [‰] 7,78 1,48 8,13 

εf [‰] 10,81 1,92 11,25 

 

 

As seen on Table 3.4, the neutral axis approaches the upper fibre when the reduced strength 

value is utilized. As a consequence, the upper steel reinforcement is no longer in compression 

and moves towards the tensile zone. A thorough analysis of the strain distributions shows that 

both steel reinforcements must not yield. Being so, the ultimate moment is 13772,72 kNm, to 

which corresponds a load of approximately 28,5 kN. This value is about a quarter of the former 

value, when only the classical failure modes were investigated. 
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3.3. SHEAR STRESS DISTRIBUTION IN THE ADHESIVE LAYER 

 

The shear stresses in the adhesive may be seen as another limitation to the maximum moment 

capacity of a strengthened structural member. Several authors have proposed different models 

for the calculation of such stresses. Here the solution presented by Smith and Teng (2001) is 

considered. The model presented by the latter authors aims at the calculation of both the shear 

and normal interfacial stresses, responsible for plate end debonding. 

 

As in similar studies, such as the ones presented by Täljsten (1997) or Malek et al.(1998), it is 

considered that the adhesive layer is subjected to shear and normal stresses, which are 

constant across the adhesive thickness. According to Smith and Teng (2001), this is the 

assumption that allows the description of simple closed-form solutions. Furthermore, in the 

presented model, a linear elastic behaviour is considered between the concrete and the 

laminate, while the deformations suffered by both materials are due to shear, bending and axial 

loads. 

 

In regard to the fact that normal stresses exist in the adhesive thickness direction, this material 

is bound to deform, thus creating a difference between the vertical displacements in the 

concrete underside and in the laminate’s upper face. However, the authors consider that this 

aspect may be neglected when calculating the interfacial shear stresses. 

 

 

Figure 3.5 – Forces and stresses on a differential segment of a strengthened beam (Smith and 
Teng, 2001) 
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The model is based on a differential analysis of a externally reinforced beam with a laminate 

bonded to its underside. (Figure 3.5) The derivation was described for two adherents – concrete 

beam being the adherent 1 and the laminate the adherent 2. 

The solution depends on the differential expression of the shear strain, γ, as presented in 

equation (3.30). 

 

 ( ) ( ) xy ,yx,v,yx,uγ +=  (3.30) 

 

The shear stress in the adhesive is then achieved from a simple elastic equation, involving the 

shear strain and the shear modulus, aG . Equation (3.31) is obtained. 

 

 ( ) ( ) ( )( )xy ,yx,v,yx,uGxτ += a  (3.31) 

 

In order to analyze the stress distribution in the adhesive, equation (3.31) must be differentiated 

once more, as presented in equation (3.32). The latter is the basic differential equation for the 

shear stresses in the laminate. 

 

 ( ) ( ) ( )( )xxyxx ,yx,v,yx,uG,xτ += a  (3.32) 

 

 

Figure 3.6 – Local referential axis in the adhesive layer 

 

Based on the equations for each adherent, a general solution for the shear stresses in the 

adhesive has been determined. Equation (3.33) presents the described relation, where the 

effects of shear deformations were neglected. This simplification was necessary in order to 

uncouple the derived equations for shear and normal stresses, otherwise finding a solution 

would become a rather difficult task. 
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In regard to equations (3.34) and (3.35) it should be noted that, as mentioned previously, the 

indexes 1 and 2 stand for the concrete beam and the laminate, respectively. According to this, 

the parameter 1y  stands for the distance from the concrete beam underside to its centroid, 

while 2y  is the distance from the upper laminate face to its gravity centre. 

The parameter 2b  stands for the laminate width, taken as 10 mm in total. 1E  and 2E  are the 

respective elastic moduli (the concrete modulus was taken as 36,5 MPa, the value calculated 

for the age of 180 days), while 1I  and 2I  are the second moments of area. In regard to the 

inertial moments, these are to be calculated about the adherent’s centroid horizontal axis, as 

presented in the following equations (3.36) and (3.37) 
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Furthermore, it is seen that shear stress distribution is clearly a function of the adhesive 

properties, as its shear modulus and thickness are involved. 

 

In regard to the tested specimens, the particular solutions described by Smith and Teng (2001) 

cover the relevant load cases. Firstly, the solution for a uniformly distributed load is analyzed. 

Based on equation (3.33), the following equation (3.38) is obtained. Such expression is based 

on the boundary conditions imposed by a simply supported beam, loaded uniformly along the 

entire span, L. The latter imposes that the beam edges after the supports are neglected from 

the calculation. 
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When a single point load is considered, the interfacial stress equation depends on the relative 

position between the load application point and the laminate’s left cut-off edge. The load 

application point position from the support, b, shall be taken as 950 mm, while the distance 

between the laminate’s left end and the support, a, is 100 mm. (Figure 3.6) 
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In this particular case, it is obvious that the point load at mid-span is after the laminate’s left 

edge. Two solutions thus exist, as presented in expression (3.40), depending on the value of x 

being between the plate start and the load application point, or after this point. 
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 ( )abλk −=  (3.41) 

 

The first branch of equation (3.40) is actually a direct result of a boundary condition at the load 

application point, which provides the interfacial shear stress solution with continuity over this 

point. 

 

Finally, it is obvious that the interfacial shear stress distribution in the adhesive layer throughout 

the strengthened specimen corresponds to the sum of the shear stress due to the uniformly 

distributed load (equation (3.38)) with either one of the members of expression (3.40), 

accordingly to the value of x, as defined in Figure 3.6. 

 

 

Figure 3.7 – Shear stress distribution in the adhesive layer due to self weight 
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Figure 3.8 – Shear stress distribution in the adhesive layer due to the point load, per force unit 

 

The results clearly show that there is a high stress concentration near the laminate edge, that 

quickly tends to dissipate as we move towards midspan. On the one hand, it may be concluded 

that there is a significant risk of end peeling occurring, while it becomes clear that midspan 

debonding will not be initiated due to the shear stresses in the adhesive, seen as they are rather 

insignificant. 
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4. EXPERIMENTAL RESULTS 

4.1. LOAD CAPACITY AND DEFLECTION 

 

The experimental results for the load capacity and deflection of the strengthened specimens are 

inspected in this section. The following Figure 4.1 presents the test corresponding to the 

precracked beams and those strengthened without any initial damage, respectively. 
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Figure 4.1 – Load-deflection curves for the strengthened beam specimens 

 

Even though four LVDTs were installed, it was assumed that the support settlement results 

should only be considered to correct the displacement measurements in the beam span. Being 

so, the displacement values presented in Figure 4.1 correspond to the difference between the 

actual measurements in the span LVDTs and the support LVDT measurements. 
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If the results from each span LVDT are compared with each other, we observe that the right 

instrument presents further displacement when the ultimate load is achieved. The latter may be 

justified by the fact that failure occurs in the right side of the beam, causing an instant 

displacement of the specimen on that side. Other than this, there seems to be little difference 

between the left and right LVDT curves, regardless of the specimen. 
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Figure 4.2 – Evaluation of the load capacity and displacement 

 

Figure 4.2 presents an overview on the load-deflection curves for all tested specimens, 

including the reference beam. It may be observed that strengthening increases the load 

capacity by over 150%, when compared with the reference beam. Furthermore, it appears that 

precracking has little influence on the load capacity and deflection, even though the capacity of 

the repaired specimens is slightly inferior. 

 

The dashed line presents the theoretical estimate for the load bearing capacity of the 

specimens, considering the reduced CFRP strength, calculed through the model presented by 

Chen and Teng (2003). The experimental results surpassed the estimate largely, while the load 

capacity value obtained through conventional design guidelines was not achieved, even though 

real material values were considered and safety design factors neglected. More specifically, the 

predicted value was approximately 103 kN, which is about 41% to 46% larger than the 

experimental results. Furthermore, it may be seen that the lower estimate reduces the ultimate 

capacity to a value similar to that of the reference beam. This observation clearly shows that the 

utilized model gives a very conservative estimate and appears unfit for design. 

 

Other important aspect to be observed is that deflections are severely diminuished by the 

external bonding of the CFRP laminate. This is obviously due to the fact that the strengthening 

system improves the overall flexural rigidity of the structural member. This parameter may be 

evaluated by means of comparing the relation between the failure load and deflection of the 

different specimens. Benjeddou et al. (2007) present a rigidity coefficient given by the relation 
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between the elastic limit of the beam and the respective deflection. Table 4.1 presents such 

coefficient, as defined by the latter authors. 

 

Table 4.1 – Load capacity and rigidity coefficient of the different specimens 

Specimen Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 

Ultimate load [kN] 27,6 71,4 70,5 73,1 72,9 

Rigidity Coefficient 

[kN/mm] 
2,7 5,0 5,2 4,9 4,8 

 

 

Figure 4.1 further evidences another important aspect, related with the repaired beams. It is 

observed that after strengthening the behaviour of these specimens shifted from elastoplastic 

(due to precracking) to elastic. 

 

The measurement for the reference beam are presented in Appendix 4. In Figure 4.2 it is seen 

that this specimen achieves a load of slightly over 28 kN, which presents very good agreement 

with the theoretical calculation, presented in Appendix 3. 

 

Appendix 5 contains the results of precracking. 
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4.2. FAILURE MODES 

 

The observations carried out during the tests evidenced that all strengthened specimens failed 

through the same mechanism. Figure 4.3 presents a very good detail of the crack responsible 

for failure. In regard to the reference beam, tensile steel failure was observed, as expected. 

 

 

Figure 4.3 - Detail of the concrete cover separation 

 

The observed failure mode was concrete cover separation, occurring in the left side. The crack 

was initiated at the laminate’s cut-off edge and rapidly propagated towards midspan, almost 

parallel to the beams underside, slightly below the tensile steel reinforcement. 

 

 

Figure 4.4 – Crack initiating at the laminate’s cut-off edge 

 

As observed in Figure 4.5, it is seen that several other secondary cracks started in the concrete 

layer in contact with the adhesive, which probably eased the entire debonding mechanism. 

However, it seems reasonable to say that none of these cracks caused a complete detachment 

from the laminate. The peeling occurs precisely at the laminate’s end, being thus responsible for 

the global failure of the specimens. 
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Figure 4.5 – Concrete cover separation in a repaired beam 

 

 

Figure 4.6 – Beam specimens after failure. 

 

Figure 4.6 presents an overview of the strengthened specimens failure. It is observed that all 

the specimens failed by the specified failure mode – concrete cover separation. The specimens 

are displayed as follows, from top to bottom: Beam 3, Beam 4, Beam 2 and Beam 5. 

 

Table 4.2 – Failure modes and ultimate load comparison 

Specimen Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 

Failure mode 
Steel 
yield. 

Concrete 
cover 

separation 

Concrete 
cover 

separation 

Concrete 
cover 

separation 

Concrete 
cover 

separation 
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Ultimate load [kN] 27,6 71,4 70,5 73,1 72,9 

 

4.3. SECTIONAL STRAIN DISTRIBUTION 

 

It was considered important to observe the sectional strain distribution in specified sections of 

the beam. The considered cross-sections were introduced in Chapter 2. The strain analysis 

allows a better understanding of the strain evolution with the load and an observation of the 

section strains when the specimens failed. 

It should be noted that, while three sections were discretized, only the span measurements 

were considered relevant. As such, the results obtained for the support section (section III) are 

not presented here. 

Firstly, the curves obtained on the strain gauges installed at the control sections in both steel 

and composite reinforcement are presented in Figure 4.7, which refer to the repaired beams. 

Similar curves are shown in Figure 4.8 for the strengthened beam specimens, which were not 

subjected to precracking. 
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Beam 2. Section II   Beam 3. Section II 
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Figure 4.7 – Load-strain curves for steel reinforcement and CFRP laminate in the control 

sections, for the repaired specimens: Beam 2 and Beam 3 
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Figure 4.8 - Load-strain curves for steel reinforcement and CFRP laminate in the control 
sections, for the strengthened specimens without precracking: Beam 4 and Beam 5 

 

When comparing the strain values between sections, it is seen that there is a slight difference. 

Section I, corresponding approximately to midspan, presents slightly larger strain values, which 

is due to the fact that this section is subjected to a higher bending moment than Section II. 

Furthermore, it is seen that embedded tensile reinforcement yield strain is only achieved in 

Beam 4 and Beam 5, when the load reaches over 60 kN, which is close to the failure load. 

When compared with the theoretical predictions, it is seen that tensile steel yielding is expected. 

However, even though yield strain is reached in Beam 4 and Beam 5, its extent is largely 

inferior to that obtained through the theoretical calculations. It is plausible to say that 

strengthening effectively reduces the overall ductility of the beams. Moreover, when considering 

the precraked specimens, the yield strain is not even achieved, which proves that, in these 
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specific cases, debonding is a pure brittle failure. On its turn, yielding does not seem to be 

reached in section II. 

 

 

 

An overview of the CFRP strains shows that they are compatible with the tensile steel strains, 

as they are slightly superior. The exception occurs in Beam 2, where the initial results are far 

from expected, which probably is due to gauge malfunction. The curve seems to recover its 

expected slope once 20 kN were achieved, but the initial error prevails. In regard to the 

extension, it is seen that the laminates achieve hardly over one third of the specific ulimate 

strain value provided by the manufacturer. 

 

A comparison between the tensile reinforcement strains is considered important at this stage. 

This is presented in Figure 4.9. As for section I, the tensile reinforcement yields very close to 

failure. The deformation in the strengthened specimens is significantly inferior to that observed 

in the reference beam, where failure occured by tensile steel failure. 
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Figure 4.9 – Evaluation of the strains in the tensile reinforcement in both control sections 

 

Figure 4.10 and Figure 4.11 present the strain distribution in the control sections, as a function 

of the load. 

 

Regarding the Bernoulli’s hypothesis of linear section strain, it is seen that, overall, there is an 

good agreement between the slope sketched by the steel reinforcement strains and the strain in 

the laminate. However, some results appear to have suffered significant errors. Such is the 

case observed in Beam 3, section I when a load of 70 kN is achieved. This seems to be due to 

the fact that the tensile reinforcement presented a lower yielding strain, as seen in Figure 4.9. 

Another case is that of the strain distribution in Beam 5, section I for a 70 kN load. It is seen that 



67 

the strain value at the steel tensile reinforcement level has become too low, when compared 

with the measurements for a lower load level. It is believed this might be due to crack 

phenomena occurring in the vicinity of the strain gauge, which probably destroyed it. The 

measurements seem to be disrupted shortly after the yield strain is achieved, which may be 

observed in Figure 4.9, as well. 
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Section II 

Figure 4.10 – Sectional strain distribution in the control sections for Beam 2 and Beam 3 
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Section II 

Figure 4.11 – Sectional strain distribution in the control sections for Beam 4 and Beam 5 

 

 

 

Figure 4.12 - Evaluation of the strain distribution for different load levels in Section I 
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Finally, Figure 4.12 presents an overview of the strain distribution in the cross-section for the 

different specimens, depending on the load. It is seen that there is not a considerable difference 

between the precracked beams and those that were strengthened without any previous 

damage. Furthermore, this image clearly presents some of the remarks that have been 

previously done. First of all, the reference beam shows a larger tensile steel strain when 

compared with the strengthened specimens. Secondly, it is clear that the measurements in 

beam 3 were corrupted in the initial moments of the test. 

 

 

 

 

 

4.4. OPTICAL MEASUREMENTS 

 

In this section, the optical measurements at midspan shall be analyzed. 

Firstly, the images obtained when each specimen failed are presented, along with crack width 

evolution. It is intended to establish a good overview of crack formation and debonding crack 

initiation. 

 

Beam 2 (Repaired) 

 

 

(a) 
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Figure 4.13 – (a) Strain field in Beam 2 when the specimen failed; (b) Crack and debonding 
width evolution 

 

In regard to Beam 2, Figure 4.13 presents the optical measurement area when the specimen 

failed, as well as the crack and debonding width evolution. The results taken from Aramis were 

not filtered. Being so, significant noise is observed in the crack opening measurements, which is 

probably due to concrete britleness or vibrations of the testing set-up. 

Foccusing on the crack closer to midspan, a comparison between the flexural crack and 

debonding is presented in the first graphic. The main concrete crack, where debonding is 

initiated, is slightly diagonal. However, the shear effect is not as clear as that observed in crack 

4.1, which is clearly diagonal. Careful observation of the first graphic shows that debonding 

starts slightly over 30 kN. At this load stage, the bottom of crack 1 presents already a very 

significant size (Crack 1.1). 

 

Debonding initiation is observed generally along the concrete bottom side, starting in the main 

crack bottom and developing away from midspan, horizontally. However, if crack 1 and crack 4 

are compared, it may be concluded that debonding is much more notorious and significant near 

midspan, even though both cracks were formed at about the same load level. 

 

(b) 
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Figure 4.14 – Strain field in Beam 2 in the end of precracking 

 

Figure 4.14 provides some insight on the latter subject. As seen above, the main crack closer to 

midspan re-opens after the specimen was repaired, following the precrack path. This crack 

eventually became conditioning of debonding initiation. 

 

This situation is very similar to that occuring in crack 4 (Figure 4.13), which corresponds to 

crack 2 (Figure 4.14). However, after the specimen was repaired, the crack reopened in a much 

more inclined way and eventually initiated debonding near the concrete bottom side. In either 

case, it may be observed that debonding appears to start from the main crack at about 1 cm of 

the bottom side, which means that debonding does not start exactly on the crack bottom, but 

from a point within the crack, slightly distanced from the bottom side. 

Finally, Figure 4.15 presents a colour diagram of crack and debonding propagation in the 

measurement surface, by means of presenting the results at different load stages. 

 

        

 initial 5 kN 10 kN 15 kN 

       

 20 kN 25 kN 30 kN 35 kN 
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 40 kN 45 kN 50 kN 55 kN 

       

 60 kN 65 kN 70 kN failure (71,4 kN) 

Figure 4.15 – Crack and debonding evolution in the measurement surface (Beam 2) 

 

 

Beam 3 (Repaired) 

 

Following is the analysis of Beam 3. As the previous one, this specimen was also subjected to 

precracking. Figure 4.16 presents the crack and debonding widths. This particular case 

evidences an aspect which was not investigated in the previous specimen. Considering the 

second crack closer to midspan, it is seen that crack 2.1 corresponds to the crack zone near the 

bottom side, after the point where debonding was initiated. This specific crack width shows that 

once the debonding crack (debonding 1.1) starts, around 40 kN, the development of crack 2.1 is 

hindered. 

 

Other aspect that is clearly observed in this specimen is that debonding starts from a shear-

flexural crack, seen as the most significant debonding cracks initiate from diagonal cracks. 

Actually, the crack closer to midspan is subvertical and debonding does not appear to start in 

this location. 
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Figure 4.16 – (a) Strain field in Beam 3 when the specimen failed; (b) Crack and debonding 
width evolution 

 

Comparing the main cracks induced by precracking and their development after the specimen 

was repaired, it may be concluded that, in this particular case, these cracks were not 

conditioning towards debonding. Although the crack closer to midspan developed into a major 

flexural crack, debonding was not induced by this crack, as stated previously. 

 

 

(a) 

(b) 
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The second precrack (corresponding to crack 4.1 in Figure 4.16) appears to be one of the first 

to appear. However, at about 20 kN, a diagonal crack initiates and reaches the latter crack near 

the section’s mid heigth. Once again, the precrack was mostly flexural (sub-vertical) and thus 

did not initiate a debonding crack. However, the diagonal crack clearly induces a sub-horizontal 

crack near the beam bottom side. The second debonding crack starts from a secondary 

diagonal crack (Figure 4.18). 

 

 

Figure 4.17 – Strain field in Beam 3 in the end of precracking 
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 60 kN 65 kN 70 kN failure (70,5 kN) 

Figure 4.18 – Crack and debonding evolution in the measurement surface (Beam 3) 
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Beam 4 (Strengthened) 

 

Beam 4 was strengthened without any previous damage. Figure 4.19 presents the crack width 

evolution and the measurement surface condition when failure occurred. Once again, 

debonding cracks appear to be formed preferably from diagonal cracks, rather than flexural 

ones. 

 

 

 

Figure 4.19 – (a) Strain field in Beam 4 when the specimen failed; (b) Crack and debonding 
width evolution 

(b) 

(a) 
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As seen in the following Figure 4.20, the first debonding crack starts at the bottom of the middle 

main crack. Further on, debonding starts from a secondary crack. It is interesting to observe that 

the main diagonal crack becomes significantly opened and tends to become sub-horizontal as it 

approaches the bottom side. If the debonding width in the middle crack and in the left crack are 

compared, it is seen that the latter presents a much more extensive opening, which inclusively 

induces the disruption of the strain field measurement in that region. 

 

In regard to the previous statement, it may be plausible to consider that if midspan debonding 

was to occur, the conditioning debonding crack would be the one at the far left. In such case, 

the possibility that debonding failure would occur closer to the maximum bending moment 

section is overruled. In fact, it is observed that both in Beam 3 and Beam 4, the crack closer to 

the maximum bending moment section is sub-vertical and will not be as favourable towards 

debonding than the diagonal cracks. 

 

       

 initial 5 kN 10 kN 15 kN 

       

 20 kN 25 kN 30 kN 35 kN 

       

 40 kN 45 kN 50 kN 55 kN 

       

 60 kN 65 kN 70 kN failure (73,1 kN) 

Figure 4.20 – Crack and debonding evolution in the measurement surface (Beam 4) 
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Beam 5 (Strengthened) 

 

Beam 5 is analyzed as follows. First of all, observation of Figure 4.21 allows the conclusion that 

the cracking pattern of this specimen is rather different from that observed in Beam 4. However, 

it is interesting to observe that one of the debonding cracks does start in a very similar way to 

that observed in the previous specimens (crack 2; debonding 1). 

 

 

 

Figure 4.21 – (a) Strain field in Beam 5 when the specimen failed; (b) Crack and debonding 
width evolution 

(a) 

(b) 
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In order to comment on the relation between the diagonal crack width and the corresponding 

debonding width, the graphics in Figure 4.21 give some important insight. Overall, it is seen that 

debonding crack opening will start slightly after the main crack commenced to open. 

Furthermore, the debonding crack width will then follow the crack width evolution rather closely. 

The latter had already been observed in the previous specimens. These results indicate that 

both the diagonal and the debonding crack are the same and according to that, delamination 

will probably be significantly influenced by the development of the critical flexural-shear crack. 

 

Regarding Figure 4.22, it is seen that the first cracks, starting at about 10 kN, are rather vertical. 

These cracks will not be conditioning for debonding. Instead, secondary inclined cracks close to 

the initial crack will develop (25 kN) until they intersect, thus creating a main diagonal crack. 

Debonding will then be initiated with the crack propagating horizontally, along the interface. 

Although important debonding phenomena does also occur at the bottom of important inclined 

cracks, debonding width and extension does not appear to be as significant. 

 

       

 initial 5 kN 10 kN 15 kN 

       

 initial 25 kN 30 kN 35 kN 

       

 40 kN 45 kN 50 kN 55 kN 

       

 60 kN 65 kN 70 kN failure (72,9 kN) 

Figure 4.22 – Crack and debonding evolution in the measurement surface (Beam 5) 
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4.5. STRAIN DISTRIBUTION ALONG THE CFRP PLATES 

 

In this section, the measurements performed by the strain gauges installed in the CFRP 

laminates are presented. Figure 4.23 contains the curves obtained for each specimen. It should 

be noted that the distance is measured from mid span towards the left, which means that the 

value at 0 mm distance corresponds to section I. 

 

The results show some discontinuity. It is believed that crack phenomena occurring in the 

concrete cover might be one of the aspects responsible for this. It is observed that lower load 

levels present more regular results, than those observed at higher load levels. 
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Figure 4.23 – Strain distribution along the CFRP laminate 
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Figure 4.24 - Evaluation of the CFRP strain distribution, as a function of the load level 

 

Figure 4.24 presents an overview of the strain distribution in the laminate, as a function of the 

load level. Even though the deformations have an overall tendency to decrease from midspan, it 

is seen that there is hardly any continuity in the results. Being so, it was concluded that an 

attempt to compute the shear stresses would provide unreliable results. 
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  Strain Gauge 1 (section I)              Strain Gauge 3 (80 mm) 

 

  Strain Gauge 5 (160 mm)              Strain Gauge 7 (240 mm) 

 

  Strain Gauge 9 (320 mm)           Strain Gauge 11 (section II) 

 

 

Figure 4.25 – Evaluation of the results obtained in the CFRP mounted strain gauges 
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As expected, the load level is conditioning of the strains in the laminate and, as such, it is seen 

that the higher the load, the larger become the strain values. As presented in Figure 4.25, the 

conclusion that precracking has little influence on the behaviour of the strengthened member is 

once again documented, when observing the strain values in specific gauges installed in the 

CFRP. 

 

The strain seems to present a linear relation with the load, which is compatible with the 

assumption that the material behaves elastically until failure. However, it is observed that the 

slope is rather different until a load slightly over 10 kN is achieved. This situation is probably 

due to concrete cracking, and is also observed in the load-deflection curves, as presented in 

Figure 4.2. 
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5. DISCUSSION 

 

The experimental program developed in the ambit of this study aimed at a better understanding 

of the debonding crack initiation and propagation mechanisms, occurring at the midspan of 

reinforced concrete beams, externally strengthened with bonded CFRP laminates. In order to 

accomplish this task, a digital optical measurement equipment was installed to take photos of a 

measurement surface at small constant time intervals. This system successfully documents the 

strain field in the observation area and thus allowed the accurate calculation of crack and 

debonding widths. 

 

The specimens were subjected to a 3-point bending test. The beams were wrapped with a 

CFRP sheet, 300 mm wide, from midspan towards one side. It was expected that this measure 

would induce debonding in the opposite side of the wrap, close to midspan. In such case, the 

optical equipment would have captured the entire debonding process, from crack initiation to 

failure. However, such procedure presented some downsides that eventually arose during the 

tests. The rigidity of the wrapped region increased significantly, which caused the specimens to 

initiate debonding in the laminate end, precisely in the side that had been wrapped. In fact, all 

the strengthened specimens eventually failed by concrete cover separation. 

 

Nevertheless, the optical equipment was able to capture midspan debonding cracks. The 

observations focused on the development of flexural-shear cracks and the consequent 

formation of debonding cracks along the concrete-laminate interface. 

 

External CFRP laminate bonding proved to be a successful strengthening technique, as proved 

by the experimental results. The strengthened specimens presented a load capacity increase of 

over 150%.  

 

The laminate bonding proved to increase the specimen’s rigidity by 80% to 90%. However, 

when considering an actual application of this strengthening technique, rigidity increase is 

expected to be lower. This parameter is naturally influenced by the CFRP wrapping, which 

confined the concrete, thus contributing actively to the rigidity increase, particularly in the 

wrapped region. 

 

The load capacity of the tested specimens evidenced that the design guidelines are clearly 

insufficient. A theoretical approach to the problem predicted a concrete failure in the 

compressive zone with a load capacity of over 103 kN. This value is far above the experimental 

results, which proves that the ultimate capacity of the strengthened member was not achieved 

and, as such, the materials are not utilized to their maximum capabilities. 
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Not only being a premature failure, debonding dramatically decreases the member’s ductility. 

Experimental observations showed that steel yielding is only achieved in the beams 

strengthened without previous damage and that, even in these cases, failure occurs slightly 

after yielding. The repaired specimens do not achieve steel yielding, thus presenting a pure 

brittle failure. 

 

All in all, it may be said that laminate bonding, in conditions similar to those utilized in this 

experiment, will effectively reduce the ductility and, in some cases, cause a brittle failure. 

Considering that retrofitting and rehabilitation of existing structures, which may be damaged to 

some extent, is an important field for application of this strengthening technique, the possibility 

of a brittle failure needs to be taken into account carefully. 

 

One of the solutions that have been proposed consists on using a reduced laminate strength, 

which takes into account the shear stresses responsible for debonding initiation. The latter was 

developed in this work by means of using the bond strength model propsoed by Chen and Teng 

(2003). The result achieved was about 28,5 kN. These models lead to values that provide a 

significant safety margin to the actual failure load, which result in a overly conservative design. 

 

Moreover, the presented load value is close to the load at which debonding cracks are initiated, 

as seen in the optical measurements. In fact, the proposed load capacity is slightly superior to 

the debonding initiation load. According to this, utilizing a bond strength model with design 

material values should provide an estimate inferior to the debonding initiation load, thus 

preventing debonding start. 

 

The optical measurements have brought to evidence a series of aspects relating to intermediate 

crack debonding. Firstly, debonding cracks will most likely start at the bottom of a inclined crack. 

As such, sub-vertical flexural cracks, such as the ones observed closer to midspan will less 

likely induce debonding. 

 

Exception to this was observed in Beam 2. However, it is seen that the crack became diagonal 

in the region close to the bottom side. Further observation shows that the first cracks are sub-

vertical. In later load stages, diagonal cracks tend to appear near the older ones and develop 

towards them until intersection is accomplished. This crack will then be responsible for 

debonding initiation. 

 

It would have been interesting to observe failure in this region, in order to provide further insight 

on the possibility of debonding failure at midspan occuring at a specific zone. All the 

strengthened specimens show an important diagonal crack formed in the far left region of the 

optical measurement area. Debonding due to this crack was observed within the observation 

span in Beam 4 and its width is much more significant than any other debonding crack. 
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The digital images also show that debonding consists mostly on a main crack flexural or shear-

flexural crack, that will develop horizontally, once it reaches the concrete bottom side. In fact, 

adhesive shear stresses have little influence on midspan debonding initiation, as proven by the 

theoretical calculation of the shear distribution in the adhesive layer, based on the model 

proposed by Smith and Teng (2001). The latter evidences that there is an important risk that 

interlaminar peeling occurs near the laminate’s edge, but the shear stresses quickly decrease 

as we move towards midspan. 

 

Finally, one of the objectives consisted on the analysis of the shear stress distribution in the 

adhesive layer. In order to provide experimental data on this subject, strain gauges were 

installed in the laminates. The obtained results do not appear to be accurate enough, as the 

measurements are severely discontinuous. Rusinowski and Täljsten (2007) compared similar 

strain measurements with the optical observations and concluded that the strains tend to drop 

near uncracked regions. It is possible that the discontinouty is caused by cracking phenomena 

near the concrete-laminate interface. This afirmation is backed by the observation that at lower 

load levels, particularly before cracking has occurred, the strain distribution is linear and very 

regular. 

 

In this experimental program, a higher number of strain gauges was utilized, covering a longer 

span. However, the results are still limited to the discrete results provided by each gauge, thus 

the variations between adjacent gauges are not detected. It was considered that using the 

CFRP results to calculate the shear stress distribution in the adhesive would provide unreliable 

results. 

 

The optical measurement equipment proved to be an important system to detect crack and 

debonding initiation. Further studies utilizing this experimental technique should be developed in 

the future, provided that the set-up is changed in a way that debonding failure is caused within 

the measurement surface. This would undeniably provide further knowledge on the debonding 

behaviour at higher load stages. A possible set-up would involve the external anchorage of the 

laminate’s edge by means of CFRP wrapping or steel framing, which would prevent plate end 

debonding, as documented by some authors, such as Tumialan et al (1999), FIB (2001) and 

Leung (2006). The midspan wrap would still be utilized. 

 

In regard to the shear stress distribution and CFRP strains, it appears that the measurements 

achieved through strain gauges installed in the laminate are quite variable and unreliable, partly 

due to the influence of cracking in the concrete cover. Future research programs might consider 

using an even higher number of strain gauges, which would reduce the gap between the 

measurements. 
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6. CONCLUSIONS 
 

A number of measurements and observations were developed during this experimental work. 

As such, a number of important conclusions have been drawn and are presented, as follows. 

 

Firstly, external CFRP laminate bonding proved to be a successful strengthening technique. 

The load carrying capacity of the strengthened specimens was successfuly increased, reaching 

values of about 250% of that observed in an unstrengthened reference beam. Moreover, 

strengthening increases the overall rigidity of the structural member. 

 

It is seen that there is little difference between the precracked specimens and the specimens 

strengthened without any previous damage. As such, it may be considered that external plate 

bonding may improve the mechanical behaviour of the structural member, regardless of its 

previous condition. 

 

In regard to ductility, it was observed that external plate bonding reduces this parameter to great 

extent. This is not only due to the increased rigidity, but also to the fact that the ultimate 

capacity of the strengthened specimens was not achieved, seen as concrete cover separation 

occurred prior to any of the classical failure modes. 

 

Considering the previous statement, it was effectively confirmmed that the existing design 

guidelines provide load capacity estimates that surpass the experimental values, seen as 

debonding failure modes are misregarded. Even though the value achieved through theoretical 

calculation stands far from the experimental load capacity, the utilization of a reduced laminate 

strength may be a viable alternative, when designing FRP strengthened members in bending, 

provided that a more accurrate model is utilized. 

 

The main objecive of this work consisted on the observation of the midspan region with a digital 

optical measurement equipment. This system allowed the documentation of the strain field 

within the observed surface. Even though failure did not occur in this area, debonding initiation 

and propagation was successfully observed. As such, the optical equipment proved to have 

undeniable interest in terms of studying the mechanisms behind crack and debonding 

development in strengthened structural members. 

 

The optical results support that debonding occuring near midspan is most likely started at the 

bottom of a diagonal shear-flexural crack, than at a sub-vertical flexural crack. Furthermore, 

observations agree with the statement that the debonding crack is actually the same as the 

diagonal crack where it started. 
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As such, the debonding behaviour will be influenced by the evolution of the diagonal crack itself. 

This is in agreement with the theoretical calculation of the shear stress distribution in the 

adhesive layer, where it is seen that the debonding risk due to shear stress concentration lies at 

the laminate cut-off edge, whereas these stresses at midspan are insignificant and will not 

initiate debonding. 
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APPENDICES 

A1. STEEL TENSION TESTS 

 

In this appendix, the steel mechanical properties are presented. The reinforcement steel set-up 

was prefabricated and welded by an external supplier, who did not provide such information. As 

such, it was considered important to obtain reliable material values based on tension tests, as 

prescribed in the European Standard EN 10002-1: Metallic materials; tensile testing - method of 

test. 

 

Figure A.1 and Table A.1 refer to the longitudinal reinforcement bars, whereas Figure A.2 and 

Table A.2 refer to the stirrup steel. 

 

 

 

Figure A.1 –ø10 steel sample tension test results 

 

Table A.1 – Yield strength and strain of the ø10 steel samples 

Sample fy [Mpa] εy [‰] 

1 679 3,3 

2 662 4,5 

3 650 3,5 

4 650 3,4 

5 708 3,6 

6 709 3,7 

Mean value 676 3,7 
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Figure A.2 – ø6 steel sample tension test results 

 

Table A.2 - Yield strength and strain of the ø6 steel samples 

Sample fyk [Mpa] εy [‰] 

1 602 0,34 

2 607 0,33 

3 607 0,34 

4 604 0,34 

Mean value 605 0,34 
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A2. CONCRETE COMPRESSION TESTS 

 

Appendix 2 presents the failure strength and strain of concrete cylinder samples, subjected to a 

compression test. The tests were performed on twelve samples, in accordance with the 

European Standard EN 12390 – Testing hardened concrete. The cylinders were 200 mm high 

and had a diameter of 100 mm, which agrees with the dimensions prescribed in the first part of 

the latter standard. 

 

Table A.3 – Failure load and displacement measurements on compression tests and failure 

strength and strain calculation 

Specimen ID F [kN] s [mm] fc [MPa] ε [‰] 

2-1 (1) 412 0,9 52,5 4,5 

2-2 (1) 409 0,7 52,1 3,5 

2-2 (2) 431 0,8 54,9 4,0 

2-2 (3) 415 0,8 52,8 4,0 

2-3 (1) 435 0,8 55,4 4,0 

2-5 (1) 416 0,8 53,0 4,0 

2-5 (2) 424 0,7 54,0 3,5 

2-6 (1) 432 0,7 55,0 3,5 

2-6 (2) 422 0,8 53,7 4,0 

2-6 (3) 440 0,8 56,0 4,0 

2-7 (1) 447 0,8 56,9 4,0 

2-7 (2) 436 0,7 55,5 3,5 

Mean Value 426,6 0,78 54,31 3,9 
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A3. REFERENCE BEAM – THEORETICAL LOAD CAPACITY 

 

Following is the calculation of the load bearing capacity of the reference beam. As a reminder, 

this specimen was not externally strengthened. It was tested in order to provide experimental 

results to be compared with the strengthened specimens. 

 

The calculations are very similar to those performed in section 3.1.3., provided that the CFRP 

laminate is not taken into consideration. As such, the calculations follow the expressions usually 

utilized in design. The difference lies on the fact that real material values were considered, 

instead of design values. Furthermore, even though it is common practice to neglect the 

compressive steel reinforcement, this calculation shall consider its effect, as the purpose is to 

obtain an accurrate theoretical value for the load capacity. 

 

 

Figure A.3 - Stress and strain diagrams on the unstrengthened cross-section 

 

The following equations are based on the scheme presented in Figure A.3. It should be noted 

that the concrete stresses are depicted as an equivalent rectangular distribution. 

In order to calculate the load capacity, the resistant moment of the cross-section needs to be 

computed. This is only possible if one assumes both the failure mode and whether the 

compressive reinforcement yields or not. 

In regard to the previous statement, it shall be considered that failure occurs in the tensile 

reinforcement. This assumption shall then be confirmed by means of calculating the sectional 

strain distribution. The steel failure strain is taken as 10‰. 

 

 0.0,8 0 ymstsscsccmh =+−−⇔=∑ fAEεAxbfF  (A.1) 

 

 ( ) ( ) rymstcsscscr 0,4f0,4 MxdAdxEεAMM =−+−⇔=∑  (A.2) 

 

 st
c

sc
- 

ε
x-d

dx
ε =  (A.3) 



101 

Equations (A.1) and (A.2) correspond to the horizontal force and moment equilibrium, 

respectively. In these expressions, the concrete mean compressive strength shall be taken as 

the strength calculated at 150 days – 53,8 MPa. 

The neutral axis position is determined from equation (A.1), which gives a value of 0,024m, 

meaning that the compressive reinforcement is actually in tension. The strain at this level is 

given by equation (A.3) – approximately 0,55‰, which is well below the yield strain. 

Finally, the maximum bending moment that the section is able to sustain is calculated through 

equation (A.2), which leads to a value of approximately 13662 Nm. Equation (3.7) may now be 

employed to obtain the load capacity, P. This value is almost 28,3 kN. 
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A4. EXPERIMENTAL RESULTS – REFERENCE BEAM 

 

In this appendix, the measurement results performed during the reference beam test are 

presented.  
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Figure A.4 – Load-deflection curves for the reference beam 
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Figure A.5 – Load-strain curves for steel reinforcement in the control sections for the reference 
beam 
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Figure A.6 – Sectional strain distribution in the control sections for the reference beam 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 

A5. EXPERIMENTAL RESULTS - PRECRACKING 

 

Appendix 5 presents the experimental measurements on Beam 2 and Beam 3, during the 

precrack loading stage. 
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Figure A.7 – Load-deflection curves for the precracked specimens 
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Secton II 

Figure A.8 – Load-strain curves for steel reinforcement in the control sections for the precracked 
specimens 
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Figure A.9 – Sectional strain distribution in the control sections for the precracked specimens 

 

 

 

 

 

 

 

 

 


